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ABSTRACT: Graft copolymerization of methyl methacry-
late (MMA) onto oil palm empty fruit bunch fiber (OPEFB)
was successfully carried out in aqueous medium using hy-
drogen peroxide as an initiator. Results from the investiga-
tion of the optimum conditions for grafting are presented.
Maximum percentage of grafting was achieved when the
amount of initiator, cocatalyst, and nitric acid were 5.877
� 10�3 mol, 2.63 � 10�4 mol, and 3.24 � 10�3 mol, respec-
tively. The optimum reaction temperature was 50°C and the
reaction period was 120 min. The highest percentage of

grafting and grafting efficiency were 220 and 47%, respec-
tively, under optimum conditions. The grafted copolymer
was characterized by FTIR spectroscopy and scanning elec-
tron microscopy. The presence of a band at 1730 cm�1

provides strong evidence of grafting. © 2003 Wiley Periodicals,
Inc. J Appl Polym Sci 89: 2233–2238, 2003
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INTRODUCTION

In the past few decades, Malaysia produced an abun-
dance of oil palm empty fruit bunch fiber (OPEFB),
which was regarded as waste and not utilized. OPEFB
was obtained after stripping off the fruits from the
fruit bunch for the extraction of oil. More than 55
million tons of oil palm biomass were generated an-
nually in Malaysia.1 Chemical analysis of the OPEFB
shows that OPEFB consists of 65% cellulose and 19%
lignin.2

Chemical modification of lignocellulose material
through graft copolymerization with vinyl monomer
may improve the properties of the natural polymer
such as water sorbency, elasticity, ion-exchange capa-
bilities, thermal resistance, and resistance to microbi-
ological attack.3,4 Graft copolymerization of vinyl
monomer involved the creation of free radicals on the
backbone (cellulose and lignin). Free radicals are
formed on the lignocelluloses either by chemical
means or by irradiation.

Grafting of lignocellulose material such as jute,5–8

pineapple leaf,9 henequen,10 wheat straw,11 kenaf,12

and coir13,14 have been done successfully using differ-

ent types of initiator such as ceric ion, potassium
permanganate, and potassium monopersulfate.

This investigation deals with synthesizing of grafted
polymer onto empty fruit bunch oil palm fiber
(OPEFB) with methyl methacrylate (MMA) using hy-
drogen peroxide as initiator.

The optimum conditions for grafting were deter-
mined by varying the reaction time, reaction temper-
ature, and amount of monomer, initiator, cocatalyst,
and acid. The presence of MMA in the products was
studied by use of FTIR spectroscopy and scanning
electron microscopy.

EXPERIMENTAL

Materials

Oil palm OPEFB fibers were received from Sabutek
Sdn. Bhd., Malaysia. The OPEFB used in this study
was ground to the mesh size of 60 (�270 �m). The
OPEFB powder was soaked for 6 h and washed first
with hot water and then with acetone, after which it
was dried in an oven at 60°C to constant weight. This
OPEFB fiber consists of 65% cellulose and 19% lignin.2

Methyl methacrylate of purity more than 99% was
purchased from Fluka Chemie (Buchs, Switzerland)
and purified by passing through a column packed
with an activated alumina to remove its inhibitor.
Analytical reagent grade hydrogen peroxide was pur-
chased from Riedel-de Haën (Seelze, Germany). Am-
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monium ferrous sulfate, an analytical-grade reagent,
was obtained from BDH (Poole, UK), and used as
received. Solvents and other chemicals of analytical
grade were used as received from manufacturers.

Graft copolymerization

To prepare the fiber/PMMA copolymer, 1.00 g OPEFB
fiber was placed in 250 mL three-neck flasks equipped
with stirrer and condenser and immersed into a ther-
mostated water bath. The OPEFB suspension was ob-
tained by adding 100 mL of distilled water and 3.0 mL
of 1.0M nitric acid with stirring. Nitrogen was purged
through the OPEFB slurry to remove the presence of
oxygen during the reaction. After 30 min, the required
amount of ammonium ferrous sulfate and the re-
quired volume of 2.0M H2O2 were added. The reaction
mixture was mixed for 5 min and then the required
amounts of monomer (MMA) were added into the
mixture. The reaction mixture was stirred under ni-
trogen at the chosen temperature and reaction period.
Immediately after the reaction period was over the
reaction flask was cooled under running tap water and
the product was filtered. The crude product was
washed thoroughly with distilled water and oven
dried at 60°C to constant weight.

Removal of homopolymer and determination of
graft level

The crude product was purified with the acetone us-
ing a Soxhlets extractor for 24 h to remove poly(meth-
ylmethacrylate) homopolymer. The pure grafted co-
polymers were then dried at 60°C to a constant
weight. The percentage of grafting (Pg) and grafting
efficiency (Ge) were determined by the following for-
mulas, respectively:

Pg �
W2 � W1

W1
� 100

Ge �
W2 � W1

W3 � W1
� 100

where W1 is the weight of the original OPEFP fibers in
grams, W2 is the weight of the grafted product after
copolymerization and extraction, and W3 is the weight
of the grafted product after copolymerization and be-
fore extraction (grafted product � homopolymer).

FTIR spectroscopy

Infrared (IR) spectra of the OPEFB and grafted OPEFB
were recorded on a Fourier transform–IR spectrome-
ter (Perkin–Elmer 1725, Norwalk, CT) using a KBr
disk pellet.

Scanning electron microscopy

The SEM photographs of the fiber surfaces of grafted
PMMA onto OPEFB and ungrafted OPEFB fiber were
taken using a scanning electron microscope model
SEM JEOL 6400 (JEOL, Peabody, MA).

RESULTS AND DISCUSSION

Reaction mechanism

Graft polymerizations of PMMA onto OPEFB were
carried out in aqueous solution using hydrogen per-
oxide as initiator and Fe2� as cocatalyst. Grafting by
chemical methods involves the formation of an active
center on cellulosic fiber, which acts as the backbone.
Radicals produced by decomposition of H2O2 may
initiate the production of cellulosic fiber radical.
Therefore the first step of the mechanism is the gen-
eration of radicals. Decomposition of H2O2 to produce
radicals occurs slowly.15

H2O2 3 2HO�

Addition of Fe2� into the system speeds up the de-
composition of H2O2.5

Fe2� � H2O2 3 Fe3� � HO� � HO�

The Fe3� ion generated also produced radical by re-
acting with HNO3.

Fe3� � HNO3 3 Fe2� � H� � NO3
�

The radical species HO� and NO3
� are expected to be

reactive in the redox initiation of graft copolymeriza-
tion by hydrogen abstraction from cellulosic fiber.16

Fiber–OH � HO� 3 Fiber–O� � H2

Fiber–OH � NO3
� 3 Fiber–O� � HNO3

Figure 1 Effect of reaction time on the percentage of graft-
ing and efficiency. Temperature, 50°C; MMA, 47.15 mmol;
HNO3, 3.24 mmol; H2O2, 3.918 mmol; Fe2�, 0.262 mmol; (F)
grafting (%); (�) efficiency (%).
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The HO� and NO3
� radicals may also initiate the ho-

mopolymerization of MMA.
Once the cellulosic fiber radicals are produced, they

react with the monomers to give the graft copolymer:

Fiber–O � n�
CH3

P
H2CACOCOCH3

�
O

�3

Fiber–O �
O
�
COCH3

P
OCH2OCOOOO

P
CH3

�
n�1

CH2O

O
�
COCH3

P
C�
P
CH3

Termination of the graft copolymerization could be
through a combination of the radicals or a chain trans-
fer and polymerizations of MMA initiated by simple
radicals leads to the formation of homopolymer.

Effect of reaction period

The effects of the reaction period on the percentage of
grafting and grafting efficiency are shown in Figure 1.
Percentage of grafting increases during the earlier re-
action period and leveled off after 2 h. The maximum
percentage of grafting was 220.6%.

This trend is in agreement with the observation
reported earlier in the study of graft copolymerization
of vinyl monomer onto jute fiber.6,8 The leveling off of
grafting value is attributed to the decrease in mono-
mer and catalyst concentration as well as to the retar-
dation of diffusion arising from the formation of poly-
mer at the fiber surface.17

Effect on monomer concentration

The percentage of grafting increases with the increase
for the monomer from 9.43 to 56.58 mmol (1 to 6 mL),
as shown in Figure 2. The percentage of grafting and
grafting efficiency for 6 mL of MMA are 228.3 and
41.0%, respectively. This type of behavior is expected
given that the larger the amount of monomer, the
more favored will be the reaction with the backbone.18

Figure 2 Effect of volume of monomer on the percentage of
grafting and efficiency. Temperature, 50°C; time of reaction,
1 h; HNO3, 3.24 mmol; H2O2, 3.918 mmol; Fe2�, 0.262 mmol;
(F) grafting (%); (�) efficiency (%).

Figure 3 Effect of reaction temperature on the percentage
of grafting and efficiency. Reaction time, 1 h; MMA, 47.15
mmol; HNO3, 3.24 mmol; H2O2, 3.918 mmol; Fe2�, 0.262
mmol; (F) grafting (%); (�) efficiency (%).

Figure 4 Effect of amount of initiator on the percentage of
grafting and efficiency. Temperature, 50°C; MMA, 47.15
mmol; HNO3, 3.24 mmol; reaction time, 1 h; Fe2�, 0.262
mmol; (F) grafting (%); (�) efficiency (%).

Figure 5 Effect of amount of catalyst on the percentage of
grafting and efficiency. Temperature, 50°C; MMA, 47.15
mmol; HNO3, 3.24 mmol; H2O2, 3.918 mmol; reaction time,
1 h; (F) grafting (%); (�) efficiency (%).
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Effect of reaction temperature

The percentage of grafting increases with the increase
of temperature up to 50°C and then decreases with
further increase in the reaction temperature, as shown
in Figure 3. The increase in grafting at higher temper-
ature may be attributable to the swellability of OPEFB
in the substrate and enhancement of rate of diffusion
of the monomer with increase of the temperature. This
observation is in agreement with the grafting of MMA
onto jute fiber.6 At higher temperature probably the
decomposition of peroxide increases, thus producing
a lot of radicals. Some of the radicals create active
centers on the lignocellulosic fiber, whereas the re-
maining radicals initiate the homopolymerization.
This explanation is in agreement with the experimen-
tal data where the total conversion increased with
temperature but the percentage of grafting decreased
as the temperature increased. This result is in agree-
ment with Lutfor et al.,19 who used ceric ammonium
nitrate to graft methyl acrylate onto sago starch.

Effect of the amount of initiator

In the case of grafting initiated by a chemical initiator,
the extent of grafting increases with the amount of
initiator up to certain limit, then decreases.20 This is
attributed to the increase of free radicals with increas-
ing initiator concentration, which enhanced the possi-
bility of initiating reactive site on the backbone where
PMMA can be grafted. The effect of the amount of
H2O2 initiator on the percentage and efficiency of
grafting of OPEFB is shown in Figure 4. The percent-
age of grafting increased with an increase of the
amount of initiator from 1.96 to 5.88 mmol but de-
creased at higher amounts. The optimum percentage
of grafting and efficiency are 187.3 and 40.0, respec-
tively, at 5.88 mmol of initiator. Thereafter, the graft
level decreased with further increases of the amount
of initiator. At higher H2O2 concentrations, the de-
crease was expected because the decomposition of
H2O2 increases the number of cellulosic fiber radicals,
which terminated before the addition of monomer.
The formation of homopolymer also contributes to a
decrease in the grafting level.

Effect on the amount of cocatalyst

When grafting of OPEFB is carried out using H2O2 as the
initiator without a cocatalyst the percentage of grafting is
low. The percentage of grafting increases when ammo-
nium ferrous sulfate, (NH4)2SO4�FeSO4�6H2O, is added.
It indicates that when H2O2 alone is used as initiator,
its conversion into radicals is slow. Addition of Fe2�

into the system speeds up the decomposition of H2O2
and the formation of radicals.15 The percentage of
grafting increases with the increase of the amount of
cocatalyst up to 0.263 mmol, but decreases at higher
amounts, as shown in Figure 5. This may be attribut-

Figure 6 Effect of amount of initiator on the percentage of
grafting and efficiency. Temperature, 50°C; amount of
MMA, 47.15 mmol; H2O2, amount of 3.918 mmol; reaction
time, 1 h; Fe2�, 0.262 mmol; (F) grafting (%); (�) efficiency
(%).

Figure 7 Infra red spectra of (a) OPEFB and (b) PMMA-g-OPEFB.
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able to the presence of a large number of free radicals,
which may interact with each other, causing termina-
tion and thus reducing the graft yield.20

Effect on the amount of acid

The effect of the amount of acid on the percentage of
grafting and grafting effiency is shown in Figure 6.
The maximum percentage of grafting (154%) is ob-
served at 3.24 mmol of HNO3; beyond this amount the
grafting percentage decreases. The initial increase in
percentage of grafting with the increase of the amount
of HNO3 may occur because acid reacts with the Fe3�

present in the solution to produce NO3
� radicals, which

enhances the possibility of initiating a reactive site on
the backbone where PMMA can be grafted. Higher
amounts of acid, however, can cause degradation of
the backbone as well as graft chains. The decrease in
grafting may also be related to the abundance of H�,
which may act as a free-radical terminator.19

FTIR spectroscopy

The presence of PMMA on the fiber was verified by
the FTIR spectra of the OPEFB and PMMA-grafted-
OPEFB, as shown in Figure 7

Both spectra show a characteristic broad absorption
band of the hydroxyl group around 3500–3100 cm�1.
This is attributed to OH stretching vibrations of cellu-
lose, absorbed water, hemicelluloses, and lignin con-
stituent of OPEFB.21 The presence of the peak near
1730 cm�1 in OPEFB spectra could be associated with
CAO stretching vibration of carboxyl groups in hemi-
celluloses and lignin in OPEFB. The increase in inten-
sity of the CAO peak (1730 cm�1) in the spectrum of
poly(MMA)-grafted-OPEFB indicates that the presence
of an ester group from MMA provides strong evi-
dence of grafting.22

The absorption band in the 1600 –1400 cm�1 re-
gion in both spectra may be attributed to the pres-
ence of aromatic or benzene rings in lignin. Ali-
phatic and aromatic (COH) in the plane deforma-

tion vibration of methyl, methylene, and methoxy
groups in fiber can be seen near 1400 –1300 cm�1,
whereas the band in the region of 1300 –1000 cm�1

indicates the COO stretching vibration of aliphatic
primary and secondary alcohols in cellulose, hemi-
celluloses, lignin, and primary and secondary aro-
matic alcohols in lignin.23

SEM microscopy

SEM micrographs of the ungrafted OPEFB fiber and
OPEFB-g-PMMA are shown in Figures 8 and 9, respec-
tively. In Figure 8, the OPEFB surface is rough with
groovelike structures observed that may be attributed
to removal of intercellular binding material. After the
grafting process, the surface of the fiber was homoge-
neously covered by PMMA. This synthetic polymer is
strongly attached onto the fiber surface because it is
chemically bonded.

CONCLUSIONS

The synthesis of hydrophobic monomer (MMA)
grafted onto OPEFB using hydrogen peroxide as ini-
tiator was carried out. The spectroscopic data and the
SEM micrograph of the purified product confirmed
the presence of PMMA on the fiber.

The percentage of grafting and grafting efficiency
were dependent on the amounts of the initiator (hy-
drogen peroxide), the monomer (MMA), the cocata-
lyst (Fe2�), and nitric acid as well as the reaction
period and reaction temperature.

The optimum temperature and reaction period
are 50°C and 2 h, respectively. The optimum
amounts of H2O2, Fe2�, and HNO3 are 5.88 � 10�3

mol, 2.63 � 10�4 mol, and 3.24 � 10�3 mol, respec-
tively, with 1.00 g of OPEFB fiber. No optimum
value of the monomer concentration as the graft
yield was observed to increase with amount of
monomer (9.43–56.58 mmol).

Figure 8 Scanning electron micrographs of ungrafted
OPEFB fiber (�500).

Figure 9 Scanning electron micrographs of OPEFB-g-
PMMA (�500).
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