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ABSTRACT: Thermal behavior of oil palm fiber-reinforced phenol–formaldehyde (PF)
resins with different chemical treatments were analyzed using Differential Scanning
Calorimeter (DSC). A well-defined peak of crystallization was observed in all the
samples. However, in one of them a second exothermic peak also emerged, which
indicates some structural changes at high temperature. Crystallization kinetics has
been studied in terms of activation energy of crystallization, dimensionality of growth
and stability using various recent theories developed for nonisothermal crystallization.
The results indicate the surface nucleation and crystallization through one-dimensional
growth. Thermal stability of PF composites increases after chemical treatment, and is
maximum for resin treated with peroxide PF composite in comparison to fiber-treated
PF composites. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 603–608, 2000
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INTRODUCTION

A significant effort has been made recently to
apply natural fiber reinforcement in synthetic
polymer-bounded composite materials. These
synthetic natural composites offer a better utili-
zation of fibrous biomass.

Natural fibers having high content of cellulose
have found use as a potential resource for making
low-cost composites. These fibers are in abun-
dance in developing tropical countries. Use of
these fibers in composites is less attractive due to
lack of good interfacial adhesion and poor resis-
tance to moisture absorption.1 This problem can
be overcome by treating these fibers with suitable

chemicals. Good interfacial strength between fi-
ber and plastic is the essential factor to achieve
good fiber reinforcement.2

Chemical treatments usually change the phys-
ical and chemical structure of the fiber surface.
Chemical analysis shows the high content of cel-
lulose in oil palm fiber, which plays an important
role in the fiber’s performance.3

Oil palm empty fruit bunch (OPEFB) fiber can
act as a better reinforcement in brittle plastics
such as phenol–formaldehyde (PF), because it can
improve the toughness of brittle plastics. Before
reinforcement, surface modifications of the fibers
by alkali treatment, potassium permanganate
treatment, and peroxide treatment have been car-
ried out.

Reinforcement using OPEFB fiber makes the
composite light weight and inexpensive, with de-
sirable thermal and mechanical properties and
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performance characteristics.4 OPEFB fiber-rein-
forced phenol–formaldehyde composites are a
cost-effective substitute for the conventional
building materials. Reliable data of the thermal
behavior such as crystallization kinetics of these
materials is necessary for understanding them as
building materials, and hence, using them for
commercial applications. So far, no such study
has been conducted in this field.

This article is an attempt to report the thermal
characteristics of the OPEFB fiber-reinforced
composites with PF resin. The effect of fiber treat-
ment and resin treatment on the crystallization
kinetics have been analyzed.

MATERIALS

OPEFB fiber-reinforced phenol–formaldehyde
composites were procured from the Rubber Re-
search Institute of India, Kottayam. The solid
content of the resin is 50 6 1%. Caustic soda was
used as catalyst during the manufacturing. The
hand layup technique followed by compression
molding at 100°C for about 30 min was adopted
for the composite preparation.4

The total processed fiber loading of the composite
was kept constant, i.e., 40 wt %, with a 40-mm fiber
length and average diameter of 0.02 3 1024 mm.
Chemicals used for fiber surface modification were
potassium permanganate (KMnO4) and benzoyl
peroxide. These chemicals were of reagent grades.
The natural rubber latex used for oil palm fiber
coating was of 10% dry rubber content. The cou-
pling agents used for fiber surface modifications
were triethoxy vinyl silane [CH2CHSi(OC2H5)3]
and toluene 2,4,di-isocynate [CH3C6H3(NCO2)2)]
These were procured from Union Carbide Co., Mon-

treal, Canada, and Poly Sciences, USA, respec-
tively.

FIBER SURFACE MODIFICATIONS

Permanganate Treatment (Sample Code 01)

Fibers were pretreated with alkali and then
dipped in permanganate solution in acetone for
about 2–3 min. The permanganate solutions of
concentrations 0.01, 0.05, and 0.1% were used.
Fibers were washed in distilled water and finally
dried.

Fiber Peroxide Treatment (Sample Code 02)

Fibers were coated with benzoyl peroxide from
acetone solution after alkali pretreatment. Satu-
rated solution of the peroxide in acetone was
used. The fibers were then dried.

Figure 1 DSC thermograms of treated and untreated
composites.

Figure 2 (a) ln a/Tp
2 vs. 1000/Tp plots for sample No.

1. (b) ln a/Tp
2 vs. 1000/Tp plots for sample No. 2. (c) ln

a/Tp
2 vs. 1000/Tp plots for sample No. 3. (d) ln a/Tp

2 vs.
1000/Tp plots for sample No. 4.
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Resin Peroxide Treatment (Sample Code 03)

PF resin was treated with benzoyl peroxide. Dif-
ferent quantities (0.1, 0.5, and 1.0% of the resin)
of the peroxide was added into the resin and
stirred for 1 h for intimate mixing. The peroxide
can act as a free radical initiator and can take
part in the crosslinking reactions.

MEASUREMENTS

A convenient way of studying crystallization ki-
netics is by means of Differential Scanning Calo-
rimeter (DSC), in which the sample is heated at a
constant rate and the change in heat with respect
to an empty reference pan is measured. The small
pieces of different samples of weight approxi-
mately 8.0 to 12.0 mg were kept in standard alu-
minium pans, and were scanned over a tempera-
ture range from 25 to 450°C at various heating
rates.

A DSC scan of all the KMnO4 and peroxide
treated samples at four different heating rates (5,
10, 15, and 20 K/min) were carried out using a
DSC model 8230 B from Rigaku, Japan. All calo-
rific measurements were done on a thermal anal-
ysis station TAS-100. The temperature precession
of this equipment was 0.1 K, with an average
standard error of about 1 K in the measured val-
ues.

DATA ANALYSIS AND RESULTS

Typical DSC thermograms of untreated (sample
code 04), treated with KMnO4, and peroxide oil
palm fiber-reinforced PF composites at a heating
rate 10 K/min are shown in Figure 1. Modified
Kissinger’s equation and Matusita’s equation for
nonisothermal crystallization was used to ana-
lyze the experimental data. Activation energy for
crystallization was evaluated using a modified
Kissinger’s equation for all the treated and un-
treated samples. Kissinger’s equation5–7

ln~an/Tp
2! 1 ln k 5 2mEc /RTp (1)

where, k is a constant whose value depends on the
thermal history of the sample. n and m are con-
stants having values between 1 and 4, depending
on the morphology of the growth.8 a is the heating
rate, and Tp is the peak crystallization tempera-
ture.

The values of activation energies (m/n)Ec are
evaluated from the slope of the curve between ln
a/Tp

2 and 1000/Tp in kJ/mol (Fig. 2). The values of
(m/n)Ec obtained from this curve are listed in
Table I, column 8, for all the samples. To evaluate
Ec, a knowledge of m and n, that is, some details
of the crystallization process, is necessary. There-
fore, to evaluate Ec, m, and n, and arrive at the
crystallization mechanism, the results were ana-

Table I Data for m, n, and Ec of PF Composites

Sample
Code

Heating
Rate (K/min)

ln[2ln(1 2 x)]
vs lna

ln[2ln(1 2 x)]
vs 1000/T

Average Ec

ln(a/TP
2 ) vs. 1000/Tp

n m mEc Ec (kJ/mol) (m/n) Ec Ec (kJ/mol)

1 5 1.026 1 125.447 125.447 124.713 122.324 119.224
10 124.415 124.415
15 124.730 124.730
20 124.260 124.260

2 5 0.933 1 129.104 129.104 128.810 126.684 135.780
10 126.799 126.799
15 128.860 128.860
20 130.480 130.480

3 5 0.960 1 153.290 153.290 152.680 148.214 154.390
10 152.700 152.700
15 152.159 152.159
20 152.590 152.590

4 5 1.224 1 123.980 123.980 124.600 119.674 97.770
10 124.660 124.660
15 122.030 122.030
20 127.730 127.730
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lyzed using the method suggested specifically for
nonisothermal crystallization by Matusita et al.9

For nonisothermal crystallization the volume
fraction precipitated in a PF composite at a uni-
form rate a is related to Ec through the expres-
sion:

ln@2ln~1 2 x!# 5 2n ln a 2 1.052mEc /RT

1 constant (2)

where n and m are numerical factors already
mentioned above. When nuclei formed during the
heating at constant rate a are dominant, n is

equal to m 1 1, and when nuclei formed during
any previous heat treatment prior to thermal
analysis are dominant, n is equal to m.8

The plot of ln [2ln(12x)] against 1000/T,
where T is the temperature at which crystal
volume fraction reaches a specific value, gives a
straight line and slope of the line is 1.052(mEc/
RT).

The plot [Fig. 3(a)–(d)] is found to be linear
over most of the temperature range. At high tem-
perature or in the region of large crystallized frac-
tions, a break in the linearity or a lowering of the
initial slope is seen for all the heating rates. Gen-

Figure 3 (a) ln[2ln(12x)] vs. 1000/T for untreated composites at different heating
rates (K/min). (b) ln[2ln(12x)] vs. 1000/T for KMnO4-treated composites at different
heating rates (K/min). (c) ln[2ln(12x) vs. 1000/T for fiber peroxide-treated composites
at different heating rates (K/min). (d) ln[2ln(12x)] vs. 1000/T for resin treated with
peroxide composites at different heating rates (K/min).
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erally, this break in slope is attributed to the
saturation of nucleation sites in the final stages of
crystallization or to restriction of crystal growth
by the small size of the particles. In all these cases
where there is a change in slope, the analysis is
confined to the linear region.

From the slope of the ln[2ln (12x)] vs. 1000/T
data [Fig. 3(a)–(d)], mEc was calculated for all the
heating rates. mEc was seen to be some what
independent of the heating rate, and therefore, an
average value of mEc was calculated by consider-
ing all the heating rates. Values of mEc obtained
similarly for all the compositions are listed in
Table I, column 5.

From the experimental data, it is possible to
evaluate ln[2ln(12x)] as a function of ln a at any

fixed temperature [Fig. 4(a)–(d)]. As shown in ex-
pression (2), n is obtained as the slope of the
resulting line. The value of n evaluated for all
other composites are listed in Table I, column 3.
The value of n is found to be about one for all the
composites. The value of m should be equal to n.

Values of Ec obtained by using these m values
and the mEc values obtained from the slope of
ln[2ln(12x)] vs. 1000/T are listed in Table I, col-
umn 6. The value of Ec can also be evaluated by
using these m and n values along with the (m/
n)Ec values (Table I, column 9) obtained from the
ln a/Tp

2 vs. 1000/T data. These values of Ec ob-
tained by the two methods are in fair agreement.

Another peak is visible in thermogram of sam-
ple code 3 (resin peroxide treated, Fig. 1) in the

Figure 4 (a) ln[2ln(12x)] vs. ln a for untreated composites at different heating rates.
Temperature indicated in parentheses. (b) ln[2ln(12x)] vs. ln a for KMnO4-treated
composites at different heating rates. Temperature indicated in parentheses. (c)
ln[2ln(12x)] vs. ln a for fiber peroxide-treated composites at different heating rates.
Temperature indicated in parentheses. (d) ln[2ln(12x)] vs. ln a for resins treated with
peroxide at different heating rates. Temperature indicated in parentheses.
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exothermic region. This may be due to the intro-
duction of some metamorphic state at higher tem-
peratures or due to some structural changes. Ex-
act reason is not predictable presently. However,
further research is ongoing.

Thermal stability of a system is defined by the
difference between crystallization temperature Tc
and glass transition temperature Tg. The values
of Tc 2 Tg for sample code 3 are higher than for all
the other treated and untreated composites. Tc 2
Tg values for all the samples are given in Table II.
Higher Tc 2 Tg values are the indication of ther-
mal stability. The crystallization peak tempera-
tures vary from 312 to 347°C, depending on the
treatments and heating rates.

CONCLUSIONS

Analysis shows that fiber treatment increases the
thermal stability. The reason may be treatment of
lignocellulosic fibers leads to the formation of a
lignin–cellulose complex, which gives more sta-
bility to the fiber. In the case of resin treated with
a peroxide composite, the distance between the
two interlocks in the polymer network becomes
more, and causes an increase in the porosity. Per-
oxide can also act as a free radical initiator, which
may take part in crosslinking reactions. This may

be the reason for higher thermal stability in the
case of resin treated with a peroxide composite.

Recent analysis developed for the nonisother-
mal crystallization process has been used to ana-
lyze the crystallization exotherms. Activation en-
ergies calculated from Kissinger and Matusita et
al.9–11 equations are approximately equal for all
the samples. It has been possible to arrive at the
mechanism of nucleation, which is surface nucle-
ation with one-dimentional growth in these com-
posites.
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Table II Data for Tc 2 Tg of PF Composites

Sample
No.

Heating
Rate

(K/min) Tg (°C) Tc (°C)
Tc 2 Tg

(°C)

1 10 104 326.1 222.1
2 10 105 329.0 224.0
3 10 103 338.4 235.4
4 10 99 326.0 227.0
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