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A tannin–phenolic resin (40 wt% of tannin, characterized by 1H nuclear magnetic resonance (NMR) and
13C NMR, Fourier transform infrared, thermogravimetry, differential scanning calorimetry) was used to
prepare composites reinforced with sisal fibers (30–70 wt%). Inverse gas chromatography results showed
that the sisal fibers and the tannin–phenolic thermoset have close values of the dispersive component
and also have predominance of acid sites (acid character) at the surface, confirming the favoring of inter-
action between the sisal fibers and the tannin–phenolic matrix at the interface. The Izod impact strength
increased up to 50 wt% of sisal fibers. This composite also showed high storage modulus, and the lower
loss modulus, confirming its good fiber/matrix interface, also observed by SEM images. A composite with
good properties was prepared from high content of raw material obtained from renewable sources
(40 wt% of tannin substituted the phenol in the preparation of the matrix and 50 wt% of matrix was
replaced by sisal fibers).

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The growing concern with the protection of the environment
allied to the reduction of fossil resources has contributed to the
development of biobased materials [1]. Composites of polymeric
matrix reinforced with natural fibers have emerged as an environ-
mentally beneficial and low-cost option to the traditionally used
materials [2–4]. Natural fibers have high electrical resistance and
hollow cellular structure that provides good acoustic insulation
properties. They are not abrasive to the mixing and molding equip-
ments, which significantly reduce the production costs. Besides,
the availability in almost all the world is an additional advantage
of these fibers [4,5]. The lignocellulosic fibers also are a good,
renewable, and biodegradable alternative to replace the reinforce-
ments obtained from non-renewable resources [6–8].

Among the several lignocellulosic fibers, the sisal is one of the
most used fibers due to its high mechanical strength [2,9–11].
The properties of sisal fibers, such as stiffness, hardness, and tensile
strength, depend on the cellulose content, the age of the plant,
and the conditions under which they were cultivated [7]. Another
advantage of the sisal fiber is that it is obtained from a plant with
short growing cycle, about 24 months. Brazil is the biggest world-
wide producer of sisal, with the production of 85 thousand ton in
2009 [12].
ll rights reserved.

: +55 1633739952.
The phenolic resin can be considered as one of the first poly-
meric products commercially produced and used in the industry
[13]. Despite the centenary, the phenolic resins are still used for
a range of applications, such as thermal insulation materials, adhe-
sives, powders of molding, laminated resins, coating of surfaces,
and composites [14,15]. This occurs because of its excellent prop-
erties like dimensional stability, chemical resistance, thermal
stability, and its role as a flame retardant [15–17].

The raw material used in the production of phenolic resins
(mainly phenol and formaldehyde) are obtained in a large scale
from non-renewable sources. Thus, the substitution of these
reagents by equivalent ones obtained from non-fossil sources
is an interesting alternative, providing both economical and
environmental benefits [9,18].

Tannins are natural products present in several plant families
and have a large amount of phenolic rings in their structure [19].
Tannins are classified in two groups: hydrolysable and condensed
[20]. Condensed tannins are flavonoids units with several degrees
of condensation and the hydrolysable tannins are a mixture of sim-
ple phenols, with ester linkages in their structure and are suscep-
tible to hydrolysis by the action of diluted mineral acids, alkalis,
and enzymes. Condensed tannins are the most suitable for the pro-
duction of phenolic resins, due to the presence of phenolic rings di-
substituted with hydroxyl groups in its structure. These hydroxyl
groups make these rings activated faced to the attack of an electro-
phile, similar to the formaldehyde, owing to the electron donor
effect of the hydroxyl groups [21,22].
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In the previous work, Frollini et al. [18] used tannin as a partial
substitute of phenol in the preparation of composites reinforced
with bark from the Acacia Mimosa tree (fibers and particles). The
tannin used as the substitute of phenol was also extracted from
the bark of the Acacia Mimosa tree, because this tree is rich in
tannin. The composites showed low water absorption and high
storage modulus, due to the good adhesion at the fiber/matrix
interface. With scanning electron microscopy (SEM) images, it
was possible to observe the diffusion of the matrix inside the
fibers. The good properties showed by the composites were
consequence of the compatibility between fibers and matrix,
which occurred due to the presence of tannin in both matrix and
fiber.

In a companion paper, Barbosa et al. [23] used the tannin–phe-
nolic matrix in the preparation of composites reinforced with coir
fibers. The composites showed intense fiber/matrix adhesion, but
the impact strength value was not high, mainly due to the poor
mechanical properties of the fiber. The tensile strength of coir fiber
determined using dynamic–mechanical analysis (DMA) was
120 MPa. However, it is important to notice that the composites
showed higher storage modulus, demonstrating improved proper-
ties when compared with the thermoset (without fibers).

Thus, considering the promising results obtained in the com-
panion paper [23], in this study, sisal fibers were used, which have
better mechanical properties compared with the coir fibers. More-
over, some parameters of the synthesis of the resin were also opti-
mized. The tannin–phenolic resin was prepared using the
condensed-type tannin, extracted from the bark of the Acacia Mi-
mosa tree. The inverse gas chromatography (IGC) was used to eval-
uate the dispersive component of the surface energy and the acid–
base properties of the tannin, tannin–phenolic thermoset (TPT),
and sisal fibers. To evaluate the influence of the proportion of nat-
ural fibers on the properties of the composites, the tannin–pheno-
lic resins were used to prepare composites reinforced with 30–
70 wt% of sisal fibers. This assessment has great importance, be-
cause besides investigating the production of composites with bet-
ter mechanical properties, the use of larger proportion of sisal
fibers results in composites with higher proportion of materials ob-
tained from natural sources. Furthermore, the tannin–phenolic
matrix has natural material in its structure, the tannin, contribut-
ing considerably to the area of development of biobased
composites.

To our knowledge, the approach of the global project that
involves the present study, in which tannin is used in the prep-
aration of matrices reinforced by lignocellulosics fibers, is
unprecedented.
2. Methods

2.1. Materials

The sisal fibers used as reinforcement in the tannin–phenolic
composites (TPC) were kindly supplied by Lwarcel (Lençóis Pauli-
sta, SP, Brazil). Before use, the sisal fibers were soxhlet extracted
with cyclohexane/ethanol (1:1, v/v) for 50 h to remove extractives
such as waxes, terpenes, and fatty acids. Then, they were washed
with distilled water to remove salts and low-molecular-weight
sugars and dried in an air-circulated oven at 105 �C until a constant
weight was reached.

The condensed tannins, extracted from the Acacia Mimosa tree,
used as a partial substitute for phenol in the phenolic resin were
kindly supplied by Tanac (Montenegro, RS, Brazil) and were used
as received.

Formaldehyde (37%, Synth), phenol (Synth), potassium hydrox-
ide (Synth), and resorcinol (Vetec) were used as received.
2.2. Tannin–phenolic pre-polymer synthesis

The pre-polymer, containing 40 wt% of tannin replacing the
phenol, was synthesized using formaldehyde, phenol, tannin, and
potassium hydroxide (1.38:0.6:0.4:0.06, w/w). First, tannin, form-
aldehyde, and potassium hydroxide were mixed under mechanical
stirring, at 40 �C for 30 min. After that, phenol was added and
mixed under mechanical stirring, at 40 �C for 1 h. Then, the solu-
tion was cooled to room temperature, neutralized with concen-
trated hydrochloric acid, and the water was eliminated under
reduced pressure.

2.3. Thermoset and composites preparation

The thermoset and composites were prepared by mixing the
tannin–phenolic resin with resorcinol, the curing accelerator agent
(10:1 w/w), under mechanical stirring at 40 �C for 30 min. For com-
posite preparation, the sisal fibers (3 cm of length, 30–70 wt% and
randomly distributed) were added to the resin with resorcinol and
submitted to mechanical stirring for 20 min (JVJ mixer, Pardinho,
SP, Brazil), in order to obtain an optimum impregnation of the
fibers by the resin. The fibers were previously dried for 4 h in an
air-circulated oven at 105 �C to remove moisture. Compression
molding was carried out in a mold (300 � 140 � 5 mm)
under pressure. The molding cure cycles (40 �C/0.5 h/0 kg f cm�2;
50 �C/1 h/23.8 kg f cm�2; 85 �C/1.5 h/38.08 kg f cm�2; 125 �C/2 h/
38.08 kg f cm�2; 150 �C/2 h/38.08 kg f cm�2) were based on
previous studies [18].

2.4. Characterizations

2.4.1. Tannin and tannin–phenolic resin
The 1H and 13C NMR (nuclear magnetic resonance) spectra of

tannin and tannin–phenolic resin were recorded on a Bruker AC-
200 spectrometer at 300 K, in 5 mm tubes, using DMSO-d6 as sol-
vent, with 512 and 20,000 scans, respectively. The chemical shifts
were referenced to the residual signal of DMSO-d6 (1H d = 2.5 ppm
and 13C d = 39.52 ppm).

The Fourier transform infrared (FT-IR) spectra were recorded on
a BOMEM, model MB-102, in the range of 4000–400 cm�1 and with
an accumulation of 20 scans to reduce noise. The tannin was mixed
with dry KBr (2:200 mg) and pressed under vacuum to form the
pellet. The tannin–phenolic resin was analyzed using a silicon
pellet.

The thermogravimetric (TG) analyses were carried out using
Shimadzu equipment, model TGA-50. The samples (8 mg) were
placed in platinum pans and heated from 25 �C to 800 �C at
10 �C min�1, under synthetic air atmosphere (flow of 20 mL min�1).

The differential scanning calorimetry (DSC) analyses were per-
formed using a Shimadzu instrument, model DSC-50. The samples
(6 mg) were placed in aluminum seal pans and heated from 100 �C
to 400 �C at 10 �C min�1, under synthetic air atmosphere (flow of
20 mL min�1).

2.4.2. Sisal fibers
The moisture content was determined according to ABNT

NBR9656 (Brazilian Technical Standards Association) by determin-
ing the percentage difference between the initial sample weight
and that after 4 h drying at 105 �C.

The ash content was determined considering the percentage
difference between the initial sample weight of the dried fiber (free
of moisture) and that after calcination for 4 h at 800 �C.

The Klason lignin content was determined according to the
modified TAPPI T13M-54 standard. This method is based on the
isolation of lignin after hydrolysis of the polysaccharides (cellulose
and hemicellulose) by concentrated sulfuric acid (72%).
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The holocellulose (hemicellulose + cellulose) content was deter-
mined according to the TAPPI T19m-54 by selective sodium hypo-
chlorite degradation of the lignin at 70 �C. The cellulose content
was determined by selective sodium hydroxide degradation of
the hemicellulose at room temperature. The hemicellulose content
was obtained by taking the difference between the holocellulose
and cellulose contents.

For all the previously mentioned analyses (except for moisture
content), the samples were previously dried for 4 h in an air-circu-
lated oven at 105 �C to remove moisture, and a minimum of three
samples were tested and the average values are reported in the
next section.

The crystallinity index, Ic, was determined by X-ray diffraction
in a RIGAKU Rotaflex model Ru-200B diffractometer operating at
40 kV, 20 mA, and k (Cu Ka) = 1.5406 Å. The crystallinity index
was calculated using the Buschle–Diller and Zeronian equation
[24]:

Ic ¼ ð1� I1=I2Þ � 100 ð1Þ

where I1 is the intensity at the minimum (18� < 2h < 19�) and I2 is
the intensity of the crystalline peak at the maximum (22� <
2h < 23�).

The tensile strength of the fibers (15 mm of length and 0.5 mm
of diameter) was analyzed using a DMA analyzer model 2980, from
TA Instruments operating at 25 �C and 1 N min�1 up to 18 N. The
test was carried out using individual fibers. The fibers were previ-
ously dried for 4 h in an air-circulated oven at 105 �C to remove
moisture. A minimum of 30 samples were tested.

The dispersive component of the surface energy and acid–base
properties of the sisal fibers and also of the tannin and TPT were
analyzed by IGC, as described in previous works [10,25]. A Shima-
dzu GC-17A gas chromatograph equipped with a flame ionization
detector was used. The columns were made from stainless steel
(316) and had an internal diameter of 5.0 mm and a length of
2.0 m. The fibers were chopped to approximately 1 mm and packed
into the column. The injector and detector temperatures were
maintained at 150 �C and the column at 30 �C. The flow rate of
the carrier gas (N2) was 30 mL min�1. The TPT was previously tri-
tured using an analytical mill (IKA-Labortechnik, model A-10)
and sifted through mesh 60–150 and then, packed into the column.
For the analysis, the injector and detector temperatures were
maintained at 150 �C and the column at 50 �C. Before each analysis,
the columns packed with the samples were conditioned overnight
at 150 �C with N2 flow of 50 mL min�1 to remove traces of water
and volatile contaminants. In order to work at infinite dilution con-
ditions, very small amounts (0.1 mL) of probes were injected with a
gas-tight Hamilton micro-syringe. The non-polar probes consisted
of a series of n-alkanes from pentane to decane (Sigma–Aldrich),
with methane as a marker, and the polar probes were tetrahydro-
furan (Sigma–Aldrich) and chloroform (Sigma–Aldrich). At least
three individual injections were made for each probe, and the reli-
ability of the trials was very good for all measurements.

The following thermodynamic relation was used to determine
the London component of the surface free energy of the materials:

RT ln Vn ¼ 2Nðcd
SÞ

1=2aðcd
LÞ

1=2 ð2Þ

where Vn is the retention volume, N is Avogadro’s number, a is the
surface area of the probe molecule, cd

L is the dispersive component
of the surface free energy of the probe in liquid state, R is the gas
constant, and T is the absolute temperature of the column.

The acid–base properties of the surfaces can be obtained from
the equation:

DGSP
A ¼ NaWSP

A ¼ RTðln Vn= ln Vn;ref Þ ð3Þ
where DGSP
A is the free energy of adsorption, Vn is the retention vol-

ume of the polar probe under consideration, and Vn,ref is obtained
from the n-alkane reference line, at the appropriated ðcd

LÞ
1=2 value.

The DG value is determined for each probe and the obtained values
are considered to describe the acid (ANS � DGSP

A donor) and basic
(DNS � DGSP

A aceptor) properties of the surface. The value of the ratio
ANS/DNS can be taken as an indication of the predominance of acid
(ANS/DNS P 1.1) or basic (ANS/DNS 6 0.9) sites at the interface un-
der investigation. In this arbitrary scale, amphoteric and neutral
(non-polar) surfaces are related to ANS/DNS values in the range of
0.9–1.1 and near 0, respectively [26,27].
2.4.3. Thermosets and composites
The Izod impact strength was assessed using Izod impact CEAST

Resil 25 equipment. Twenty unnotched samples were cut from
each plate and shaped according to the ASTM D256 (63.5 mm
length � 12.7 mm width � 4.5 mm thickness). The impact tests
were carried out at room temperature with an impact speed of
4 m s�1 and incident energy of 5.5 J.

The SEM images were taken with a Zeiss–Leica apparatus, mod-
el 440, with an electron acceleration of 20 kV. Fractured samples
were covered with a thin layer of gold in a sputter-coating system
prior to analysis.

The dynamic mechanical thermoanalysis was carried out using
a DMA thermal analyzer, model 2980 from TA Instruments, operat-
ing with the 3-point bending clamp (flexural mode), oscillation
amplitude of 20 lm, frequency of 1 Hz, heating rate of 2 �C min�1,
and temperature in the range of 30–230 �C. The equipment was
calibrated with a metallic standard. The composites samples
dimensions were 64 mm of length � 12 mm of width � 3.2 mm
of thickness. A minimum of three samples were tested.

The water absorption analyses were performed according to the
ASTM D570. The samples (76.2 mm � 25.4 mm � 3.2 mm) were
immersed in distilled water at room temperature. After certain
intervals, they were removed from water, put in a piece of dry cloth
(only to remove the excess of water), and weighed on a high-pre-
cision balance. The percentage of mass increase (water content)
was calculated by the weight difference. A minimum of two sam-
ples were tested.
3. Results and discussion

3.1. Characterization of the tannin and tannin–phenolic resin

The FT-IR spectra of the tannin and the tannin–phenolic resin
(figures not shown) showed a wide and intense band in the region
between 3100 and 3500 cm�1 related to the AOH stretching and
deformation of the alcohol and phenol groups. A weak band ob-
served around 2900 cm�1 is related to the ACAH axial deforma-
tion. In the resin this band is enlarged because of the ACH2AOH
groups introduced during the hydroxymethylation of the phenolic
rings (structure shown in Fig. 1). The bands observed between
1620 and 1450 cm�1 are related to C@C axial deformation of the
aromatic rings [28]. The bands between 1350 and 1230 cm�1 are
associated to the CAOAC axial deformation. Around 1010 and
1030 cm�1, it was observed a band related to the ACAOH stretch-
ing. In the resin spectrum, this band is widen due to the larger
quantity of these bonds present in the hydroxymethyl groups
(ACH2OH). Less intense bands were observed between 800 and
700 cm�1, which are related to the CAH angular deformation out-
side the plane in aromatic rings [29]. The absence of a band around
1740 cm�1, which is characteristic of C@O bond in carboxyl group,
confirms that the tannin used in this work is a condensed-type tan-
nin. The FT-IR spectrum of hydrolysable tannins shows that this
band is due to the ester bond present in its structure [29].



Fig. 1. NMR spectra of the tannin–phenolic resin: (a) 1H (solvent: DMSO-d6, 512 scans); (b) 13C (solvent: DMSO-d6, 16,800 scans).
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Table 1 shows the peaks assignments of the 1H and 13C NMR
spectra of the tannin (figures not shown). The analysis of the
NMR spectra also confirms that it is a condensed-type tannin, with
condensed rings and carbon–carbon bonds interconnecting the
rings. The 13C NMR spectrum of the hydrolysable tannin must pres-
ent a characteristic ester carbon signal, because in this tannin, the
rings are interconnected by ester-type bonds [30]. In the region be-
tween 60 and 84 ppm of the 13C NMR spectrum, several signals re-
lated to the carbons of polymeric and monomeric carbohydrates
was observed, which are always present in industrial tannins
[31]. These peaks can mask the peaks of the carbons C3 and C2 of
the tannin.

1H and 13C NMR spectra of the tannin–phenolic resin are shown
in the Fig. 1. In the 1H spectrum, a very intense peak at 4.7 ppm
was observed, which is a characteristic of protons of hydroxy-
methyl groups linked to aromatic ring. The peak at 3.2 ppm is re-
lated to the proton linked to carbon 4, with R2 = H. The peak at
4.5 ppm is related to the proton linked to carbon 2, and the peak
at 4.8 ppm is related to the proton linked to carbon 2 with R2 =
another unit. In the region of aromatic protons, two sets of peaks
were observed, between 6.7 and 7.1 ppm, corresponding to higher
chemical shifts when compared with the tannin. These peaks are
related to the aromatic protons of tannin and to the phenol
hydroxymethylated rings linked by methylene bridges generating
the tannin–phenolic resin. In the 13C NMR spectrum of the tan-
nin–phenolic resin, the peaks at 49 and 54 ppm are related to the
introduction of ACH2 groups linked to aromatic rings. The peaks
at 91 and 107 ppm of the tannin spectrum, related to six and eight
carbons (ortho position in the aromatic ring; Table 1) are absent in
the tannin–phenolic resin. This probably indicates that the reac-
tions occurring in this position, displaces the signal of these car-
bons. The signals related to aromatic carbons appeared at higher
chemical shifts, compared to tannin (Table 1), due to the occur-
rence of reactions between hydroxymethylated tannin and phenol,
followed by the formation of methylene bridges, resulting in the
tannin–phenolic resin.



Table 1
Chemical shifts (ppm) and assignments of proton and carbon of the tannin [31–33].

OHO

OH

OH

OH
R1 R2

R1 = -H or -OH

R2 = -H or another
unit (4-6 or 4-8 bond)

2

3

45

6

7
8 1'

2' 3'

4'5'6'

Chemical shifts (ppm) Assignments

1H
3.1 H4, when R2 = AH
3.4–3.6 H3 and residual carbohydrates
4.3–4.4 H2

4.8 H4, when R2@ other unity linked by C6 or C8

6.2–6.8 Aromatics protons
8.4 Protons of the AOH groups
13C
29 C4 when R2 = AH
43 C4 when R2 = other unity linked by C6 or C8

60–84 C3, C2 and residual carbohydrates
91–107 C6 and C8

115 C20 and C50

118 C60

130 C10

133 C40

145 C30

155–156 C5 and C7
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Fig. 2 show the first derivative of TG (dTG) and DSC curves of the
tannin and tannin–phenolic resin. The tannin degradation begins
around 230 �C, this event causes an exothermic peak in the DSC
curve (Fig. 2b), and a peak with a maximum at 270 �C in dTG curve
(Fig. 2a). The maximum of the tannin degradation is observed at
485 �C, involving the aromatic rings decomposition, which gener-
ates an endothermic peak at 465 �C in the DSC curve (Fig. 2b)
due to the vaporization of volatiles. The peak of mass loss observed
at 110 �C in the dTG curve of the tannin–phenolic resin (Fig. 2a) is
related to condensation stages of the pre-polymer, which occur
during the scanning and that is accompanied by the release of
water. These reactions may represent reactions between short
chains, generating longer chains and/or the beginning of the
cross-linking reactions (cure). In the DSC curve, this event causes
an exothermic peak around 195 �C (Fig. 2b). The peak around
500 �C corresponds to the mass loss due to the decomposition of
Fig. 2. (a) dTG curves and (b) DSC curves of the tannin and tannin–phenolic res
the thermoset formed during the scanning, involving the aromatic
rings decomposition.
3.2. Characterizations of the sisal fiber, TPT and TPC

The sisal fibers used as reinforcement in the composites were
previously characterized (8.0% ± 0.3 of moisture; 1.3% ± 0.1 of
ash) and, such as all lignocellulosic fibers, is composed mainly of
cellulose (64.4% ± 1.1, free of moisture), hemicellulose
[23.9% ± 0.4, determined as difference between holocellulose (cel-
lulose + hemicellulose) and cellulose content] and lignin
(9.7% ± 0.3, free of moisture). The high cellulose content and the
high crystallinity (60.6%) of the sisal fibers, when compared to
other lignocellulosic fibers, provide their good mechanical proper-
ties, as its tensile strength (288 ± 32 MPa). The coir fibers, charac-
terized and used in a companion paper [23], showed lower
cellulose content (43.4%), crystallinity (44%), and tensile strength
(120 MPa), compared to sisal fibers. Thus, the improved properties
of sisal fibers can lead to composites with better mechanical prop-
erties compared to those reinforced with coir fibers.The sisal fibers
were also characterized by IGC, and the obtained results are shown
in Table 2. The stronger the interaction between the sample and
the apolar volatile probe, the greater will be the slope cd

S of the ref-
erence line, the liquid retention volume Vn (Eq. (2)) and the col-
umn retention time tR (Eq. (2)). In this context, a high value of cd

S

can be considered as an indication of a high number of non-polar
sites on the surface of the material [25]. The sisal fibers presented
a higher value of the dispersive component (cd

S ¼ 49:3 mJ m�2),
when compared with previous results [10]. However, it must be
pointed out that the sisal used in the present study was received
from other supplier and has contents of lignin and hollocellulose
(hemicellulose + cellulose) different from the previous one. Agro-
climatic conditions, such as soil properties, air humidity, tempera-
ture, and solar radiation, can affect the growth, structure, chemical
compositions, and consequently, the surface parameters of vegeta-
ble fibers. Mills et al. [34] found a value of 38.4 mJ m�2 for cd

S for
sisal (at 30 �C, as in the present study), but the composition of
the fiber is not mentioned. The high value of the dispersive compo-
nent of the sisal used in the present study can be taken as an indi-
cation that the surface analyzed is rich in lignin, which presents
multiple aromatic rings, contributing to the high density of apolar
groups in the fiber surface. It was also observed a slight predomi-
nance of acid sites, considering the higher values of ANS compared
to DNS, resulting in a surface with general acid character (ANS/
DNS = 1.1), as already observed in a previous study [10].
in synthetic air atmosphere (20 mL min�1) and heating rate of 10 �C min�1.



Table 2
Dispersive component of surface free energy ðcd

S Þ and acid–base (ANS, DNS) properties
of the sisal fibers, phenolic (phenol–formaldehyde) thermoset, tannin–phenolic
thermoset, and tannin.

cd
S (mJ m�2) ANS DNS ANS/DNS

Sisal fibers 49.3 5845 5396 1.1
Phenolic thermoset 34.2 5104 3473 1.5
Tannin-phenolic thermoset 39.1 9043 2940 3.1
Tannin 38.4 6826 3738 1.8
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The IGC was also used to characterize the tannin and the ther-
moset matrices. To our knowledge, this characterization of tannin
is unprecedented. The tannin presented a value of the dispersive
component (cd

S ¼ 38:4 mJ m�2, Table 2) that can be taken as an
indication of considerable concentration of apolar sites, probably
mainly due to the high proportion of aromatic rings and non-aro-
matic condensed rings present in its structure. The value of ANS

of tannin surface was almost two times higher than DNS, which
demonstrates that tannin has a surface with predominance of acid
sites (ANS/DNS = 1.8), a consequence mainly of the high amount of
hydroxyl groups in its structure. The TPT presented higher value of
the dispersive component (cd

S) and, therefore, more apolar charac-
ter compared to phenolic (phenol–formaldehyde) thermoset (Table
2), as a consequence of the presence of tannin, which has a high
proportion of aromatic rings and non-aromatic condensed rings
in its structure as already mentioned. The value of ANS/DNS of
the TPT was superior to that presented by phenolic thermoset (Ta-
ble 2), demonstrating that the TPT has a surface with more acid
character. The increase in the acid character is probably due to
the higher accessibility of the probes to the acid sites, mainly hy-
droxyl groups, present in large quantities in condensed tannins
and, therefore, in the TPT.The TPT showed the dispersive compo-
nent value (cd

S ¼ 39:1 mJ m�2, Table 2) closer to those of the sisal
fibers used in the present study (cd

S ¼ 49:3 mJ m�2, Table 2), when
compared with phenolic thermoset (cd

S ¼ 34:2 mJ m�2, Table 2).
This suggests that the fiber/TPT interactions are favored, mainly
between regions of low polarity of these materials. In addition,
the high value of ANS of the TPT indicates that a large number of
groups with acid character were accessible for interactions with
the probe and were probably accessible for interactions, via hydro-
gen bonding, with the sisal fibers used as reinforcement in this
matrix, improving the properties of the obtained composites.

The assessment of the impact strength of the polymeric materi-
als is a decisive factor in the selection of materials for specific
application. The values of impact strength represent the total
capacity of the material absorb the impact energy. Fig. 3 shows
the results of Izod impact strength test of the TPT and TPC
Fig. 3. Izod impact strength and standard deviation of the tannin–phenolic
thermoset (TPT) and composites (TPC) reinforced with sisal fibers (unnotched
samples).
reinforced in the range of 30–70 wt% by randomly distributed sisal
fibers (3 cm of length, aspect ratio near 140). TPT (unreinforced)
showed low impact strength, due to its high cross-linking. When
the thermoset is reinforced, the same polymer chain can interact
with several units of the reinforcement agent (fibers). If some link-
age of this segment breaks due to the impact, the load is trans-
ferred to many other segments, increasing the impact strength of
the material. The introduction of sisal fibers resulted in a signifi-
cant improvement in the impact strength of the composites com-
pared with the thermoset, in other words, the energy required to
break the samples was higher, showing that the fibers really act
as reinforcement in the composites. In the present study, many
composites samples showed the ‘‘fiber bridging’’ mechanism. In
this mechanism, not all fibers are fractured during the impact, that
is, some fibers remain forming a ‘‘bridge’’ between the two parts of
the fractured matrix. In this mechanism, part of the load applied in
the matrix is transferred to the fibers, which deform, increasing the
impact strength of the composite [35].

The increase in the proportion of sisal fiber used as reinforce-
ment in the TPC, up to 50 wt%, enhanced the Izod impact strength,
although the standard deviations approach the values (Fig. 3). Pro-
portions of sisal fiber above 50 wt% led to a decrease in the impact
strength of the composites (Fig. 3). Normally, composites prepared
from thermoset matrix reinforced with vegetable fibers show
improvement in their mechanical properties with the increase of
proportions of fibers used as reinforcement. However, after a limit,
which depends on both the matrix and the vegetable fiber types,
the mechanical properties can decrease with the increase in the
proportion of fibers. This is owing to the higher fiber–fiber contact
that can occur, in addition to the incomplete impregnation of the
fibers by the polymeric matrix. The impregnation stage of the fi-
bers by the matrix is decisive to obtain composite with good
mechanical properties. The higher fiber volume hinders the
impregnation, generating regions with fiber agglomeration, inten-
sifying the fiber–fiber interactions. The fiber agglomeration makes
the material less homogeneous, resulting in a lower value of im-
pact strength [36].

Based on the results of Izod impact strength (Fig. 3), it can be
considered that in the TPC, the mass proportions of 50 wt% of sisal
fiber are the limit proportion of this fiber in the composite. The in-
crease in the proportion of fibers, above this limit of 50 wt%, prob-
ably result in a composite with large number of flaws or voids,
non-homogeneous distribution of the fibers in the matrix and
non-intense interactions in the interface due to poor impregnation
of the fiber by the matrix, thus decreasing the impact strength of
the obtained composite.

In the TPC reinforced with coir fibers, prepared in the compan-
ion paper [23], it was observed that the composite reinforced with
60 wt% of coir fiber showed the highest impact strength,
95.5 J m�1. This result shows that the optimization of the parame-
ters of the pre-polymer synthesis, associated with choosing a fiber
with higher tensile strength led to a significant improvement in the
mechanical properties of the composite. TPC reinforced with
50 wt% of sisal fiber, which showed the best result among the com-
posites prepared in the present work, showed impact strength of
416 J m�1, which corresponds to the impact strength four times
greater than that of the composite reinforced with coir fiber.

Fig. 4 shows the SEM images of the fractures of the TPC rein-
forced with 40, 50, and 70 wt% of sisal fiber. The composites rein-
forced with up to 50 wt% of sisal fibers presented a good
interaction in the fiber/matrix interface, as shown in the SEM
images (Fig. 4a–d). In these composites, the tips of the fibers were
filled by the matrix (Fig. 4a). This is important, since unfilled tips
can act as stress concentrators, decreasing the mechanical proper-
ties of the composite. The fibers were uniformly distributed in the
matrix (Fig. 4b), allowing a load transfer from the matrix to the



Fig. 4. SEM images of impact fractured surfaces of tannin–phenolic composites (TPC) reinforced with sisal fibers. (a and b) 40 wt% of sisal fibers: fiber/matrix interface and
fibers uniformly distributed in the matrix; (c and d) 50 wt% of sisal fibers: fiber/matrix interface; (e and f) 70 wt% of sisal fibers: fiber/matrix interface and fibers pulled-out.
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fiber more efficient and more homogeneous throughout the com-
posite. In some regions of these composites, the fibers were well
adhered to the matrix and were broken with the matrix during
the Izod impact test (Fig. 4c). In other regions, the presence of
cracks around the fibers (Fig. 4d) was observed, which indicates
the transfer of the load applied during the impact test from the ma-
trix to the fibers. When a load is applied on the composite, a crack
is created at the point of impact. This crack propagates through the
matrix and around the fibers. In this way, the energy involved in
the crack propagation is distributed and absorbed by the fibers.
Thus, the energy of the impact is absorbed through partial rupture
of the interactions between fiber and matrix in the interface region,
which release the fiber, increasing the impact strength [37].

TPC reinforced with 60 and 70 wt% of sisal fibers showed fiber
agglomeration, due to the high proportion of fibers that decrease
the impregnation of these fibers by the matrix. This fiber agglom-
eration increases the fiber–fiber contact and creates flaws in the
interface (Fig. 4e), which reduces the efficiency of load transfer be-
tween the matrix and the sisal fibers, reducing the impact strength
of these composites (Fig. 3). The fibers were less adhered to the
matrix, so, they were more easily pulled out during the Izod impact
test (Fig. 4f).

Fig. 5a and b presents, respectively, the curves of the storage
modulus (E0) and loss modulus (E00) versus temperature of the TPT
and TPC reinforced with 30–70 wt% of sisal fibers. The storage mod-
uli of the composites were higher than that of the thermoset
(Fig. 5a), which means that the incorporation of sisal fiber in the
polymeric matrix resulted in the increase of the material stiffness.
For the initial temperature of analysis (25 �C), the storage moduli
of the composites increased with the increase of sisal fiber propor-
tion, from 30 to 60 wt% (Fig. 5a). As the sisal fiber shows high con-
tent of cellulose (64.4%) and crystallinity (60.6%), the modulus of
the sisal fiber is superior to the tannin–phenolic matrix. Thus, as
the portion of fibers increased, the modulus of the composite also
increased. The exception from this behavior was observed for the
composite reinforced with 70 wt% of sisal fiber. This composite
showed storage modulus smaller than expected, considering only
the effect of hardening caused by the sisal fibers. The low value of
E0 in the composite reinforced with 70 wt% of fiber is probably
due to the dissipation of energy in the transfer of load in the



Fig. 5. (a) E0 versus temperature curves of the tannin–phenolic thermoset (TPT) and composites (TPC) reinforced with sisal fibers; (b) E00 versus temperature curves (TPT above,
on the right); (c) dTG curves and (d) DSC curves.
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interface. This dissipation of energy occurs due to the weak fiber/
matrix interface in this composite, caused by the difficulty of
impregnation of the large amount of fiber, as mentioned previously.

The composites reinforced with 30 and 50 wt% of sisal fibers
showed the lowest loss moduli (Fig. 5b) confirming the good inter-
action in the fiber/matrix interface in these composites, as previ-
ously observed by the SEM images (Fig. 4) and by the results of
the impact test (Fig. 3). The composites reinforced with higher pro-
portions of fibers showed higher loss moduli, probably due to the
large number of flaws present, as for instance points of tension, fi-
ber bending, microcracks and voids. These flaws contribute to a
higher dissipation of energy through friction [38]. The increase in
the proportion of fibers used as reinforcement, above 50 wt%, hin-
dered the impregnation of the fibers by the matrix, resulting in the
production of more flaws and voids, responsible for increasing E00

and reducing the Izod impact strength (Fig. 3).
The enlargement of the peaks observed in E00 curves of the com-

posites when compared with the thermoset (Fig. 5b) indicated that
the composites reinforced with sisal fibers had heterogeneous
structure, with regions of diversified cross-linking density [4,39].
Increased volumes of fibers mean lower volume of matrix. During
the cross-linking, the diffusion of the pre-polymer chains for the
establishment of cross links becomes more difficult, probably
resulting in a less homogeneous material, in terms of cross-linking
density. Moreover, the chains closer and more distant of the
interface can have different behaviors, which also leads to the
enlargement in the peaks of E00.

Although the thermoset matrix presents a cross-linked struc-
ture, the cross-linking is not total, allowing the movement of chain
segments between the cross-linking points. Thus, using the maxi-
mum of the E00 curve, it was possible to determine the glass transi-
tion temperature (Tg) of these materials (Fig. 5b). The Tg of the TPT
was observed at 152 �C, while the Tg of the TPC composites oc-
curred around 175 �C. This higher value of Tg in the composites
was due to the presence of the fibers that hinder the movement
of the chain segments at the fiber/matrix interface, displacing the
glass transition of these materials to higher temperatures when
compared to the thermoset.

Fig. 5c and d shows, respectively, the first derivative of TG (dTG)
and DSC curves of the TPT and TPC reinforced with 50 wt% of sisal
fiber. The other composites showed similar thermal behavior
(curves not shown). In the dTG curves of the composites (Fig. 5c)
around 275 �C, it was observed a peak of mass loss probably due
to the volatilization of water generated in stages of residual cure
occurred during the scanning, in addition to the decomposition
of hemicellulose of the sisal fibers and the tannin of the matrix.
At 340 �C, the peak of mass loss is related to the beginning of the
thermal decomposition of the cellulose present in the sisal fibers.
The last stage of mass loss has the maximum of the peak around
500 �C and is related to the decomposition of the polymeric chains
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and the aromatic rings of the matrix, in addition to the decompo-
sition of the lignin present in the sisal fibers, explaining the peak
more intense in the composites compared to the thermoset.

In the DSC curves (Fig. 5d) around 220 �C, an exothermic peak
related to the residual cure and/or the decomposition of the hemi-
cellulose was observed. Around 325 �C, an endothermic peak due
to the release of volatiles generated by oxidative process was ob-
served, in addition to the decomposition of the cellulose present
in the sisal fibers in the composite. The decomposition reactions
are exothermic, but as at the same time, the release of volatiles oc-
curs (endothermic event), the peak observed can be exothermic or
endothermic, depending on the balance between the decomposi-
tion reactions and release of volatiles. At 455 �C, another endother-
mic peak was observed, related to the decomposition of the lignin
in the sisal fibers, polymeric chains, and aromatic rings of the
matrix.

Fig. 6a shows the results obtained in the water absorption test
of the TPT and composites (TPC) reinforced with 30 and 70 wt%
of sisal fibers. The water absorption of the composites reinforced
with 40, 50, and 60 wt% of sisal fibers has values between the
two composites presented. As the sisal fibers have hydrophilic
character, the increase in the portion of fiber used as reinforcement
intensifies the process of water absorption in the composites,
increasing the water absorbed by the composites, as the amount
of fibers increases (Fig. 6a). Thus, the hydrophilic nature of the sisal
fibers, with polar groups in their surface that interact easily with
Fig. 6. (a) Results of water absorption test of the tannin–phenolic thermoset (TPT)
and composites (TPC) reinforced with sisal fibers. The standard deviations related to
the water absorption measurements ranged from 0.01% to 1.6%; (b) values of the
diffusion coefficient (D) from the linear regression curve of water absorption
experiments according to the Fick’s model. The standard error (angular coefficient)
ranged from 1 � 10�5 to 3 � 10�5.
the water molecules, is the mainly responsible for the water
absorption in the composites. In the fiber composition, the hemi-
cellulose is considered the main responsible for the water absorp-
tion, although not crystalline cellulose and lignin also play an
important role in this process.

The presence of higher amount of fiber in the composites can
interfere in the cure process of the matrix, and the degree of the
matrix cross-linking also interferes in the process of water absorp-
tion in the composites. The lower cross-linking density in the poly-
meric matrix facilitates the penetration of water molecules in the
matrix network, increasing the water absorption in the composite.

The mechanism involved in the process of water diffusion in the
TPT and TPC was evaluated according to the Fick’s law, as described
in previous work [2,11]. The introduction of the sisal fibers in the
composites caused a significant increase in the affinity of the com-
posite by the water molecules, determined by the parameter k,
which increased from 0.1 (thermoset) to 0.6–0.7 (composites).
Thus, the results indicate that the affinity of the sisal fibers by
water molecules is considerably higher than the affinity of the tan-
nin–phenolic matrix by the water. Considering the variation of the
proportion of sisal fibers used as reinforcement, a significant
change in the values of k was not observed. This result shows that
the affinity of the material by the water is governed mainly for the
chemical nature of the components of the composite, being more
dependent on the chemical nature of the fibers used as reinforce-
ment. As in this study, the chemical nature of the fibers was not
changed, the parameter k for the composites is almost the same.

The composites reinforced in the range of 30–50 wt% of sisal fi-
bers showed values of the diffusion coefficient (D) (Fig. 6b) close to
that of thermoset (without fiber reinforcement). The diffusion
coefficient defines the ability of the water molecules in penetrate
in the composites, so that the higher the value of D, the faster
the diffusion of water molecules inside the material. The tannin–
phenolic matrix has a high proportion of hydroxyl groups that
can interact with water molecules via hydrogen bonds. Thus, the
introduction of sisal fibers up to 50 wt% did not change the rate
of diffusion of the water molecules inside the composites.

In the composites reinforced with 60 and 70 wt% of sisal fibers,
a large increase in the value of D was observed. This considerable
increase occurred due to the presence of flaws, mainly in the fi-
ber/matrix interface, which behave as ‘‘free spaces’’ for the diffu-
sion of water, accelerating the diffusion inside the composites.
This effect was higher in the composite reinforced with 70 wt% of
sisal fiber, which was the composite with higher amount of flaws
in the fiber/matrix interface (Fig. 4e and f) owing to difficulty of
impregnate a high amount of fiber.
4. Conclusion

Tannin, obtained from natural sources, can be used as a
macromonomer in the synthesis of the tannin–phenolic resins
used for the production of composites. The TPT have dispersive
component ðcd

SÞ closer to sisal fibers, when compared to phenolic
(phenol–formaldehyde) thermoset, which suggests a better inter-
action in the fiber/matrix interface. The characterization of the
composites showed that the increase in the proportion of sisal fi-
bers used as reinforcement in the TPC resulted in increased Izod
impact strength up to 50 wt% of sisal fibers. The increase in the
proportion of sisal fibers above this limit led to composites with
lower impact strength, mainly due to the difficulty of impregnate
a large amount of fibers. The composite reinforced with 50 wt%
of sisal fiber also had high stiffness and the lower loss modulus,
confirming the good fiber/matrix interface of this composite, also
observed by the SEM. It is important to highlight the high content
of raw material obtained from renewable sources used in the
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preparation of this composite, in which 40 wt% of tannin substi-
tuted the phenol in the preparation of the matrix and 50 wt% of
matrix was replaced by sisal fibers.
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