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Wood Flour from Palm Oil Biomass
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The effect of water and alkali treatment on the thermal
decomposition of oil palm shell (OPS) together with
the mechanical performance of polyester composites
reinforced with treated OPS has been presented in this
work. Treatment of OPS with cold/hot distilled water
and cold alkali treatment were found to improve the
tensile and flexural strength of the resulting compo-
sites although the highest mechanical performance
was noted with the use of sonication in hot distilled
water. On the other hand, hot alkali treatment was
found to produce a composite mechanical perform-
ance similar to that of the hot distilled water treatment
with sonication. FTIR tests indicated that adsorbed
water molecules together with some parts of the hemi-
cellulose and lignin were removed by the treatments.
Thermogravimetric analysis and scanning electron
microscopy of the treated OPS with hot alkali (1–9%
concentration) showed that the mechanical perform-
ance reach a peak at 7% alkali concentration with a
further increase in concentration resulting in a signifi-
cant lignin mass loss and decrease in mass residue of
the OPS. This trend was attributed to the higher alkali
concentration removing hemicellulose as a binder for
the cellulose and lignin which resulted in debonding
between the filler and matrix components of the OPS
and hence a deterioration in fiber structure and result-
ing poor composite mechanical performance. There-
fore, it was concluded that the optimum concentration
of alkali treatment required for maximum mechanical
performance of natural filler reinforced polymer com-
posites can be obtained simply from thermogravimet-
ric analysis. POLYM. COMPOS., 00:000–000, 2016. VC 2016

Society of Plastics Engineers

INTRODUCTION

Oil palm shell (OPS) is an agricultural solid waste pro-

duced from the palm oil industry in tropical regimes [1]

with the significant amount of waste material produced

by the oil palm industry having led to calls for an

improvement in recycling. It is estimated that 6.89 mil-

lion tons of OPS are produced annually as a byproduct of

the oil palm industry with this number being expected to

increase further [2]. While the majority of this byproduct

is currently utilized as boiler fuel, other candidate appli-

cations include the use of OPS as a natural filler for the

reinforcement of concrete and other composite materials

[3]. The main advantages of utilizing OPS as a natural fil-

ler in polymer composite materials, in comparison to syn-

thetic filler and fiber, are its low cost, low carbon dioxide

emissions, reduced tool wear, low density, high-specific

properties, noncorrosiveness, ease of separation, and

reduced dermal and respiratory irritation [4].

In contrast to this, a main disadvantage of OPS as a

natural filler within reinforced polymer composites is the

low surface free energy of both the filler and polymer

which tends to result in poor interfacial bonding between

the filler and polymer matrix [5]. Physical and chemical

treatment of the natural filler are common methods uti-

lized to improve interfacial bonding between filler and

matrix with physical treatment being known to alter the

surface properties and structure of the filler without any

change to chemical composition [6]. With regards to

chemical treatment, water treatment of flax fibers has

been noted to significantly increase interfacial shear

strength with only a marginal decrease in tensile proper-

ties [7] whereas alkali treatment (also known as mercer-

ization) is known to be an effective treatment for the

removal of surface impurities together with the majority
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of lignin, wax, and oils covering the reinforcement sur-

face [10]. The increase in composite mechanical proper-

ties due to alkali treatment of the natural reinforcement

has been attributed to better mechanical interlocking as a

result of the increase of fiber surface roughness together

with an increase in potential chemical reaction sites due

to the increased amount of cellulose being exposed on the

fiber surface [11]. It has been reported that the surface

porosity and roughness of hydrophilic OPS particles could

be enhanced by washing with methanol, which led to

improved wettability by the hydrophobic polymer matrix

[3]. The porosity and other physical properties of OPS

are presented in Table 1.

It has also been reported that mercerization effects the

degree of polymerization and cellulosic fibril due to

removal of hemicellulose and lignin together with a

reduction in amorphous hydroxyl groups according to the

following reaction [7, 12]:

Fiberð Þ OH 1 NaOH ! Fiberð Þ O21Na 1 H2O: (1)

The thermal performance of natural fiber is a serious con-

cern, especially in the case of the processing of natural

fiber composites at elevated temperature, with this issue

being attributed to the limited thermal stability of natural

fibers [13]. Based on results previously obtained by the

authors, chemical treatment had a significant effect on the

thermal behavior of OPS. In addition to this, thermogravi-

metric analysis (TGA) in flowing oxygen revealed that

the addition of OPS powder in isophthalic unsaturated

polyester (UP) composites shifted the thermal degradation

peak of the biocomposite to a higher temperature (from

370 to 4188C) [3].

In light of the above information, in the present work

the authors have investigated the influence of chemical

treatment on the thermal behavior of OPS and the

mechanical properties of unsaturated polyester composites

reinforced with OPS filler.

EXPERIMENTAL PROCEDURE

Raw OPS material from Palm Oil biomass was utilized

as the natural filler in this work with the OPS being first

pulverized in a ball mill and then separated by mechani-

cal sieving to produce OPS powder with a particle size in

the range of 75–150 lm. Following this, the powdered

OPS was chemically treated using distilled water and/or

sodium hydroxide (NaOH) solution according to Table 2

and finally dried in an oven at 1008C for 2 h.

In the first stage of testing, the influence of different

washing methods for OPS on the resulting composite

properties was investigated by manufacturing isophthalic

unsaturated polyester composites containing 5 wt% of

OPS filler. The UP resin and OPS filler were gently

mixed with 1.5 wt% of methyl ethyl ketone peroxide

(MEKP) and then placed under vacuum to remove excess

air bubbles. Following this, the mixture was poured into

molds in order to produce five dumbbell and bar speci-

mens according to ASTM D638 and ASTM D760 for ten-

sile and flexural testing, respectively. The specimens

were left to post cure at 808C for 1 h prior to being

removed from the molds. In the second stage of testing,

the influence of alkali treatment on OPS filler was inves-

tigated by manufacturing UP composites containing

15 wt% of OPS powder treated with NaOH (1–9% con-

centration) at 908C. In order to neutralize the aqueous

system, all alkali treated samples were washed several

times with distilled water until a pH of less than 8 had

been achieved.

TABLE 1. The physical properties of OPS [8, 9].

Properties

Specific

gravity

Bulk

density (kg/

m3)

Porosity

%

Fineness

modulus

Water

absorption

(24 h) (%)

Aggregate

impact value

(AIV) (%)

LA abrasion

value (%)

Flakiness

index (FI) (%)

Elongation

index (EI) (%)

Value 1.14–1.62 590–740 28–37 6.41 24.3 2.11 5 41 59

TABLE 2. Preparation conditions for the OPS powder specimens

Sample name

Step 1 Step 2

Solution Conditions Solution Conditions

UT – Untreated – –

CDW Distilled water 1 h at 258C – –

HDW Distilled water 1 h at 908C – –

HDW-US Distilled water 1 h at 908C Distilled water High-frequency ultrasonic

30 min at 608C then

CAT1 5% Sodium hydroxide 1 h at 258C Distilled water Neutralize

CAT48 5% Sodium hydroxide 48 h at 258C Distilled water Neutralize

HAT 5% Sodium hydroxide 1 h at 908C Distilled water Neutralize

2 POLYMER COMPOSITES—2016 DOI 10.1002/pc



The mechanical behavior of the composite specimens

under tensile and flexural loading was investigated using

a universal tensile testing machine (Lloyds instrument

model LR10K Plus Digital Control Testing) at a cross-

head rate of 2 mm min21. Tensile and flexural tests were

carried using 10 kN and 500 N load cells, respectively,

with the span to depth ratio for the three point bend flex-

ural specimens being nominally 21.

Thermogravimetric analysis (TGA) and derivative ther-

mogravimetric (DTG) analysis of OPS powder were used

to measure the weight loss and thermal behavior of

untreated and alkali treated OPS as a function of tempera-

ture. The analysis was conducted for a temperature range

of 35–7008C with a heating rate of 208C min21 in an

80 mL min21 flowing nitrogen atmosphere (Mettler Tol-

edo TGA, Model; TGA/DSC1).

The FTIR spectra of OPS power were obtained using

an Agilent Cary 630 FTIR spectrometer. The FTIR tests

were carried out between 650 and 4000 cm21 with a reso-

lution of 4 cm21.

Investigation of the OPS morphology and fracture

surfaces of composite specimens was carried out using

scanning electron microscopy (SEM; Hitachi S-3400N)

with the surface roughness of the OPS and the quality of

bonding between filler and matrix being determined.

RESULT AND DISCUSSION

Mechanical Properties

Effect of Different Treatment. In the present work, the

influence of various washing treatments (as shown in

Table 2) on the flexural strength and modulus of UP com-

posites containing 5 wt % of OPS has been presented in

Fig. 1. As shown in Fig. 1, the cold distilled water

(CDW) washing method improved the flexural strength

from 42.6 to 47.6 MPa (i.e., 11.7% increase) and flexural

modulus from 1.56 to 1.78 GPa (i.e., 14.1% increase)

compared to the untreated (UT) case. This result is in

good agreement with previous research [11] which indi-

cated that water-soluble polysaccharides on the surface of

hemp fiber could be effectively removed through the use

of a cold water treatment. Figure 1 also indicates that the

flexural strength could be further increased to 65.1 MPa

using a hot distilled water (HDW) treatment—an im-

provement of 36.8% compared to the CDW case, while

the flexural modulus exhibited an even greater increase of

114% compared to the CDW treatment. Based on Fig. 1

and results previously obtained by the authors [3] it can

be concluded that HDW washing is more effective than

methanol with the flexural strength and modulus being

8.00% (60.3–65.13 MPa) and 30.9% (2.91–3.81 GPa)

higher, respectively, compared to methanol washed sam-

ples. Furthermore, sonication was noted to improve the

flexural strength of the HDW-US composites by 10.0%

(71.4 MPa) compared to the HDW case with a similar

trend being observed for flexural modulus with an 8.4%

increase to 4.13 GPa. These results were attributed to

enhanced removal of surface impurities from the OPS

powder through a combination of hot distilled water and

sonication.

Figure 1 also illustrates the effect of time and tempera-

ture of alkali treatment of OPS powder on flexural prop-

erties of the resulting composites. For example, although

the flexural strength and modulus following 1 h in 5%

NaOH solution (CAT1) exhibited a slight improvement

(1.9% for flexural strength and 5.2% for flexural modu-

lus) compared to the HDW treated composite, the results

were still lower than for the HDW-US case. Increasing

the alkali treatment time to 48 h for the CAT48 compos-

ite decreased flexural strength by 2.72% (from 63.9 to

62.2 MPa) compared to the CAT1 composite although

flexural modulus recorded a slight improvement to be

comparable with the value of HDW-US case. In addition

FIG. 1. Effect of OPS powder treatment on the flexural properties of isophthalic unsaturated polyester (UP)

reinforced with 5 wt % of OPS: (a) strength and (b) modulus. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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to this, flexural strength could be further increased to

70.6 MPa using a hot alkali treatment (HAT) with an

improvement of 10.5% compared to the CAT1 case while

the flexural modulus increased to 5.02 GPa (an improve-

ment of 24.5% compared to the CAT1 treatment). In con-

clusion, the hot distilled water (HDW and HDW-US),

cold alkali treatment (CAT1 and CAT48), and hot alkali

treatment (HAT) all provided significant improvements in

flexural properties compared to the cold distilled water

treatment. It was also evident that effective washing by

hot distilled water, which is promoted by sonication, pro-

vided flexural results similar or slightly higher than those

obtained by alkali treatment (apart from the higher flex-

ural modulus of the HAT composite).

The influence of OPS treatment on the tensile properties

of resulting UP composites reinforced with 5 wt% of OPS

has been presented in Fig. 2. However, compared to the

flexural results, the variation in tensile strength for all OPS

treatments was relatively minor (in comparison to the

untreated case), although there is a suggestion that the

alkali treatments were slightly less effective compared to

the hot distilled water (with and without sonication) cases.

This latter finding is in agreement with previous work on

the tensile properties of wood plastic composites (WPC)

[8] where the tensile strength and Young’s modulus of the

fibers deteriorated by alkali treatment due to a reduction in

the degree of crystallinity and crystalline orientation.

Effect of Hot Alkali Concentration. The effect of hot

alkali (NaOH) concentration (1–9%) on the tensile and

flexural properties of isophthalic unsaturated polyester

composites reinforced with 15 wt% of treated OPS powder

has been presented in Fig. 3. It is clear from the results that

the flexural strength (Fig. 3b) and modulus (Fig. 3d) reach

their maximum values for the case of 7% NaOH concentra-

tion with the flexural strength increasing slightly from

66.1 MPa for the untreated (UT) composite to 76.7 MPa for

7% NaOH but then decreasing to 67.0 MPa for the 9%

NaOH case. Flexural modulus exhibited a similar trend

with a significant increase from 3.81 GPa for the untreated

(UT) composite to 5.75 GPa for the 7% NaOH concentra-

tion composite and then followed by a decrease to

4.21 GPa for the 9% NaOH case. In contrast to this, the ten-

sile strength (Fig. 3a) and modulus (Fig. 3c) did not appear

to be improved by hot alkali treatment with an overall gen-

eral decline in tensile strength and modulus with increasing

hot NaOH concentration.

Morphological Study by SEM

Effect of Different Treatment. As mentioned earlier, it

has been reported that the existence of surface impurities

on OPS powder, as shown in Fig. 4, has a significant

effect on reducing the mechanical properties of OPS-UP

composites. It has been previously noted that the surface

porosity and roughness of hydrophilic OPS particles could

be enhanced by washing with methanol, which led to

improved wettability by the hydrophobic polymer matrix

[3].

Figure 5 illustrates the effect of different treatments on

the surface morphology of OPS powder. From these

micrographs, it appeared that hot distilled washing (Fig.

5a) increased the amount of solubility impurities, waxes,

oils and water-soluble polysaccharides present on the sur-

face of OPS powder compared to the cold distilled water

OPS (Fig. 4). Figure 5b illustrates that sonication has a

significant effect on the removal of the rest of the impur-

ities and waxy materials from the surface of OPS in hot

distilled water process, which increases the surface rough-

ness as high as CAT1 (Fig. 5c). In addition, it is evident

that the surface roughness in the HAT sample (Fig. 5d) is

superior to that of the CAT1 treated powder (Fig. 5c)

with this being attributed to increased removal of hemi-

cellulose and lignin.

FIG. 2. Effect of OPS powder treatment on the tensile properties of isophthalic unsaturated polyester (UP)

reinforced with 5 wt % of OPS: (a) tensile strength and (b) tensile modulus. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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It has previously been suggested that improved

bonding between the OPS filler particles and UP matrix

was due to effective polymer chain pinning [3]. Figure

6 illustrates fracture micrographs of UP composites

reinforced with 5 wt% of washed OPS powder with

obvious debonding between filler and matrix being

noted in the cold distilled water composite (Fig. 6a)

whereas interfacial bonding improved for the hot dis-

tilled water case (Fig. 6b) and it was superior for the

hot distilled water with sonication (Fig. 6c). Thus, it is

suggested that the mechanical performance of these

composites can be improved due to better wettability

between filler and matrix molecules as a result of elim-

inating impurities together with a portion of the hemi-

cellulose and lignin.

While the surface roughness at the interface of filler

and matrix was improved due to alkali treatment (Fig. 6d

and e), it would appear that alkali treatment does not sig-

nificantly improve interfacial bonding further than that

already obtained using a hot distilled water treatment,

especially for the case of the CAT1 treatment. Therefore,

the mechanical properties of the composites were not

improved significantly by alkali treatment when compared

to hot distilled water treatment.

FIG. 3. Effect of sodium hydroxide (NaOH) concentration on the mechanical properties of an isophthalic

unsaturated polyester (UP) composite reinforced with 15 wt % of hot alkali treated OPS powder: (a) tensile

strength, (b) flexural strength, (c) tensile modulus, and (d) flexural modulus. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

FIG. 4. Scanning electron micrograph of unwashed OPS powder.
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Effect of Alkali Concentration. The influence of hot

alkali treatment on the wettability of UP matrix by OPS

powder has been presented in Fig. 7. It would appear that

the quality of bonding between the powder and matrix

was similar for the 1% hot NaOH treated composite (Fig.

7a) as for the hot distilled water treated composite

(Fig. 6b). As expected from the mechanical property data

(Fig. 3) the 7% hot NaOH composite (Fig. 7b) exhibited

the best interfacial bonding behavior when compared to

the 1% (Fig. 7a) and 9% (Fig. 7c) cases. These results are

consistent with a previous study on the effect of alkali

concentration on the mechanical properties of Borassus

fruit fibers [14] which indicated that the maximum tensile

properties of the fibers were attained with the maximum

amount of a-cellulose, which itself was achieved for an

optimum period of time (8 h) at 5% alkali treatment with

the properties subsequently decreasing at more than the

optimum time. This could also be attributed to the fact

that the existence of surfaces impurities on the OPS pow-

der, which has a significant effect on reducing the

mechanical properties of OPS-UP composites, were

removed by chemical treatment [3, 15]. The effect of

chemical treatment on the removal of chemical molecules

is investigated further in sections Fourier Transform Infra-

red Spectroscopy (FT-IR) and Thermal Behavior Study of

OPS by Thermogravimetric Analysis.

Fourier Transform Infrared Spectroscopy

Lignocellulose materials are made of cellulose, hemi-

cellulose, and lignin as the three main ingredients of natu-

ral fiber/filler from plant resources [16]. Cellulose with a

general formula of C6H10O5 is a linear and nonbranched

macromolecule with 1–4-linked b-d-anhydroglucopyra-

nose units which contains carbonyl, carboxyl and alde-

hyde groups [17–19]. In contrast to this, lignin consists of

aromatic syringyl, guaiacyl, methoxyl, hydroxycinnamic,

and methylene groups as highly branched aliphatic and

phenolic structures. Hemicellulose contains different poly-

saccharides such as glucose, arabinose, xylanes, xylose,

galactose, mannose, and ketone groups and is responsible

for the generation of suitable linkages between cellulose

and lignin by ether bonds of xylene molecule [19].

The functional groups of natural fiber can be identified

by FTIR. The FTIR spectra of OPS before and after treat-

ment are presented in Fig. 8. As shown in Fig. 8, some

well-defined peaks show a slight difference after treat-

ment in the fingerprint region between 1718 and

FIG. 5. Scanning electron micrographs showing the effect of washing treatment on the surface morphology

of OPS powder: (a) hot distilled water (CDW), (b) hot distilled water with sonication (HDW-US), (c) cold

alkali treated for 1 h (CAT1), and (d) hot alkali treated for 1 h (HAT).
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770 cm21. Based on Fig. 8, the peaks in the fingerprint

region, which indicate related functional groups of OPS,

are assigned in Table 3.

It has been shown that the characteristic peak at

1030 cm21 was designated as the CAH in plane deforma-

tion of Guaiacyl in lignin and CAO stretch of primary

alcohol and syringyl ring [20]. The intensity of the peak

at 1030 cm21 decreased by 17.3% (from 11.95 to 10.5)

by hot water washing. This reduction was continued (by

26.7%) with sonication in hot water washed (HDW-US)

OPS where the result was comparable with HAT treat-

ment at the optimum concentration. This reduction indi-

cates that sonication in hot distilled water was effective

in removing Guaiacyl, Syringyl elements, and primary

alcohol molecules of lignin. Removal of Syringyl and

Guaiacyl elements were confirmed by the reduction of

peak intensities at 1239 and 1508 cm21, respectively. The

removal of lignin parts were also observed by a 55.8%

reduction in peak intensity at 1594 cm21 which is attrib-

uted to CAC stretching of the aromatic rings of lignin.

The carbonyl of aldehydes, ketones, and acetyl group in

hydroxycinnamic acids associated with the alcoholic poly-

saccharides in lignin exhibit a peak at 1718 cm21 [19,

21]. The intensity of this peak decreased by 21% in

HDW-US and completely disappeared following hot

alkali treatment. Consequently, it can be concluded that

HDW and HAT are able to remove some chemical ele-

ments in lignin parts of OPS.

FIG. 6. Scanning electron micrographs showing the effect of washing treatment on the fracture morphology

of isophthalic unsaturated polyester (UP) reinforced with 5 wt % of OPS powder: (c) cold distilled water (b)

hot distilled water (HDW), (c) hot distilled water with sonication (HDW-US), (d) cold alkali treated for 1 h

(CAT1), and (e) hot alkali treated for 1 h (HAT).
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Xylans are polysaccharides made from units of xylose

and are a group of hemicelluloses [22]. Significant

changes in FTIR spectra could be seen after treatment in

the intensities of the unconjugated C@O (carbonyl) band

in Xylan at 1239 and 1374 cm21 [20, 23]. The intensities

of the 1239 and 1374 cm21 peaks decreased significantly

with hot alkali treatment by 92.2 and 52.2%, respectively,

with the peak positions shifting to 1244 and 1368 cm21.

Furthermore, the intensity of the minor peak at

1654 cm21 reduced significantly by hot alkali treatment,

which is attributed to the CAH banding and C@O stretch-

ing frequency of Quinine, Quinine methides and adsorbed

water in hemicellulose. The peak value at 1162 cm21 is

attributed to CAOAC symmetric stretching of hemicellu-

lose and b(1,4)-glycosic linkage for cellulose I and cellu-

lose II [23]. The intensity of this peak was reduced at 7%

HAT by 34%. Contrary to this, the relative intensities of

the bands at 896 and 1420 cm21, which are refer to the

CAH bending of amorphous and crystalline cellulose

respectively [19], get stronger by hot alkali treatment.

This indicates that hot alkali treatment did not remove

any cellulose molecules. Thus, the reduction in intensity

at 1162 cm21 could be due to removing CAOAC sym-

metric stretching of hemicellulose only. As a result, the

lower content in Xylan, Quinine, Quinine methides ele-

ments and adsorbed water in hemicellulose in hot alkali

treated OPS compared to the untreated case indicates that

hot alkali treatment was effective in removal some parts

of the hemicellulose.

Thermal Behavior Study of OPS by
Thermogravimetric Analysis

Effect of Different Treatment. Figure 9 illustrates the

influence of washing treatment on the results of thermal

analysis for OPS powder, i.e., not in the composite. It has

been previously reported [3, 28, 29] that OPS, a cellulose

based material, tends to degrade in three main stages

according to the TGA/DTG curves as follows: (i) evapo-

ration of moisture (35–1558C), (ii) hemicellulose degrada-

tion between 248 and 3408C (maximum at 288.78C), and

(iii) cellulose degradation between 345 and 4008C (maxi-

mum at 359.78C). The effect of water and alkali treatment

on the onset, endset, and peak positions of OPS powder

have been presented in Table 4.

FIG. 7. Scanning electron micrographs illustrating the effect of sodium

hydroxide (NaOH) concentration on the quality of interfacial bonding in

an isophthalic unsaturated polyester (UP) composite reinforced with

15 wt % of hot alkali treated OPS powder: (a) 1%, (b) 7%, and (c) 9%.

FIG. 8. FTIR spectra of untreated and treated OPS in different

condition.
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Lignin pyrolysis was believed to occur in the range of

160–9008C with an associated peak at 3678C which was

obscured beneath the hemicellulose and cellulose peaks

[30]. Thus, except for the case of HDW-US the lignin

peak was not apparent in the DTG curves. Consequently,

lignin decomposition information was reported in two

separate regions, i.e., first and second parts of lignin

decomposition, as shown in Table 4. The step analyses of

all samples based on the dry mass have been listed in

Table 5. Note that the mass loss values of the hemicellu-

lose or cellulose in Table 5 refer to the mass losses in

hemicellulose or cellulose decomposition regions together

with the main part of the lignin decomposition section.

Therefore, the main region of lignin decomposition has

been left out of Table 5 with only the first and second

parts of the mass loss of lignin being presented.

It has been previously reported [3, 31] that the

decrease in mass residue for washed natural filler is

attributed to the removal of impurities and water-soluble

polysaccharides present on the surface of the filler. In

light of this, mass residue in the char yield may be an

effective indicator of impurity removal due to washing. It

should be noted that, for the nondegradable components,

which remain as char yield, hot distilled water (HDW)

decreased the char yield from 25.5% (for CDW) to 13.8%

with the addition of sonication (HDW-US) reducing the

char yield to only 2.29%. These results clearly indicate

that, for the HDW-US OPS powder, the peak position

shifted to a lower temperature with the temperature range

(onset and endset) of decomposition for hemicellulose

and cellulose being decreased significantly due to sonica-

tion as shown in Table 4. Consequently, due to the signif-

icant displacement of the hemicellulose (291–2848C) and

cellulose (358–3218C) peaks in the HDW-US treated

powder, a peak attributed to lignin decomposition was

also apparent in the DTG curve which indicated a signifi-

cant increase in mass loss (from 16.8% to 44.0%) in the

second stage of lignin mass loss.

TABLE 3. Assignment of major absorption FTIR spectra peaks in untreated OPS

Wave number (cm21) Absorbance Functional group Assignment Reference

896 0.115 CAH CAOAC, CACAO, and CACAH deformation and

stretching

[24]

1030 11.95 CAH and CAO CAO stretch of primary alcohol, CAH stretch of

Guaiacyl, aromatic CAH in plan deformation of

lignin

[20, 25]

1162 0.319 CAOAC CAOAC symmetric stretching of b(1,4)-glycosic link-

age for cellulose I and II and hemicellulose

[23, 26]

1239 2.870 CAO CAO syringyl ring and CAO stretch in lignin and

Xylan (hemicellulose)

[20]

1374 0.270 C@O CAOH Carbonyl band of xylan, the CAOH in plane stretch-

ing of cellulose and aliphatic CAH stretching in

methyl and phenol OH

[19, 23, 27]

1420 0.125 CAH CAOH CAH bending and OCH of crystalline cellulose [19, 24]

1508 0.523 C@C Aromatic ring (lignin), Guaiacyl, and Syringyl

elements

[27]

1594 0.901 C@C C@C stretching of aromatic ring (lignin) [21]

1654 0.013 AOH CAH and C@O AOH bending mode for the presence of water in

hemicellulose and the CAH banding and C@O

stretching frequency of Quinine and Quinine

methides

[19, 23]

1718 0.223 C@O (ACOOH) Conjugated carbonyl groups of aldehydes and ketones

and hydroxycinnamic acids (lignin)

[19, 21]

FIG. 9. Effect of water and alkali treatment on the thermal properties

of OPS powder: (a) thermogravimetric analysis (DTA) and (b) derivative

thermogravimetric (DTG) analysis. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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In contrast to this, the peak attributed to hemicellulose

decomposition was almost absent in the hot alkali treat-

ment specimen (Fig. 9b) with this peak also being signifi-

cantly reduced in the CAT1 specimen. The thermal

analysis results also indicated that both the cold and hot

alkali treatments reduced the mass loss attributed to hemi-

cellulose decomposition when compared to the water

treatments and thus increased the amount of cellulose

present in the treated OPS powder. Looking at the results

it was not clear how much of the hemicellulose or lignin

had been removed (as a result of the various treatments)

within the hemicellulose decomposition region during

thermal analysis with this being attributed to the wide

temperature range of lignin decomposition. It has previ-

ously been reported [32] that mass residues for the lignin,

hemicellulose, and cellulose components are 42%, 9%,

and 0.5%, respectively, which indicates that most of the

char yield in natural filler is due to lignin. Consequently,

the larger mass residue for the CAT48 treated powder

(33.9%) compared to HAT (25.3%), together with the

smaller mass drop in the second stage of lignin decompo-

sition, appears to suggest that hot alkali treatment may be

able to remove a portion of the lignin, together with the

majority of the hemicellulose, which are difficult to ther-

mally degrade under normal circumstances.

Effect of Alkali Concentration. Figure 10 illustrates

the effect of NaOH concentration on the thermal proper-

ties of hot alkali treated OPS powder. Both the TGA

(Fig. 10a) and DTG (Fig. 10b) data indicate that increas-

ing the NaOH concentration up to 7% did not signifi-

cantly change the thermal analysis features. However,

further increasing the concentration to 9% produced ther-

mal analysis curves indicative of a substantial change in

the OPS structure. For example, the main DTG peak,

which is attributed to cellulose decomposition, had its

maximum shifted from 3228C for the 7% hot alkali

treated OPS to 3038C for the 9% case. Subsequently, the

9% hot alkali specimen also exhibited a lignin decompo-

sition peak between 393 and 6268C with a maximum at

4788C. The trend in these results is consistent with a pre-

vious study [8] that reported higher concentrations of

alkali solution to have produced extensive damage in

wood fibers in wood plastic composite (WPC).

The effect of NaOH concentration on the lignin mass

loss and mass residue obtained from TGA curves for hot

alkali treated OPS powder has been presented in Fig. 11.

The data indicate a steady decline in mass residue and

slight increase in lignin mass loss for increasing alkali

concentrations up to 7%. However, the 9% alkali concen-

tration OPS powder exhibited an additional substantial

TABLE 4. Effect of water and alkali treatment on the onset, endset, and peak positions of OPS powder

Sample UT DW HDW HDW-US CAT24 HAT24

Moisture evaporation Onset (8C) 38.0 40.0 39.0 41.7 36.0 32.0

Peak (8C) 69.0 61.0 63.0 71.6 90.0 68.0

Endset (8C) 141 121 150 157 150 146

Lignin first part decomposition Onset (8C)

Endset (8C) 244 263 246 252 249 251

Hemicellulose decomposition Ondset (8C)

Peak (8C) 290 290 291 284 Partially removed Almost removed

Endset (8C) 327 334 326 310 333 330

Cellulose decomposition Ondset (8C)

Peak (8C) 360 359 358 321 358 359

Endset (8C) 382 382 381 370 381 390

Lignin second part decomposition Ondset (8C)

Peak (8C) a a a 395 a a

Endset (8C) 680 680 680 680 680 675

aBeneath the hemicellulose and cellulose peaks.

TABLE 5. Effect of water and alkali treatment on the mass losses of OPS powder (dry based analysis)

Lignin mass loss
Hemicellulose Cellulose Char

Sample First stage (%) Second stage (%) Mass loss (%) Mass loss (%) Mass residue (%)

UT 3.21 13.0 29.9 25.2 28.7

DW 2.72 15.2 27.8 28.8 25.5

HDW 2.50 16.8 34.7 32.3 13.8

HDW-US 2.15 41.0 27.9 26.6 2.29

CAT48 1.23 13.4 26.3 25.2 33.9

HAT 2.14 11.1 23.0 38.4 25.3
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increase in lignin mass loss combined with a significant

decrease in mass residue.

From the above discussion (Figs. 3, 7, and 11), it can

be concluded that the optimum concentration of hot alkali

treatment required for maximum mechanical performance

of natural filler reinforced polymer composites can be

simply obtained from thermal analysis. In other words,

the alkali concentration should be allowed to increase as

far as possible while there is no significant change in

TGA and DTG data. However, increasing the alkali con-

centration beyond the optimal value results in removal of

some parts of the natural filler which results in a separa-

tion of phases between the lignin and cellulose compo-

nents as reflected in Fig. 10. Likewise, Fig. 10 indicates

that the lignin mass loss and the mass residue for natural

filler started to dramatically change once the optimum

alkali treatment conditions has been passed.

It is well known that, within natural fiber, lignin acts

as a matrix phase while cellulose acts as the reinforce-

ment phase whereas the role of hemicellulose is to bind

the matrix and reinforcement together. However, should

the treated fiber lose a portion of this binder (hemicellu-

lose) due to the alkali concentration (9% in this case)

being too high then phase separation occurs between the

filler and matrix within the natural fiber as evident in Fig.

10. This is in good agreement with FTIR the results

which indicated that the tight linkage of polysaccharides

in the cell wall by ether linkages can be removed by

HAT. In other words, further increases in alkali concen-

tration beyond a certain point appear to deteriorate the

structure of the natural filler which leads to poor mechan-

ical performance of the natural filler and its resulting

polymer composite. Previous research on the crystallinity

of natural fibers [33] has indicated that alkali treatment

leads to the removal of hydrogen bonds in the network

structure of natural fiber with a subsequent decrease in

the amount of crystalline cellulose due to its conversion

to amorphous cellulose. Other research work [34] which

investigated the effect of alkali treatment of rice husk par-

ticles reported that the asperities of the filler surface had

eroded with higher concentrations of alkali solution. This

effect had resulted in the generation of cracks on the rice

husk particles which led to a decrease in the mechanical

performance of the resulting polymer composite due to

ineffective stress transfer between the matrix and fibers.

It should be noted that, while the present study utilized a

constant time and varying concentration, a similar effect

would presumably be noted for the situation of a constant

concentration and varying treatment time.

CONCLUSIONS

The thermal analysis of treated OPS powder form

Palm Oil biomass and the mechanical performance of iso-

phthalic unsaturated polyester composites reinforced with

water and alkali treated OPS have been presented in this

paper. The results of this study revealed that distilled

water treatment significantly enhanced mechanical per-

formance of the composites by improving the mechanical

interlocking between the OPS powder and polymer

matrix. The utilization of elevated temperature (908C)

was effective for both water and alkali treatment in order

to further enhance mechanical performance of the compo-

sites with sonication in hot distilled water achieving the

highest mechanical performance through the optimal

removal of impurities, wax, and oily materials from the

OPS powder surface.

FIG. 10. Effect of sodium hydroxide (NaOH) concentration on the

thermal properties of hot alkali treated (HAT) OPS powder: (a) thermog-

ravimetric analysis (TGA) and (b) derivative thermogravimetric (DTG)

analysis. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIG. 11. Effect of sodium hydroxide (NaOH) concentration on the lig-

nin mass loss and mass residue of hot alkali treated OPS powder. [Color

figure can be viewed in the online issue, which is available at wiley-

onlinelibrary.com.]
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Thermogravimetric analysis (TGA) of the OPS powder

together with scanning electron microscopy indicated that

the improvement in composite mechanical properties due

to washing treatment could be attributed to increased sur-

face roughness of the OPS powder generated by the

removal of surface impurities, waxes, and lignin. Fourier

transform infrared spectroscopy (FTIR) confirmed that

Xylan, Quinine, Quinine methides elements, and adsorbed

water were removed as the parts of hemicellulose. More-

over, Syringyl and Guaiacyl elements, aldehydes, and

ketones and acetyl group in hydroxycinnamic acids asso-

ciated with the alcoholic polysaccharides were also

removed from lignin by hot water and hot alkali treat-

ments. The optimum hot alkali concentration (7%) at

908C for 1 h to enhance composite mechanical perform-

ance was found to be readily obtained from thermo-

gravimetric analysis. For further increases in alkali

concentration above this optimum amount, significant

increases in lignin mass loss and decreases in mass resi-

due were observed. It was concluded that, at excessively

high alkali concentrations (and/or treatment times), hemi-

cellulose, which acts as a binder for cellulose and lignin

within natural fiber, is preferentially removed which

causes a phase separation between the filler and matrix

components of the natural fiber resulting in a deteriora-

tion of the fiber structure and subsequent poor composite

mechanical performance.
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