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ABSTRACT Fibers obtained from different parts of the oil palm tree (Elaeis guineensis) have been under investigation
for possible use in construction. Studies have been carried out investigating the engineering properties and possible
applications of these fibers. However, the experimental methods employed and the values of mechanical and physical
properties recorded by various authors are inconsistent. It has therefore become necessary to organize information which
would be useful in the design of oil palm fiber cement composites and help researchers and engineers make informed
decisions in further research and application. This review provides information about fibers from different parts of the oil
palm, their properties, enhancement techniques, current and potential application in cement composites.
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1 Introduction

Cement composites are usually mixture of cement,
aggregate, water, and (occasionally) additives. Concrete
for example is very brittle and therefore performs poorly in
tension. The need to overcome this deficiency has resulted
in the incorporation of several materials to introduce
ductility and produce a more durable composite. The most
popular among these materials is steel, which is ductile and
usually used as primary reinforcement. Steel fibers are also
sometimes used as secondary reinforcement in reinforced
concrete. In whatever form the reinforcing materials come,
the aim of their incorporation in concrete is to improve
ductility and prevent brittle failure. Aside steel, other
materials used to enhance concrete ductility come in the
form of fibers and are usually randomly distributed in the
concrete matrix.

The continuous increase in cost, energy demands and
environmental impact of infrastructure has however
necessitated the need for alternatives to conventional
structural reinforcements like steel. Although steel has
numerous advantages when used in cement composites, it
is both expensive and environmentally unsustainable. This
is not the case with fibers of vegetative origins. These
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fibers are readily available, considerably more economical
to process and environmentally friendly. Use of sustainable
materials in the construction industry has been a key focus
of engineers, researchers, and scientists [1-8]. Several
advantages of using natural fibers for cement composites
have been reported in literature. Some of these advantages
include; low-cost, zero-carbon footprint, light-weightiness,
toughness, biodegradability, non-toxicity to the ecosystem,
thermal insulation, improved acoustic insulation and high
recyclability [8—-17].

According to Balasubramanian and Selvan [1], the use
of natural vegetable fibers in cement composites gives 10%
reduction in weight, 80% reduction in energy required for
production, and 5% reduction in cost of component used
when compared to a fiber-glass reinforced component.
However, studies have also pointed out some disadvan-
tages of incorporating natural vegetable fibers in concrete.
Most natural vegetable fibers have high water absorption
capacity resulting in poor workability in fresh concrete,
degrade in alkaline environment, and as a consequence,
reduce desirable properties like tensile and bond strengths
[9,18-21]. Several treatments for these fibers, with the
potential of negating the drawbacks have however been
reported [6,7,9,22—28]. It has also been argued that the
high water absorption of natural vegetable fibers can be
beneficial for internal curing of the composite [29,30]. For
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non-toxicity, Lertwattanaruk and Suntijitto [31] reported
that the use of natural vegetable fibers-reinforced cement
composites instead of asbestos cement composites, would
eliminate the risks of exposure of human lives to diseases
such as asbestosis, cancer, malignant pleural disease and
tumors. On these health grounds, some countries have
legislated against the use of asbestos [32]. The study also
highlighted that the procedure for obtaining natural
vegetable fibers is pollution free and environmentally
sustainable. Due to their availability across the world,
fibers domiciled in any region can be enhanced to suit
applications for that climate thereby reducing material
import [8,33].

The oil palm tree is a huge source of natural vegetable
fibers. The study by Abu et al. [34] revealed that in
developing countries, there have been disposal problems
with fibers of the oil palm origin. These fibers are either by-
products of the process of extracting palm oil from palm
fruit, cultivation activities or remains of the trees at the end
of their useful life. The wastes are usually disposed
indiscriminately or used by the locals as cooking fuel, both
of which are not environmentally friendly. The Food and
Agriculture Organization (FAO) publication on global
agriculture toward 2050 [35] estimates that the world’s
population shall grow by over 2.3 billion people (i.e., over
a third of the current population) by the year 2050 and
much of this growth is expected to occur in the developing
world. This means that agricultural activities will also
experience an increase. One of the implications of this,
aside the anticipated increase in agricultural wastes [16—
36], is the expected pressure on already-scarce infrastruc-
ture and hence the need to provide low cost housing by
governments of these developing nations for the teeming
population [9,13,33,37]. For instance, it is deduced from
the work by Taiwo et al. [38] that total oil palm wastes
worldwide which presently stands as 83 million tonnes per
year (dry weight) is projected to experience a 40% rise by
the year 2020.

Although, the earliest record of investigation into
reinforcing concrete with oil palm fibers (OPF) was in
the 1980s [1], it has recently attracted interest due to
increasing level of awareness of the importance of
environmental sustainability. Fibers obtained from all
parts of the oil palm have been investigated for possible
use in construction [24,37-47] and previous studies have
carried out investigations on the engineering properties and
possible applications of these fibers [20,39-41,48-56].
However, there have been inconsistencies in the experi-
mental methods employed, and values reported in various
studies on properties of the fiber. It is therefore necessary to
organize information which would be useful in future
research and design of oil palm fiber-cement composites.
This will also aid researchers in making informed decisions
when investigating the use of the fibers in construction.
Consequently, a review of the applications of oil palm
fibers in cement composites, from several studies is

presented.

Section 1 of this article, presents an overview of natural
fibers, OPFs and the justification for the review. Section 2
reviews the different types of OPFs individually; their
extraction methods, chemical and mechanical properties,
fiber enhancement methods and application of the fibers in
cement composites. Section 3 presents a summary of
findings on the inclusion of OPF in cement composites.
This review is finally concluded in Section 4.

2 Oil palm tree: Structure and fibers

The oil palm tree is a monocotyledon [57] and grown in 3
continents (Asia, Africa, and South America) on approxi-
mately 11 million hectares of land in about 42 countries
around the world. Its average lifespan of between 25 and
30 years, makes the oil palm tree the highest yielding
edible oil crop in the world [24,26,58]. Malaysia and
Indonesia which are the largest palm-oil producers in the
world, currently face difficulties with the management of
the waste generated from both oil palm cultivation and
processing activities [57].

According to Dungani et al. [57], oil palm wastes from
plantation sites include, oil palm shell, empty fruit bunch
fiber (EFBF), oil palm pressed fruit (or mesocarp) fiber
(OPMF), oil palm trunk fibers (OPTF), and oil palm frond
fibers (OPFF). Oil palm broom fiber (OPBF) was
mentioned for the first time in the work of Momoh and
Dahunsi [37]. In oil palm fibers, the cellulose and the
hemicellulose are bonded in a lignin matrix like most
natural fibers. They can therefore be referred to as
lignocellulosic fibers. Other chemical constituents of oil
palm fibers include cellulose, hollocellulose, and ash [59].
Figure 1 illustrates the 5 types of oil palm fibers (OPF)
obtainable and what part of the oil palm tree they are
extracted from.

The different types of oil palm fibers (OPF) are
discussed in the following sections.

2.1  Empty fruit bunch fibers (EFBF)

The EFBF are the fiber residues after the removal of the
fruit and processing of oil from the fruit bunch. It is worthy
to note that this fiber is different from the fruit fibers
(OPMF) even though some studies assumed otherwise and
the fiber properties reported may be misleading for
engineers wishing to employ them in construction.
Sreekala et al. [44] in their study used empty fruit bunch
fibers (EFBF) as a combination of the bunch fibers and the
fruit fibers. The study reported an average yield of 400 g of
EFBF per fruit bunch. About 12 million tonnes of this
bunch are left to be discarded yearly from palm oil
refineries [58]. Kelly-Yong et al. [60] reported 4.4 tonnes
of EFBF per hectare per year, as waste from oil palm
refineries. They were either discarded as waste [11,43], or
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(d)

Fig. 1 Different types of oil palm fibers (OPF): (a) oil palm tree; (b) leaf; (c¢) fruit; (d) trunk; (e) empty fruit bunch; (f) dissected oil palm
fruit; (g) oil palm broom fibers (OPBF); (h) oil palm leaflet; (i) oil palm frond; (j) oil palm frond fibers (OPFF); (k) oil palm mesocarp
fibers (OPMF); (1) empty fruit bunch fibers (EFBF); (m) oil palm trunk fibers (OPTF).

used as fuel in boilers for the generation of electricity for
the oil palm plantation mills. Other uses of the fiber
include, manure, mulching [26], and recently in polymer
composites [42,61-64].

2.1.1 Extraction

EFBF is extracted by retting which could be mechanical
(by hammering), chemical (by immersion and boiling in
chemicals), steam retting or microbial retting [26]. It is
obvious however that the mechanical retting process is the
most environmentally friendly as the other retting
processes could lead to pollution of water bodies [24].
After palm oil is obtained by crushing the fruit bunches and
fruit shells and husks, they are sieved to reduce impurities
and then loosened up, washed, dried, and cut into the

required lengths [54]. Jayashree et al. [65], developed a
decorticating machine for EFBF extraction. The decorti-
cator separates the fibers through the beating action of the
blades. Details of this machine and its workings can be
found in Jayashree et al. [65].

2.1.2  Chemical composition

The main constituents of OPF are cellulose, hemicellulose,
hollocellulose, lignin, and ash [59]. According to Sreekala
et al. [44], the EFBF have percentage compositions of
lignin (19%), cellulose (65%), and ash (2%) while the
OPMF have lignin (11%), cellulose (60%), and ash (3%).
According to the research, the fibers do not contain
hemicellulose which disagrees with the findings of other
studies [35,56,58,64,65]. Based on these values however,
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it may seem reasonable to classify the mesocarp fibers as
an EFBF. Table 1 shows the chemical composition of
EFBF as reported in literature.

Table 1 Composition (in percentage dry weight) of oil palm empty
fruit bunch fibers (EFBF)

composition percentage

[31] [52] [36] [43] [11] [66] [67] [58]
Cellulose - 062 65 383 59 - - 43-65
Hemicellulose  — - 353 21 240 208 17-33
Holocellulose  47.7 - - - - 65.5 - 68-86
Lignin 245 588 19 221 25 212 285 13-37
Ash 6.99 - 2 1.6 32 35 56 1-6

From Table 1, it is seen that even though Abdul Khalil
et al. [58] attempted to capture chemical composition of
EFBF within a range, there are still discrepancies with the
values reported by other researchers.

2.1.3 Fiber treatments/enhancements

Sreekala et al. [44] reported several treatments for
enhancing the strength of EFBF. Notable among them
are alkalisation, acetylation, and silane treatments for
EFBF. For alkali treatment, the fibers were soaked in a
solution of 5% NaOH for 48 h, then washed with fresh
water and dried. There was significant reduction in cross-
sectional diameter for both EFBF and OPMF as a result of
this treatment. Silane treatment caused 6%—7% weight loss
in the fibers and increased the hydrophobicity of the fiber
through a protective monolayer formed on proton-bearing
surfaces, thereby reducing water absorption. Silane treat-
ment was recommended for fiber surface treatment if
hydrophobicity of fiber is mostly desired.

Thermal degradation is another drawback with natural
vegetable fibers. Lignin, the binding agent for cellulosic
fibers, begins to dissolve, at temperatures above 70°C [31].
Under 100°C, EFBF lost 5%—8% of their weight [44]. The
alkali-treated fiber had a raised initial degradation
temperature of 350°C as against 325°C for the untreated
and acetylated fibers. Table 2 presents weight loss of
untreated and treated EFBF, at varying temperatures in the
thermogravimetric analysis (TGA) by Sreekala et al. [44].
A similar TGA analysis was carried out by Norul Izani
et al. [68]. The TGA graph by Norul Izani et al. [68]
showed that rapid thermal degradation EFBF occur beyond
250°C while Sreekala et al. [44] reports this temperature as
300°C. Norul Izani et al. [68] carried out boiling of the
fibers in water at 100°C (for 30 min) and a combination of
boiling and alkali treatment in a bid to enhance fiber
mechanical properties. It was reported in the study that
boiling does not show any marked improvements while a
combination of water-boiling and alkali treatment led to

Table 2 Weight loss of treated and untreated EFBF at various

temperatures [44]

weight loss untreated  alkali-treated  acetylated  silane-treated
10% 150 235 145 180
20% 260 290 240 300
30% 300 325 285 328
40% 315 350 308 360
50% 340 352 325 370
60% 340 352 338 370
70% 345 360 340 370
80% 395 415 370 420
90% 440 460 435 440
100% 4380 510 495 520

damage of fiber surface. Although the treatments were
carried out for strength enhancements of EFBF for
polymeric matrices, fibers meant to be included in cement
composites can be treated similarly.

Degradation at elevated temperature is synonymous
with strength loss and this may not be a good indicator for
structural resilience against fire. Structural elements
incorporating this fiber might be susceptible to brittle
failure in fire.

According to Sreekala et al. [44], Alkali-treatment
causes the removal of hemicellulose, lignin and waxes,
thereby increasing pore sizes on the surface of the fibers
(from 0.07 to 0.15 um) and a resulting rough surface
topography. The resulting rough surface topography could
enhance fiber-to-microaggregate bonding in cement com-
posites. Fatra et al. [69] further explained this phenomenon
by stating that a pectinolytic community of bacteria
develops as a result of the treatment and degrades the
pectin which is the main cementing part of the hemi-
cellulose that binds the fiber together. This should result in
reduced mechanical properties as corroborated in
Nishiyama and Okano [70] and Beckermann et al. [71]
who stated that alkali-treatment degrades cellulose chain in
the fibers. Furthermore, the study by Machaka et al. [27] on
the alkali treatment of fan palm fibers for inclusion in
concrete, reported a reduction of 23%—-30% of the fiber
thickness due to alkali reaction. They recommended a 4%
NaOH concentration as optimum as higher concentrations
of NaOH led to fiber deterioration and up to 50% loss in
tensile strength.

However, Norul Izani et al. [68] reported a 23% and
14.8% increase in tensile strength and Young’s modulus,
respectively, after soaking the fibers in 2% NaOH solution
at room temperature for 30 min. Alkali treatment is
reported in Ozerkan et al. [28] as the most effective and
preferred treatment against thermal degradation of OPF.
Therefore, in the likelihood of exposure of OPF-reinforced
cement composite to fire, OPFs could be alkali-treated
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prior to inclusion in the cement-based composites.

Ozerkan et al. [28] in comparing NaOH and Ca(OH), for
oil palm fiber treatment, recommended 0.173% Ca(OH),
solution for alkali-treatment of date palm fibers to be
incorporated in cement mortars.

Figure 2 presents scanning electron micrographs show-
ing the effect of various treatment types on fiber surfaces.

Although the fiber treatments shown in Fig. 2 are
intended for the inclusion of EFBF in the manufacture of
agglomerated fiberboards and not for use in cement
composites, the results corroborate the findings by Norul
Izani et al. [68], Machaka et al. [27], and Ozerkan et al.
[28] all of who reported improved mechanical properties of
EFBF fibers treated with Alkali.

2.1.4 Mechanical properties

According to Sreekala et al. [44], EFBF diameter range
from 0.015 x 10*to 0.05 x 10* pm while fiber density is in
the range of 700 to 1550 kg/m®. These range of values lead
to a large variation of mechanical properties in oil palm
fiber-cement composites. Fiber treatment had no impact on
the elongation of the fibers which was about 14% for the
EFBF and 17% for OPMF. This strain result did not agree
with the results of Shareef and Ramli [40] and Ismail and
Yaacob [11] with untreated fibers strains of 4% and 30%,
respectively. Silane treatment enhanced the tensile strength
of OPMF and EFBF by 38.8% and 10%, respectively [44].
Table 3 shows some physical and mechanical properties of
EFBF according to literature.

2.1.5 Empty fruit bunch fibers (EFBF) in cement
composites

Mayowa and Chinwuba [52], studied the effect of EFBF
inclusion on the compressive strength of cement mortar of
mix 1:6. They recommended an optimum EFBF content of
0.6% after varying fiber inclusion (in the mortar) between
0.2% and 1% of the total cement volume. A 23% increase
in compressive strength at 7 days was reduced to 10% at 28
days. The reduction in the compressive strength of the
mortar with age can be attributed to a variety of factors
such as, moisture-induced dimensional instability of EFBF
and/or the corrosive effect of the surrounding cementitious
matrix. The resulting mortar was however reported to be
self-compacting and hence makes it a probable choice in
the repair and retrofitting of concrete structures. The
average fiber length in the study was 12 mm.

Kaliwon et al. [41] used EFBF to reinforce concrete roof
slates. The fibers were included at 0.5% and 1% of total
cement volume. Though the density and flexural strength
reduced with increase in percentage fiber content, flexural
strength of the roof slates for 1% EFBF inclusion exceeded
the ASTM requirement of 4 MPa. This corroborates the
findings of Shareef and Ramli [40] who reported a 15.1%
and 16% increase in compressive strength and flexural
strength respectively using 1% fiber inclusion by volume.

Ismail and Hashim [73] also incorporated EFBF into
concrete. The study revealed an optimum fiber volume and
length of 0.5% and 5 cm, respectively. Longer fibers were
reported to create balling effects in the concrete and made
mixing difficult. Strength increase of 39% was also

Fig. 2 Scanning Electron Microscopy (SEM) micrographs analyzing EFBF surface modifications by different methods (magnification
% 400) [44]. (a) Untreated; (b) alkali-treated; (c) acetylated; (d) silane-treated.
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Table 3 Some physical and mechanical properties of EFBF

fiber properties value

[45] [39] [11] [58] [43] [54] [26] [72]
diameter (mm) 0.23 0.02 0.25-0.6 0.008-0.3 - 0.02-0.07 0.15-0.5 0.35
length (mm) 17 30 100-280 0.89-142 - - - 20
density (g/cm®) 4.0 - 13 0.7-1.55 - 1.03 0.7-1.55 -
moisture content (%) 4.0 - 11 - - - - -
24 hours water absorption (%) - 0.6 - - - 60 - -
specific gravity - 2.14 - - - - - -
breaking elongation (%) - 4 30 2.5-18 14 - 4-18 0.3-16.2
tensile strength (MPa) 19 21.2 21 50400 248 - 50-500 50-55
Young’s modulus (GPa) 12 0.5-2 - 0.57-9 2.0 - 0.6-9 0.57-0.59

recorded. The result from this study agrees with that of
Musa et al. [74] who recommended fiber volume of less
than 1% for control of shrinkage cracking in concrete. The
study also recommended 2% fiber volume for structural
elements that require enhanced energy absorption from
dynamic loads. Compressive and flexural strength were
enhanced by up to 39%. Optimum fiber length was
reported as 3 cm.

A comparison of water absorption characteristics
between coconut, sugarcane bagasse and EFBF from the
study showed minimal water absorption for EFBF [45].
This could be an indication of better bonding for EFBF
fibers in cementitious matrices.

2.2 Oil palm trunk fibers (OPTF)

About 7 million tonnes of oil palm trunks are fell yearly in
Malaysia alone to pave way for new plantings. At the end
of their useful lifespan (25-30 years), the trees are fallen
and the trunks usually left in the field to rot [53]. The cross-
sectional diameter of the trunks, range between 450 to
650 mm and usually, 7-13 m in length [75]. While
Dungani et al. [57], reports that the oil palm biomass
residue with the greatest potential for commercial
exploitation is oil palm trunk, Saka et al. [76] opined that
the cell density of the trunk is not consistent and possess
low cellulose; hence, it is not suitable for application as a
structural material. The review also reported 3 main
constituents of oil palm trunk as the vascular bundles,
parenchyma cells and the fibers (here-in referred to as
OPTF). Available data in literature on the physical and
mechanical properties of OPTF is limited. Table 4 shows
some physical and mechanical properties of OPTF found
in literature.

2.2.1 Extraction

Saka et al. [76] recommended trees of 20-30 years of age
for extraction of trunk fibers. The matured trees were fallen

Table 4 Summary of physical and mechanical properties of OPTF

available in literature

value

[53] [74] [75] [76] [57]1 [77]

properties

diameter (mm) - 0.3-0.6 — - 0.0261 -
length (mm) - - - - 2.04 -
density (g/cm?) 1.2 1.1 1.2 034 0206 -
moisture content - - - - - 2.3%
tensile strength (MPa)  300-600 - - - - -
Young’s modulus (GPa) 15-32 - - - 3.0 -

by hand or through mechanical excavator and cut into
lengths of about 1 m. Similar to EFBF extraction, the
process employed in the study was mechanical beating and
retting after which the fibers were washed to remove
parenchyma and other impurities. The trunks were left for
about 3 days to dry naturally. The dried fibers were pulled
out manually with local implements and cut into required
lengths of about 20-30 mm. They were then boiled in a
solution of NaCl and oven-dried for 24 h at 45°C [81]. The
study recommended that fibers need to undergo some form
of chemical treatment to improve their strength and
compatibility with cement matrix.

2.2.2 Fiber treatments/enhancements

According to Choowang and Hiziroglu [79], OPTF has
low density and high porosity which limits its usage for
structural application. This however was reported to be
improved by thermal compression. The samples were
compressed at 140°C, 180°C, and 220°C with 2 MPa
pressure for 8 min. This caused up to 110% increase in
oven-dry density of the fibers. Beyond 220°C, the tensile
strength of the fibers began to decrease. Optimum
temperature of pressing the fibers was reported as 140°C
with a 120% increase in flexural strength and 315%
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increase in modulus of elasticity. These improvements
were linked to the densification of the fibers [79]. The
drawback, however, was the resulting smooth fiber which
may not be desirable for fiber-matrix bonding.

2.2.3 Chemical composition

There is a lot of variation in values of the chemical
composition of OPTF reported in literature. Abdul Khalil
et al. [58], in their review, attempted to put the values
of each chemical compound contained in OPTF in a
range, however, values recorded in other studies
[25,36,53,60,66,79] were outside this range. This variation
in values can be attributed to factors such as, climate where
the oil palm is domiciled, the age of the fibers, the
extraction method, the experimental method employed,
level of expertise and the efficiency of the apparatus
employed. Table 5 presents a summary of the chemical
composition of OPTF found in literature.

2.2.4 OPTF in cement composites

The potential of oil palm stem (trunk) as main reinforce-
ment for concrete beams was investigated by Obilade and
Olutoge [39]. OPTF possesses high tensile strength in the
range of 300-600 MPa [23,31,38] which is more than
double the tensile strength of EFBF fibers reported by
Sreekala et al. [44]. With this range of tensile strength, the
trunk fibers were found to have the potential for concrete
reinforcement. The study further revealed that at 1%
volume addition of OPTF, the hardened concrete showed
better resistance against NaOH and NaCl attack. The
addition of the trunk fibers reduced the workability of fresh
concrete due to an increased surface area, and increased
water absorption by the fibers, thereby making less water
available to the concrete [77]. Flexural strength of concrete
incorporating 1% of the fiber increased by 220% while
tensile strength increased by 130%. Determination of
tensile strength carried out in accordance to recommenda-
tions in ACI 544.1R. The work of Ahmad et al. [46]
however disagrees with Ahmad et al. [77] about the
optimum fiber volume of 1%. Other factors like fiber
length, fiber moisture content, fiber water absorption and
mixing method need be investigated before conclusions on

Table 5 Summary of chemical composition (% weight) of OPTF
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optimum fiber volume can be made. From the study,
compressive strength and flexural strength of concrete
incorporating 1% OPTF improved by 13.22% and 18.35%,
respectively.

Ahmad et al. [53] opined that the dominant failure mode
of OPTF-reinforced concrete is fiber-pull-out as a result of
the poor bond between fibers and surrounding concrete
matrix. This agrees with the conclusion by Wei and Meyer
[23]. Their study also examined the level of deterioration
of OPTF-reinforced concrete by exposing specimen with
1%—-3% OPTF content to Hydrochloric acid, NaOH, NaCl,
and water. It was observed that deterioration of the
specimens was more intense with HCl and with increase
in OPTF content, after 30 days of immersion. Water
absorption also increased with increase in OPTF content.
Water absorption was less than 4% for concrete incorpor-
ating 3% OPTF by volume. The requirement of ASTM
(208-12) for water absorption for cellulosic building
boards is 7% [53]. The fibers could be adequate for
lightweight cement composites intended for use as
building boards. OPTF addition beyond 2% however
reduces workability [46].

It is reported by Ahmad et al. [53] that the trunk fibers
reduced drying shrinkage and crack development in
concrete. The study recommended 4% volume of fiber
for the control of drying shrinkage in concrete. The density
of the fiber was found to be 1100 kg/m* which agrees with
the study by Wei and Meyer Ahmad [23]. OPTF was also
found to help in reducing cracks at an optimum of 1% fiber
volume in concrete. The study also opined that the relative
high strength of the trunk fibers was due to its thick cell
wall as observed in the Scanning Electron Microscopy
(SEM) analysis [53]. The optimum addition by dry weight
of OPTF to cement composites recommended by Abdullah
et al. [83], is 2%.

2.3 Oil palm broom fiber (OPBF)

Momoh and Dahunsi [37] presented the premiere findings
on this type of oil palm fiber as there was no previously
reported study on broom fibers. Oil palm broom fibers
(OPBF) are the ribs of the leaflets of the oil palm tree
(Figs. 1 and 3). OPBF is mainly used as sweeping brooms
in many countries around the world. Compared to other oil

composition percentage

[53] [60] [25] [79] [76] [36] [66] [58]
cellulose - 30.4 40.7 - 39.9 30.6 - 29-37
hemicellulose - 40.4 26.1 - 21.2 332 253 12-17
holocellulose 72.12 - - - - - 76.3 4245
lignin 23.03 21.7 26.2 15.7 22.6 28.5 18.1 18-23
ash — 5.8 1.8 2.9 1.9 4.1 1.1 2-3
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palm fibers, they are larger in size with average diameter
ranging between 1.5 to 2.5 mm with a length of between
500 and 800 mm. Figure 3 illustrates the location of OPBF
on the oil palm leaflets.

2.3.1 Extraction

In the rural areas of Nigeria, oil palm leaves are harvested
for making sheds and roofs of mud houses or for the
extraction of the ribs of the leaflets. The leaflets are first
detached from the petioles after which the leaves are
peeled off from the ribs of the leaflets (see Fig. 3). This
extraction process is done manually with the aid of a
machete or knife. The broom fibers with tensile strength in
excess of 1000 MPa are then tied into broom units only to
be sold at local markets [37].

Nwankwojike et al. [84] designed, developed, and
patented a palm frond broom peeling machine in a bid to
reduce attendant drudgery and fatigue associated with
broom fiber extraction. The electric powered version of the
machine extracts over 6000 broom fibers per hour with an
efficiency of 88.33% while the manually-powered version
produces only about 2000 broom fibers per hour with an
efficiency of 91.7%. Details of the machine can be found in
the study. Nduka [85] in a subsequent study developed an
abrasive selection model for the broom peeling machine.
The model recommended an average moisture content of
6.96% for the most effective peeling of leaves from the
brooms by the machine. Processing of OPBF from oil palm
leaves at a large scale is hence made possible.

The cost of one broom unit in Nigeria is about USD 0.11
and contains about 150—170 broom fibers, each of which is
700 mm long and 2.5 mm average cross sectional diameter.
Therefore, to assert that a USD 0.22 worth of broom
fibers can adequately reinforce a (225 mm x 300 mm X
1200 mm) lintel beam is not only reasonable but would
reduce reinforcement cost by over 90%. With an

(©

[llustration of OPBF: (a) oil palm leaf; (b) magnified image of oil palm leaf; (c) OPBF tied into broom units.

approximate density of 1500 kg/m?, OPBF is only 20%
of the density of reinforcing steel. Replacing steel bars with
OPBF as main reinforcement in concrete will improve
construction speed and reduce labor cost as the result of the
light weight of the resulting concrete.

2.3.2 Chemical composition

As far as the authors are aware, there is no study yet on the
chemical composition of the broom fibers. In a related
study however, the suitability of 1.13 mm long oil palm
leaves fibers for paper-based products was investigated
[86]. The report presented the following chemical
composition for leaf fibers: cellulose (43.8%), lignin
(19.7%), and hemicellulose (36.4%). There was no
mention of the broom fibers in the study. On incorporation
of OPBF in cement composites, the method of improving
the durability of bamboo fibers used by Terai and Minami
[87] can be adopted. This includes the use of a synthetic
resin and synthetic rubber for water-proofing of bamboo
fiber surface to avoid water absorption in order to maintain
the bond between the bamboo and concrete matrix.
Agarwal et al. [6], used a similar approach by coating
bamboo strips with polymeric adhesives before inserting
them in concrete columns as reinforcements.

2.3.3 OPBF in cement-based composites

The suitability of OPBF in laterite-based roof tiles with
ordinary Portland cement as binder was investigated by
Momoh and Dahunsi [37]. Instead of randomly dispersing
the fibers in the (cement-laterite) matrix as is the case with
all other studies, the fibers were fabricated in the form of
meshes of varying gauge sizes (of 10, 20, 30, 40, and
50 mm), embedded as reinforcements in 300 mm X
150 mm x 12 mm laterite-cement matrices, and cured for
28 days. It should be noted that the broom fibers were not
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exposed to any form of treatment. All specimens
reinforced with the fibers showed increase in flexural
strength (up to 130%). The 10 mm mesh size with a
calculated fiber volume of 5% of the volume of a roofing
tile was chosen as optimum. The study [37], also reported
the tensile strength of the broom fibers as between
1010 and 1230 MPa and elastic modulus between 73 and
104 GPa which makes it the stiffest natural fiber yet
studied. With these mechanical properties of OPBF, there
are prospects of using it for concrete elements. The authors
are presently investigating methods of joining the fibers to
achieve lengths longer than its natural length. This is such
that the fibers can be grouped together in the form of
tendons and used as main reinforcements for concrete
elements.

2.3.4 Fiber treatments/enhancements

Although no treatment for OPBF has been reported in
literature, the treatment methods reported by Agarwal et al.
[6] and Javadian et al. [33], can be used for OPBF-
reinforced concrete. Agarwal et al. [6], coated bamboo
strips with different types of polymeric adhesives before
inserting them in concrete as reinforcements in order to
enhance bond strength. Test results recommended the
“sikadur 32 gel” adhesive treatment. Javadian et al. [33]
recommended water-based epoxy coating for bamboo
strips in reinforcing concrete. Although bamboo/concrete
bond strength was not improved by the treatment, it was
argued that the bond strength between the fiber and
surrounding alkaline matrix would be maintained as a
result of the protection offered by the epoxy coating.

2.4 Oil palm frond fibers (OPFF)

Oil palm frond fibers (OPFF) originate from the petioles
(fronds) of the oil palm leaves which is usually sought after
to feed livestock or are left to rot away in palm plantations
as manure or as erosion cover [58]. While Abdul Khalil
et al. [58] reported that about 24 million tonnes of oil palm
fronds are left to be discarded from oil palm factories every
year in Malaysia, Kelly-Yong et al. [60], reports the frond
wastes as 10.88 tonnes per hectare per year. Either of the
values represents significant amount of waste which if
employed in construction will attract the typical benefits of
a natural fiber.

2.4.1 Extraction

The palm fronds are obtained by manual cutting from oil
palm trees, using machete or cutlass. They are pruned in
same manner, loaded into a decorticator and subjected to
dew retting. The fibers are then separated manually for
drying and further processing [45]. Hashima et al. [25],
used the fronds for fermentable sugar production. After

harvesting the fronds, they were pressed by a sugar
machine, thereby removing its juice. They were dried for
3 days, shredded in pieces and sieved into particle sizes of
less than 2 mm. This method destroyed the fibers and may
not be advised if the mechanical properties of OPFF are
sought. The study by Puspasari et al. [88] also used the
crushing method for the fronds but with a mechanical
crusher (Cheso Cresher Model LCT 10 HP).

2.4.2 Chemical properties

There is high variation in the chemical properties of OPFF
reported in literature. Factors responsible for this include,
age of fibers, soil condition, climate, geography and
extraction procedure [25]. Again, the review by Abdul
Khalil et al. [58] attempted to set the value of chemical
constituents reported by previous studies in a range.
However, the values reported by Shibata et al. [36] and
Bahari [66] were outside the set range. Table 6 presents the
range of chemical composition of OPFF obtainable from
literature.

Table 6 Summary of chemical composition of OPFF fibers from

literature
composition percentage

[58] [36] [66]
cellulose 40-50 39.5 46.6
hemicellulose 34-38 29.8 33.9
holocellulose 80-83 - 80.5
lignin 20-21 23.3 18.3
xylose 26-29 - -
glucose 62-67 - -
ash 2-3 5.7 25

2.4.3 Fiber treatments/enhancements

Puspasari et al. [88], from their study on the drying
characteristics of OPFF recommended that drying of the
fronds (to below 10% moisture content) was necessary to
prevent fungal attack. Shinoj et al. [24], recommended
alkali treatment (also known as mercerization) if fiber-
matrix bonding was desirable for the composite.

The study by Hashima et al. [25] explains that increase
in cellulose after alkali treatment is due to distortions to the
cell wall and the resulting exposure of the cellulose.
Increase in cellulose after alkali treatment also led to partial
removal of hemicellulose and lignin, due to the disruption
of the outer layer of the fibers.

Machaka et al. [27], suggested optimum treatment of fan
palm fibers by immersion of the fibers in 4% NaOH
solution for 24 h after which the fibers are then immersed
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in distilled water for one hour to remove any residual
NaOH. They are dried and stored in plastic bags to protect
them from environmental moisture.

3 Summary and future research outlook
3.1 Workability

From the review of available literature on the incorporation
of OPF in cement composites, workability reduces with an
increase in fiber content [16,17,28,43,46,53]. The study by
Mazlan and Awal [81] and Musa et al. [74] attributed this
to the increase in the surface area of the fiber aggregates
and high-water absorption of the fibers making less water
available for the mix. A possible implication of this is that
the longer the mixing and transportation time of the
concrete mix, the less workable it becomes as a result of
fiber water absorption. The workability of a mix apart from
being a function of its water-cement ratio, affects the
compressive strength of the hardened concrete. Therefore,
a study of the relationship between the time-rate of water
absorption of OPF and water-cement ratio on the
mechanical properties of cement composites incorporating
the natural vegetative fibers is a possible research area.

3.2 Setting time

The setting time of the OPF-cement composites increases
with increase in amount of OPF due to the presence of
water-soluble compounds (e.g., pectin), in the fibers. This
compound dissolves on contact with water in the fresh
cement matrix and fastens to calcium ions, thereby

inhibiting hydration through the prevention of C-S-H
structure formation [89]. This explanation contradicts
Ozerkan et al. [28] who reported that rapid water
absorption of fibers makes less water available to the
cement and aggregates thereby decreasing the setting time.
Again, an in-depth study of the effect of time-dependent
fiber-water absorption on initial cement hydration reaction
in OPF cement composites is necessary. Such study would
recommend optimum water-cement ratios and mixing
times for OPF-cement mixes.

3.3 Chemical composition

From Table 7, it can be seen that EFBF contain the highest
amount of cellulose, which by implication represents better
strength. As a consequence, it has enjoyed more research
attention than any other type of OPFs. The range of
chemical composition of oil palm fibers from the studies
reviewed is presented in Table 7.

Table 7 Summary of chemical composition of oil palm fibers

composition EFBF OPFF OPTF
cellulose 38-65 40-50 29-47
hemicellulose 17-35 30-38 12-40
holocellulose 65-86 80-83 42-76
lignin 13-59 18-23 18-29
ash 1-6 2-6 1-6

The flow chart in Fig. 4 is recommended by Shibata et al.
[36] for the determination of chemical composition of the
various parts of the oil palm.

flour from various
parts of oil palm tree

EtOH-benzene (1:2(v/v)) extraction

ash <— extractive free flour

V!

soluble
extractives

K— sodium hypochlorite
holocellulose 72% H,S0,
i<—17.5% NaOH aqueous solution \L \L
insoluble soluble
klason lignin acid-soluble
insoluble soluble
a-cellulose hemicellulose

Fig. 4 A flowchart for the chemical composition analysis of various parts of oil palm (Source: Saka et al. [76]).
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Future research should be geared toward providing
reliable data by correlating factors such as fiber age,
chemical composition and fiber moisture content on the
physical and mechanical properties of OPF.

3.4 Treatment of oil palm fibers

Although Pacheco-Torgal and Jalali [89] reported that the
strength of natural fibers can be improved by a factor of
three through pyrolisis process, silane and alkali treatments
were recorded as the most effective for enhancing the
strength and thermal stability of OPF [27,43]. On contact
with OPF, NaOH solution dissolves impurities on fiber
surface and a rough surface topography is created. EFBF
can lose up to 22% of initial weight if exposed to NaOH
concentrations greater than 5%. However, the resulting
fiber surface roughness is desirable for good composite
bonding. In general, all treatments improved fiber
mechanical properties.

Majority of the studies agree that alkali (NaOH)
treatment is most-preferred for OPF, however, they all
have varying recommendations on the optimum concen-
tration of the alkali solution. While Sreekala et al. [44]
recommended that the fibers be soaked in 5% NaOH for
48 h; Machaka et al. [27] prescribed 4% NaOH for 24 h.
Norul Izani et al. [68] on the other hand prescribed 2%
NaOH for 30 min while Ozerkan et al. [28] recommended
a different alkali (i.e., 0.173% Ca(OH), for 1 h) with
subsequent drying of the fibers at 60°C for 3 h. A study
along the lines of recommending standard alkali treatment
procedure for each OPF is necessary.
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3.5 Thermal degradation

The result of EFBF fiber degradation with respect to
temperature reported by Sreekala et al. [44], reveals a
polynomial trend. The trend can also be seen to be similar
for all treatments as displayed in Fig. 5. A graph was
plotted from the data in Table 2 and the resulting trend was
divided into three zones. Each zone can be represented by a
linear relationship; as shown in Eq. (1).

WL = aT + C, (1)

where o is the slope of the linear model, 7 is the
temperature in degree Celsius, and C is the weight loss
(WL) at 0°C.

Zone 1 represents the temperature range between
100°C-300°C, zone 2 is the temperature between 300°C
and 345°C and zone 3 is the temperature between 345°C
and 500°C. Each zone of the untreated OPFs was fitted
onto a linear model which can be used to estimate the
OBFs’ response to elevated temperature, using the
coefficients in Table 8.

A more detailed study is needed to establish the

Table 8 Coefficients for predicting temperature-dependent weight loss
in OPF

zone  temperature range (°C) a C  coefficient of determina-
tion (R?)

1 100-300 0.1463 -15 0.9010

2 300-345 0.7516 -196.54 0.8644

3 345-470 03119 45 0.8298

—— alkali-treated
acetylated
silane-treated

— untreated

— linear model

0 50 100

150 200 250 300 350 400 450 500 550

temperature (°C)

Fig. 5 Relationship between temperature (7) and percentage weight loss (WL) of EFBF.
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observed trend and also to correlate temperature, fiber
weight-loss and tensile strength.

3.6 Strength in cement composites

Mazlan and Abdul Awal [81], sets the limit of inclusion of
oil palm trunk fibers in cement mortars to 3% by volume
with 16% and 70% increase in compressive strength and
splitting tensile strength respectively. Mahat et al. [80] and
Ismail and Yaacob [11] agreed with 3% threshold of OBFs
since strength reductions are likely beyond this amount.
Apart from Momoh and Dahunsi [37] who reported an
optimum OPBF inclusion of 5% by volume, most studies
recommend 3% volume of OPFs. Although the chemical
composition for OPBF is unavailable at the moment, it is
reported to be the stiffest of the oil palm fibers with tensile
strength and Young’s modulus in the range of 1000—
1200 MPa and 70-100 GPa, respectively [37]. A study of
the suitability of reinforcing concrete with OPBF in the
form of longitudinal reinforcement tendons is a prospec-
tive research area.

Natural fiberreinforced concrete is a lightweight com-
posite due to the light weightiness of the natural fibers. Its
relative low cost also implies significant savings in the total
cost of the structure. For developing countries in seismic
zones, this type of composite can also be beneficial as the
inertial forces generated during earthquake ground vibra-
tions are proportional to the mass of the buildings.

Discrepancies in the values of chemical and mechanical
properties of oil palm fibers reported in literature could be
due to factors such as age of the fiber source, varying
experimental techniques, level of expertise, varying fiber
sources, fiber treatments and age of the source plant.
Development of a standard characterization guideline for
oil palm fibers requires attention.

The extraction, processing and provision of fibers from
oil palm biomass for incorporation in cement composites
could create jobs which were hitherto non-existent,
environmental conservation will be enhanced and con-
struction cost would reduce.

4 Conclusions

From this review, the following conclusions can been
made:

1) Inclusion of oil palm fibers in cement composites
reduces workability of fresh cement mixtures.

2) Oil palm fibers require treatment prior to their
inclusion in cement composites.

3) Alkali-treatment is the most preferred for enhancing
the mechanical properties of oil palm fibers.

4) Thermal degradation of OPF becomes rapid beyond
300°C.

5) Percentage inclusion of OPF in cement composites at
between 1% and 3% (by volume) improves the properties

of cement mortars and concrete.

6) Fiber lengths should not be greater than 50 mm since
longer lengths create “balling” of the fibers in cement
mixes.

7) OPBF is the stiffest among oil palm fibers but has
received almost no research attention.

8) Good quality oil palm fibers can be obtained from
trees over 25 years of age.

9) Cement-based applications where OPF can be used as
short discrete fiberreinforcement include, roofing tiles,
building bricks, lintel beams, building claddings and
facades.

10) Discrepancies in reported fiber properties, fiber
treatment methods and reported enhancements makes the
making of sound engineering decisions difficult when
dealing with oil palm fibers.

Finally, processing of OPFs for incorporation in
concrete is environmentally sustainable and cheap. It can
lead to reduction in construction cost and time and provide
employment opportunities.
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