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ABSTRACT: The water absorption pattern and associated
dimensional changes and solid loss of oil palm fiber–linear
low density polyethylene composites was studied. The
effects of fiber size (425–840, 177–425, and 75–177 l), fiber
loading (0, 10, 20, 30, 40, and 50%), and time of immersion
(192 h at an interval of 24 h) on these parameters were also
studied. Alkali treatment of fibers was done to reduce the
hydrophilic nature of the composites and its effect was
studied. It was found that the water absorption in most of
the combinations followed typical Fickian behavior. The
rate of water absorption and swelling increased with fiber
loading. However, alkali treatment of the fibers resulted in
a reduction of water absorption at higher fiber loadings
only, and composites with higher fiber sizes exhibited
higher water absorption. A sharp increase in the thickness
swelling was observed in the initial days of immersion,

which remained constant thereafter. The thickness swelling
also increased with fiber size; however, a constant trend
was not observed for the 75–177 l fiber size. In addition to
thickness swelling, composites also expanded linearly dur-
ing water absorption; however, linear expansion was con-
siderably less than thickness swelling. Higher fiber loading
and alkali treatment caused more linear expansion. We
observed that maximum solid loss on water immersion
occurred with small-sized and also alkali-treated fiber com-
posites. An increase in thickness and a decrease in linear
dimension were observed after one sorption–desorption
cycle. This irreversible change was also found to be propor-
tional to fiber loading and alkali treatment. VC 2010 Wiley Peri-
odicals, Inc. J Appl Polym Sci 117: 1064–1075, 2010
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INTRODUCTION

The incorporation of natural fibers in polymer matri-
ces to obtain desirable material properties has led to
the development of an environmental friendly class
of materials called natural fiber composites (NFCs).
The use of natural fibers as fillers in polymeric mat-
rices offers several advantages over conventional
inorganic fillers with regard to their lower density,
lower abrasiveness to processing equipment, envi-
ronmentally friendly nature, lower cost, greater
deformability, biodegradability, renewable nature,
nontoxicity, flexible usage, high specific strength,
low energy cost, positive contribution to the global
carbon budget, combustibility, ease of recyclability,
good thermal and insulating properties, good electri-
cal resistance, good acoustic insulating properties,
worldwide availability, and so on.1–6 Because of

these advantages, there is growing interest in natural
fiber composites for various applications.
Oil palm is an edible oil-yielding crop cultivated

in 11 million ha of land in over 42 countries around
the world.7 An oil palm plantation produces about
55 ton/ha/year of total dry matter in the form of fi-
brous biomass and 5.5 ton/ha/year of oil.8 Among
oil palm biomass, empty fruit bunches (EFBs), a
waste material obtained after the fruits are stripped
from fresh fruit bunches, is the major source of fiber,
yielding 73% fiber.9 The palm oil industry has to dis-
pose of about 1.1 ton of EFBs for every ton of oil pro-
duced.10 The current uses of this highly cellulosic ma-
terial are as boiler fuel, in the preparation of
fertilizers, or as mulching material.11,12 When left on
the plantation floor, these waste materials create great
environmental problems.11,13 The physical properties
and chemical composition of the fibers extracted
from oil palm EFBs, as reported by earlier research-
ers, are presented in Tables I and II, respectively.
Linear low density polyethylene (LLDPE) is a

popular thermoplastic material used mainly for
packaging applications.15 The low processing tem-
perature (<130�C) of LLDPE makes composite
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fabrication possible without partial melting or
annealing of the fibers.16 The high toughness of
LLDPE imparts a good impact-resistant to compo-
sites. Short processing time, unlimited storage time,
and solvent-free processing are other advantages of
NFCs based on LLDPE.

One of the disadvantages of NFCs is its hydro-
philic nature compared to pure polymers. The
hydrophilic nature of natural fibers contributed by
the hydroxyl groups cause increased water absorp-
tion by NFCs. The absorption of water, through the
formation of hydrogen bonding, takes place in the
cell wall of lignocellulosic materials, and it subse-
quently swells the cell wall.17 This phenomenon is
reflected in changes in the dimensions of the compo-
sites. The application of NFCs in the automotive,
construction, marine, and consumer goods necessi-
tates exposure to water or high-moisture environ-
ments. Water absorption may adversely affect the
physical properties of composites and also the fiber
matrix interactions and may result in changes in the
bulk properties, such as the dimensional stability
and mechanical and electrical properties.18 However,
there are treatment technologies to improve the
hydrophobicity of natural fibers. Treatments used to
improve fiber–matrix adhesion include chemical
modification of the lignocellulosic biomass (anhy-
drides, epoxies, isocyanates, etc.), grafting of poly-
mers onto the lignocellulosic biomass, and use of
compatibilizers and coupling agents.19 Various treat-
ment methods onto oil palm fibers are already dis-
cussed in detail.5,18,20–22 A detailed discussion of var-
ious treatments of lignocellulosic fibers in general to
improve their properties was also given earlier.23

John and Anandjiwala24 reviewed developments in
the chemical modification and characterization of
natural-fiber-reinforced composites and concluded
that one of the most common and efficient methods
of chemical modification is alkali treatment of the
fibers; they reported that this method has been used
to treat almost all natural fibers with successful
results. Alkali treatment is one treatment technology
used to reduce water absorption in composites.18

Hence, in this study, we examined the time-de-
pendent moisture sorption of oil palm fiber–LLDPE
composites and associated swelling and solid loss on
sorption. The dimensional stability of the composites
on reconditioning of the specimens was also assessed.
The effects of fiber loading, fiber size, and alkali treat-
ment on all of these parameters were studied.

EXPERIMENTAL

Materials

Oil palm EFBs were obtained from a local palm-oil
mill at Pedavegi, Andhra Pradesh, India. The fresh
fruit bunches were steam-treated at a pressure of
294 kPa for 1 h before the fruits were stripped to
yield EFBs in a usual process in the palm-oil milling
sequence. The initial moisture content of EFB, on the
order of 65–70% (wb, wet basis), was brought down
to 35–40% in an electrically heated forced convection
cabinet drier. Fibers were extracted from dried EFBs
with a mechanical decorticator developed by Jayash-
ree et al.,25 where the EFBs were subjected to the
action of rotating mechanical beaters. The extracted
fibers were washed in distilled water to remove field
impurities and dried in a hot-air oven at 50�C for 48
h and stored in airtight containers for the experi-
ments. The fibers used in this experiment contained
47.6% cellulose, 14.1% lignin, 25.7% hemicellulose,
and 1.5% ash. LLDPE in powder form was used in
the experiments (Exxon Mobil Chemical Canada, To-
ronto, Canada). The properties of LLDPE were as
follows: density ¼ 0.938 g/cm3, melt flow index ¼
3.3 g/10 min, and melting point ¼ 126.5�C.

Methods

Composite preparation

Alkali treatment was done by immersion of the
fibers in a 5% (w/w) NaOH (technical-grade) solu-
tion for 1 h and washing thereafter in distilled water
until such time that the traces of alkali were
removed. An alkali concentration of 5% was selected
because the mechanical properties of the composite
were reported to be at a maximum at this concentra-
tion.26 The washed fibers were further conditioned

TABLE I
Physical Properties of the Oil Palm Fiber

Property Value and reference

Diameter (lm) 150–50020

Microfibrillar angle (�) 4630

Length-weighted fiber length (mm) 0.9913

Cell-wall thickness (lm) 3.3813

Fiber coarseness (mg/m) 1.3713

Fines (<0.2 mm; %) 27.613

Rigidity index [(T/D)3 � 10�4] 55.4313

Density (g/cc) 0.7–1.5520

T, wall thickness; D, diameter.

TABLE II
Chemical Composition of the Oil Palm Fiber

Property Value and reference

Cellulose (%) 6511

Lignin (%) 1911

Ash content (%) 211

Holocellulose (%) 82.413

a-Cellulose (%) 44.214

Hemicellulose (%) 33.514

Extractives (hot water; %) 1011

Solubility in cold water (30�C; %) 811

1% NaOH soluble (%) 2011
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at 50 6 1�C for 48 h in a hot-air oven and stored in
airtight containers. The fibers were shredded in a lab-
oratory grinder, and sieve analysis was done to sepa-
rate the shredded fibers into different fractions in a
sieve shaker with ASTM standard test sieves. The
fibers were separated into three size fractions, namely,
ASTM sieve sizes 20–40 (425–840 l), 40–80 (177–425
l), and 80–200 (75–177 l). The mixing of the LLDPE
and palm fibers was done in a mechanical mixer
equipped with helical blades rotating at 40 rpm for 10
min. The composite mixture was poured into a mold
200 � 200 mm2 in size with a 3-mm board thickness
and compression-molded in a hydraulic press
equipped with a water-cooling facility. The compres-
sion cycle included (1) preheating of the press to
150�C, (2) heating of the mix in a mold for 12 min
under 850 kPa pressure, (3) cooling of the mold under
the same pressure for 15 min, and (4) cooling of the
mold at atmospheric pressure for 15 min. The speci-
men thickness was maintained at 3 mm.

Fiber surface morphology

The fiber surface morphology was examined with
scanning electron microscopy (SEM) imaging on a
JEOL JSM 840A scanning electron microscope (Pea-
body, MA). Fiber samples were mounted flat to dou-
ble-sided adhesive carbon tape and gold-coated,
rotated, and recoated to ensure that all surfaces to
be imaged were conductive. The accelerator voltage
was set to 20 kV, and the working distance was 15
mm. Images were acquired digitally with Gellar
Microanalytical dPICT software.

Water absorption

Test specimens 77 � 26 � 3 mm3 in size were condi-
tioned at 50�C for 48 h, and the initial mass was
noted with a precision balance with 0.01 mg of accu-
racy. The exact sizes of the individual specimen were
measured with a digital micrometer with 0.01 mm of
accuracy. The specimens were fully immersed in dis-
tilled water in a container maintained at a constant
temperature of 30�C in a temperature-controlled
water bath. Specimens were taken out at regular
intervals of 24 h and wiped to remove surface mois-
ture, and measurements of mass, thickness, length,
and breadth were recorded for a period of 192 h. The
mass gain at the time of measurement, expressed as a
percentage of the initial specimen mass, was recorded
as the water absorption corresponding to the time of
immersion in water.

Dimensional stability

The dimensional stability of the composite speci-
mens on water exposure was quantified in terms of

the change in dimensions. The gain in thickness,
expressed as a percentage of the initial specimen
thickness, was termed thickness swelling. The linear
expansion (Le) was calculated with the following
equation:

Le ¼
Lt�L0
L0

þ Bt�B0

B0

2

" #
� 100 (1)

where Lt and Bt are the length and breadth of the
specimen at time t and L0 and B0 are the length and
breadth of the specimen measured at the beginning
of the experiment. After the experiment, the speci-
mens were reconditioned at the same temperature
(50�C) and period (48 h) at which specimens were
conditioned, and the differences in mass and dimen-
sions were noted. The difference in mass between
the conditioned specimens at the beginning of the
experiment and the reconditioned specimens after
the experiment, expressed as a percentage of the

Figure 1 Microstructure of the oil palm fiber surfaces:
(A) untreated fiber (750�) and (B) alkali-treated fiber
(500�).
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initial mass, was termed solid loss on water absorption.
Similarly, the differences in the thickness and linear
dimensions between the specimens before and after
the experiment were termed thickness swelling during
the sorption–desorption cycle and linear contraction
during the sorption–desorption cycle, respectively.
The experiment was repeated for five test specimens,
and the average values are reported.

RESULTS AND DISCUSSION

Fiber surface morphology

The microstructure (SEM images) of the alkali-
treated oil palm fiber surface in comparison with
that of the untreated one is presented in Figure 1.
The surface pits became more clear upon alkali treat-
ment as a result of the removal of silica bodies, as
reported earlier.13 This enhanced the fiber matrix
bonding and thereby reduced the water absorption
capacity of the composites.

Water absorption

The water absorption of the untreated and alkali-
treated oil palm fiber–LLDPE composites at different
fiber loadings and fiber sizes are presented in Fig-
ures 2 and 3, respectively. The water absorption of

the oil palm fiber–LLDPE composites was less than
that of LLDPE–sisal fiber composites reported ear-
lier.27 The water absorption increased linearly with
time of immersion in water during the initial days
and, thereafter, reached a plateau region and
remained constant; this is typical of Fickian behav-
ior, as observed in previous studies on unsaturated
polyester–oil palm fiber composites and coir fiber–
low-density polyethylene/LLDPE blend compo-
sites.28,29 The high initial water absorption was con-
tributed by the porous structure of the oil palm
fiber, which transported the water via the capillaries
in the fiber strands into gaps and flaws at the inter-
faces between the matrix and fibers.30 The rate of
water absorption of the oil palm fiber–LLDPE com-
posites increased with fiber loading. The addition of
more hydrophilic oil palm fiber caused a deviation
from the hydrophobic nature of the composites, and
such deviation was proportional to the amount of
fiber added. Generally, composites with a higher
proportion of natural fiber absorb more water than
those with a lower proportion because of the cellu-
lose, lignin, and hemicellulose contents of the fibers,
which possess polar hydroxyl groups in their struc-
ture that can form hydrogen bonds with water. A
similar trend was observed for natural rubber–oil
palm fiber composites by Jacob et al.31 In another
study, the water absorption of polyurethane–oil

Figure 2 Water absorption of the untreated oil palm fiber–LLDPE composites with fiber sizes of (A) 425–840, (B) 177–
425, and (C) 75–177 l.
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palm fiber composites increased sharply on the 1st
day of immersion and remained constant for the
next 5 days, and the composites with higher fiber
contents absorbed more water.30 For the same study,
it was also reported that composites with 75% fiber
content absorbed 55% water and composites with
65% fiber absorbed 48% water on the 1st day of
immersion. In a similar study, it was found that coir
fiber–low-density polyethylene/LLDPE composites
absorbed 5.5% water at the end of 200 h of immer-
sion in water at 25�C.29

Alkali treatment of the fibers reduced the water
absorption of the composites only at the higher fiber
loadings of 40 and 50%. However, at low fiber load-
ings, both the alkali-treated and untreated fiber com-
posites exhibited almost the same water absorption.
This finding partially agreed with the opinion of
Sreekala et al.18 that alkali treatment of fibers
reduces the water absorption of composites in com-
parison with other chemical treatments. Alkali treat-
ment of fibers has three effects, namely, fibrillation
or breaking down of the fibers into smaller ones, re-
moval of the amorphous waxy cuticle layer, and
activation of hydroxyl groups.18,31 Fibrillation pro-
vides a large surface area, which, coupled with the
activation of hydroxyl groups, imparts better me-

chanical interlocking between fiber and matrix and,
thus, reduces water absorption. The removal of the
waxy cuticle layer, which holds water molecules,
also reduces water absorption. However, in case of
the oil palm fiber–LLDPE composites, these effects
were not significant at low fiber loadings, as the con-
centration of the fibers were low enough to impart a
difference between the alkali-treated and untreated
fibers.
Composites with higher fiber sizes exhibited

higher water absorption in both the untreated and
alkali-treated fiber composites. Interestingly, the dif-
ference in water absorption between fiber sizes was
predominant in the alkali-treated fiber composites.
In case of the untreated fiber composites, fiber size
did not cause a difference in the water absorption at
lower levels of fiber loading. The void spaces
around the fibers due to poor mixing of the compos-
ite mixture in the long fibers would have caused the
rapid penetration of water, which explained the rea-
son for the high water absorption in the long-fiber
composites. A similar trend was observed for wood
flour–plastic composites.32 The effect of fiber size
coupled with the effect of alkali treatment in the reduc-
tion of water absorption may have been the reason for
the significant difference in the water absorption

Figure 3 Water absorption of the alkali-treated oil palm fiber–LLDPE composites with fiber sizes of (A) 425–840,
(B) 177–425, and (C) 75–177 l.
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between fiber sizes in the alkali-treated fiber compo-
sites in this study. The effect of fiber size on water
absorption of the untreated fiber composites was not
predominant at low fiber loadings, as the concentration
of fibers was not high enough to make a difference.

Kinetics of water absorption

Water absorption in polymeric composites is mainly
due to the direct diffusion of water molecules into the
polymer chains, capillary transport into cracks, flaws
in the fiber–matrix interface, and absorption into the
exposed fiber strands. In general, water transport
behavior in polymer composites can be Fickian diffu-
sion, relaxation controlled and non-Fickian, or anoma-
lous, which can be identified by the shape of the sorp-
tion curve represented by the following equation:33

Mt

Mm
¼ ktn (2)

where Mt is the moisture content at time t, Mm is the
moisture content at equilibrium, and k and n are
constants. The value of k gives an idea about the
extent of the polymer–solvent interaction, and the
value of n determines the mode of the sorption
mechanism.34 For Fickian water transport, n ¼ 0.5;
for relaxation controlled water transport, n�1; and
for non-Fickian or anomalous transport, 0.5 < n <
1.0. To study the kinetic parameters n and k, the ex-
perimental water sorption data was fitted into eq. (2)
with Sigmaplot 6.0 (Systat-Software, San Jose, CA).
The values of n and k obtained for the alkali-treated
and untreated fiber composites are summarized in

Tables III and IV, respectively. The composites fabri-
cated with the alkali-treated fibers exhibited Fickian
behavior, as evident from n values close to 0.5,
except for the composites with 10 and 40% fiber con-
tents (fiber size ¼ 75–177 l), for which n was found
to be between 0.5 and 1, which indicated the water
transport to be non-Fickian. Similarly, in the
untreated fiber composites, Fickian behavior was
also observed, except for some treatments. At 10%
loading of 177–425-l fibers, the water transport
behavior was non-Fickian, and interestingly, for 20%
fiber loading, a relaxation mechanism was observed.
Most authors have reported Fickian diffusion as the
predominant mechanism of water transport in com-
posites.29,35,36 However, Tsotsis and Weitsman37

reported that the moisture absorption in composites
is generally non-Fickian. They also mentioned that
in most studies and specifications, this deviation is
ignored, although many previous studies on diffu-
sion behavior in polymers and composites have
been performed. Deviation from Fickian behavior
was also reported for pineapple leaf fiber–polyester
composites.38 The deviation from Fickian behavior
may be due to the additional mechanism observed
as a result of fiber swelling, fiber matrix interface
weakening, microcracking, and leaching.36

Water diffusivity

The diffusion coefficient (Dx) represents the ability
of water molecules to penetrate into the composite.
Dx was determined by the method developed by
Shen and Springer,39 which assumes one-dimen-
sional unsteady diffusion through the thickness of
the composite sheet, where the flat surface is much

TABLE III
Water Sorption Constants of the LLDPE–Oil Palm Fiber
(Alkali-Treated) Composites at Different Fiber Loadings

and Fiber Sizes

Fiber
content (%) k n R2

Standard
error

Fiber size ¼ 425–840 l
10 0.166 0.349 0.997 0.010
20 0.214 0.305 0.951 0.042
30 0.115 0.422 0.991 0.022
40 0.156 0.365 0.986 0.026
50 0.211 0.308 0.945 0.046

Fiber size ¼ 177–425 l
10 0.193 0.319 0.990 0.018
20 0.243 0.280 0.941 0.044
30 0.124 0.408 0.995 0.017
40 0.134 0.395 0.990 0.022
50 0.186 0.331 0.956 0.043

Fiber size ¼ 75–177 l
10 0.068 0.524 0.986 0.030
20 0.086 0.470 0.782 0.118
30 0.104 0.443 0.967 0.044
40 0.066 0.530 0.989 0.028
50 0.109 0.435 0.983 0.032

TABLE IV
Water Sorption Constants of the LLDPE–Oil Palm Fiber
(Untreated) Composites at Different Fiber Loadings and

Fiber Sizes

Fiber
content (%) k n R2

Standard
error

Fiber size ¼ 425–840 l
10 0.397 0.178 0.976 0.018
20 0.250 0.271 0.977 0.025
30 0.155 0.363 0.997 0.011
40 0.127 0.404 0.997 0.012
50 0.280 0.252 0.952 0.036

Fiber size ¼ 177–425 l
10 0.951 0.602 0.999 0.076
20 0.991 1.305 0.999 0.045
30 0.131 0.399 0.991 0.022
40 0.122 0.411 0.997 0.012
50 0.230 0.290 0.957 0.038

Fiber size ¼ 75–177 l
10 0.158 0.359 0.980 0.028
20 0.103 0.446 0.993 0.020
30 0.102 0.446 0.998 0.011
40 0.100 0.449 0.998 0.011
50 0.178 0.341 0.960 0.042
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greater than the thickness. This method uses eq. (3).
The analytical solution for this equation for a plane
sheet with uniform initial moisture concentration
along the thickness is given in eq. (4).40

@C

@t
¼ Dx

@2C

@z2
(3)

where C is the moisture concentration at time, t
along coordinate direction z.

Mt ¼ 4Mm

ffiffiffiffiffiffiffi
Dx

ph2

r ffiffi
t

p
(4)

where Mt is the average moisture content of the
composite sheet at time t, Mm is the moisture content
of the sheet at equilibrium, and h is the thickness of
the sheet. A modified equation including a correc-
tion for the edge effect is presented as follows.40

Dx ¼ p
h

4Mm

� �2
1þ h

l

� �
þ h

b

� �� �2
(5)

where h is the slope of the linear portion of Mt ver-
sus

ffiffi
t

p
h plot and l and b are the length and breadth of

the composite sheet, respectively.
The thermodynamic solubility (S) is related to the

extent of absorption of water, which is estimated
with eq. (6).35

S ¼ Ww

Wc
(6)

where Ww is the mass of water absorbed by the com-
posite sheet at equilibrium and Wc is the initial mass
of the composite sheet.

The permeability (P) of the composite specimens,
which represents a net effect of diffusion and sorp-
tion was estimated with eq. (7)

P ¼ Dx � S (7)

Water absorbed at equilibrium (EMC), Dx, S, and
permeability (P) values for the alkali-treated and
untreated oil palm fiber–LLDPE composites are pre-
sented in Tables V and VI, respectively. An increase
in fiber loading caused an increase in Dx; however, a
reduction was observed after 40% fiber loading. The
values of P and S also increased with fiber loading.
At lower fiber loadings, the dispersion of fiber was
lower; hence, the Dx, sorption coefficient, and per-
meability coefficient values were lower. As the fiber
content increased, because of the high void content
and fiber–fiber interaction, the fiber–matrix adhesion
decreased, which increased the Dx, sorption coeffi-
cient, and permeability coefficient values.41 Higher
values of Dx were observed for composites fabri-
cated with small fibers; however, the solubility
exhibited a reverse trend. Interestingly, the Dx val-
ues were slightly higher for the alkali-treated fiber
composites than for the untreated composites.

Thickness swelling

Poor absorption resistance of lignocellulosic fibers
leads to a moisture build-up in the fiber cell wall
(fiber swelling) and also in the fiber–matrix interface.
This is responsible for the changes in the dimensions
of cellulose-based composites upon immersion in
water. The swelling of the fiber induces stress on the
surrounding matrix and leads to microcracks, which

TABLE V
Diffusion Parameters and Maximum Linear Expansion of the LLDPE–Oil Palm Fiber

(Alkali-Treated) Composites at Different Fiber Loadings and Fiber Sizes

Fiber content
(%)

EMC
(%) D � 10�12 (M2/s) S P � 10�12 (M2/s)

Maximum linear
expansion (%)

Fiber size ¼ 425–840 l
10 1.030 2.50 0.011 0.027 0.07
20 2.550 2.13 0.029 0.062 0.19
30 7.520 3.35 0.080 0.267 0.87
40 11.420 2.67 0.123 0.329 1.30
50 20.070 2.16 0.204 0.440 2.55

Fiber size ¼ 177–425 l
10 0.84 2.15 0.009 0.019 0.19
20 1.95 1.82 0.022 0.040 0.50
30 4.64 3.13 0.050 0.156 0.69
40 9.82 3.11 0.108 0.337 1.30
50 19.01 2.43 0.194 0.470 2.63

Fiber size ¼ 75–177 l
10 0.48 4.16 0.031 0.130 0.31
20 1.6 3.14 0.019 0.060 0.68
30 5.95 3.55 0.049 0.173 1.21
40 10.11 4.21 0.099 0.415 1.60
50 16.45 3.57 0.171 0.612 2.00
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cause the composite to fail catastrophically. Thus, the
fiber–matrix adhesion becomes weak, and the dimen-
sional stability of composites are affected, particularly
for outdoor applications.42

Plots of the thickness swelling of the untreated
and alkali-treated oil palm fiber–LLDPE composite
specimens immersed in distilled water against time
are presented in Figures 4 and 5, respectively. A

TABLE VI
Diffusion Parameters and Maximum Linear Expansion of the LLDPE–Oil Palm Fiber

(Untreated) Composites at Different Fiber Loadings and Fiber Sizes

Fiber content (%) EMC (%)
D � 10�12

(M2/s) S
P � 10�12

(M2/s)
Maximum

linear expansion (%)

Fiber size ¼ 425–840 l
10 0.680 0.90 0.016 0.014 0.00
20 2.240 1.68 0.024 0.040 0.13
30 6.340 2.54 0.071 0.181 0.29
40 13.480 3.06 0.147 0.450 0.78
50 23.690 1.56 0.242 0.378 1.32

Fiber size ¼ 177–425 l
10 0.440 1.78 0.005 0.009 0.05
20 1.630 2.45 0.018 0.045 0.04
30 4.340 3.05 0.049 0.149 0.26
40 11.260 3.16 0.124 0.392 0.57
50 21.260 1.99 0.222 0.442 1.19

Fiber size ¼ 75–177 l
10 0.440 2.66 0.005 0.013 0.05
20 1.820 3.63 0.021 0.077 0.07
30 6.570 3.60 0.076 0.274 0.59
40 11.320 3.59 0.124 0.446 0.74
50 17.730 2.52 0.178 0.449 1.84

Figure 4 Thickness swelling of the untreated oil palm fiber–LLDPE composites with fiber sizes of (A) 425–840, (B) 177–
425, and (C) 75–177 l.
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sharp increase in swelling was observed initially at
all fiber loadings, and thereafter, the swelling
remained constant. The thickness swelling increased
as the percentage fiber loading increased. As the
swelling was due to the absorption of water by
hydrogen bonding of the lignocellulosic material in
the cell wall, the addition of more lignocellulosic
material increased the swelling. Interestingly, the
composites made from the alkali-treated fibers
exhibited more swelling compared to untreated fiber
composites at all fiber loadings except 50%, whereas
the water absorption was lower for the alkali-treated
fiber composites at low fiber loadings. Alkali treat-
ment caused the washing out of the hemicellulosic
portion in the fibers, which was responsible for
water absorption and resulted in a reduction in the
overall water absorption.43 However, the water mol-
ecules absorbed in the free space caused by the
washing out of the hemicellulose forced cellulose
molecules apart and destroyed the rigidity of the cel-
lulose structure, which caused swelling of the fibers.
The LLDPE matrix, because of its elastic nature,
adjusted fiber swelling and caused an increased
overall thickness swelling for the alkali-treated speci-
mens. However, at a fiber loading of 50%, swelling

due to water absorption superceded that caused by
alkali treatment.
The thickness swelling of the composites with

fiber sizes of 177–425 l was less than that of compo-
sites with fiber sizes of 425–840 l. The same trend
was exhibited by both alkali-treated and untreated
fiber composites. The higher water absorption exhib-
ited by the larger size fibers was the reason for the
greater thickness swelling, as cell-wall swelling was
directly proportional to the quantity of absorbed
water. However, no constant trend was observed in
the 75–177 l sized fibers for an unknown reason.

Linear expansion

All of the specimens expanded both along their
length and breadth. The linear expansion of the
composite specimens, noted at specific time intervals
for a period of 192 h, indicated that similar to thick-
ness swelling, the linear expansion also initially
increased sharply and became constant thereafter.
The linear expansion achieved at equilibrium is
termed maximum linear expansion, and the values are
provided in Tables V and VI for the alkali-treated
and untreated composites, respectively. Composite

Figure 5 Thickness swelling of the alkali-treated oil palm fiber–LLDPE composites with fiber sizes of (A) 425–840,
(B) 177–425, and (C) 75–177 l.
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specimens with higher fiber loadings exhibited more
expansion. Interestingly, linear expansion was con-
siderably less than the thickness swelling. During
the compression molding of the thermoplastic com-
posites, the majority of the fibers were suspended in
the molten polymer with its long axis parallel to the
liquid surface. This led to orientation of fibers paral-
lel to the finished composite surface. Swelling of the
palm fiber may have been more perpendicular to the
cellulose chains rather than parallel to the fiber axis,
as in case of flax fiber.44 This caused more thickness
swelling compared to linear expansion. Similar to
the trend observed for the thickness swelling, the al-
kali-treated fiber composites exhibited a higher lin-
ear expansion at all fiber loadings. The reason for
thickness swelling held good for this trend also.
However, a constant trend could not be observed for
the expansion between different fiber sizes.

Solid loss

We determined the solid loss through the moisture
soluble substances by drying the specimen after the
water absorption tests in a hot-air oven at 50�C until
a constant mass was reached. If the posttest oven-
dry mass was lower than the preconditioned mass,
the difference was considered as soluble matter lost
during the testing process. For such materials, the
effective equilibrium moisture content is calculated
by the addition of the mass of the moisture-soluble
matter to the mass of the specimen at the establish-
ment of effective moisture equilibrium. This cor-
rected equilibrium moisture mass is used to calcu-
late the percentage mass change, and the resulting
values are recorded as the equilibrium moisture con-
tent.45 However, in this case, the solid loss was
found to be negligible compared to the equilibrium
moisture content, and hence, we did not account for
it in the calculations.

The solid loss of the composite specimens after
immersion in distilled water for 192 h is presented
in Figure 6. The solid loss increased with fiber con-

tent as the fraction of low-molecular-weight soluble
materials, such as short-chain hemicellulose, pectin,
and other soluble sugars, increased with fiber load-
ing. It was also observed that the maximum solid
loss occurred in composites prepared from small-size
fibers. The increased surface area of the smaller size
fractions exposed the soluble substances to the
absorbed water and caused more solid loss. The solid
loss from the alkali-treated fiber composites was
slightly high compared to untreated fiber composites.

Change in the dimensions during the
absorption–desorption cycle.

On reconditioning/drying the specimens after the
water absorption experiment, the initial dimensions
could not be regained. There was an increase in
thickness and a decrease in the linear dimensions
from the initial dimensions after one sorption–de-
sorption cycle. Hydrophilic fibers were responsible
for the water absorption and swelling/expansion of
the composites. On desorption, the fibers contracted
and left cavities (Fig. 7) along the fiber matrix inter-
face with its broader axis along the thickness because

Figure 6 Solid loss from the oil palm fiber–LLDPE composites on water immersion.

Figure 7 SEM image of the composite sample showing
the fiber contraction and resulting void on desorption.
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of the diametrical swelling of the fibers. Because of
this, the composites could not regain their initial
thickness. However, the linear expansion was meager
compared to the thickness swelling on sorption,
which caused a linear contraction. The changes in
thickness and linear dimensions on sorption–desorp-
tion cycle are presented in Figures 8 and 9, respec-
tively. The change in the dimensions was propor-
tional to fiber loading. The composites made with
alkali-treated fibers exhibited more deviation from
the original dimensions on desorption, as was evi-
dent from the fact that more swelling/expansion was
observed for the alkali-treated fiber composites. How-
ever, a consistent trend was not observed between
fiber sizes, the reason for which is unknown.

CONCLUSIONS

The study of the water absorption pattern and asso-
ciated dimensional changes of natural fiber compo-
sites are important for applications in damp environ-
ments, as the addition of natural fibers to polymers
increases their hygroscopic nature. Hence, the water
sorption and dimensional stability of oil palm fiber–
LLDPE composites fabricated by the compression-
molding technique were studied. The fiber size (425–
840, 177–425, and 75–177 l), fiber loading (0, 10, 20,

30, 40, and 50%), and time of immersion (192 h at an
interval of 24 h) were varied, and the effects of these
variables were assessed. Composites fabricated with
the alkali-treated fibers exhibited Fickian behavior,
as evident from n values close to 0.5. However, for
10 and 40% fiber content (fiber size ¼ 75–177 l), n
was found between 0.5 and 1, which indicated the
water transport to be non-Fickian. An increase in
fiber loading increased Dx; however, a reduction
was observed after 40% fiber loading. The values of
permeability and solubility also increased with fiber
loading. The rate of water absorption increased with
fiber loading. However, alkali treatment of the fibers
resulted in a reduction in the water absorption at
higher fiber loadings, whereas not much difference
was observed at low fiber loadings. Composites with
higher fiber sizes exhibited higher water absorption;
the difference in absorption between fiber sizes was
predominant for the alkali-treated fibers. A sharp
increase in the thickness swelling was observed in
the initial days of immersion, and the thickness
swelling remained constant thereafter. The thickness
swelling increased with fiber loading, and compo-
sites made from alkali-treated fibers exhibited more
swelling compared to the untreated fiber composites,
except at 50% fiber loading. The thickness swelling
also increased with fiber size; however, a constant

Figure 8 Thickness swelling of the oil palm fiber–LLDPE composites after one sorption–desorption cycle.

Figure 9 Linear contraction of the oil palm fiber–LLDPE composites after one sorption–desorption cycle.
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trend was not observed for the 75–177 l fiber size.
In addition to thickness swelling, the composites
expanded linearly during water absorption; how-
ever, the linear expansion was considerably less
than the thickness swelling. Similar to the thickness
swelling, the linear expansion was sharp in the ini-
tial days of sorption and leveled off in subsequent
days. Higher fiber loading and alkali treatment
caused more linear expansion. Maximum solid loss
on water immersion occurred for small-sized-fiber-
made composites. Alkali treatment of the fibers also
increased solid loss. An increase in the thickness
and a decrease in the linear dimensions of the com-
posite specimens were observed after one sorption–
desorption cycle. This irreversible change was found
to be proportional to fiber loading and alkali
treatment.
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