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A B S T R A C T

This study investigated the characteristics of raw palm kernel shell (raw PKS) and the influence of temperature
variation on palm kernel shell ash (PKSA). The PKSA was obtained under different temperature regimes of 900,
1000, and 1100�C. The characterization of the samples was carried out using X-ray Fluorescence (XRF), Fourier
Transform Infrared (FTIR), X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) with attached En-
ergy Dispersive X-ray (EDX) facilities. The results showed that moisture and ash contents and the density of raw
PKS were 6.56%, 8.86%, and 745 kg/m3, respectively. The colour of the pulverized PKS was dark brown, as
observed by visual examination based on standard colour gradation. This colour transformed into various shades
of brown when PKS was subjected to different temperature regimes to form PKSA. The XRF analysis showed that
silica is the main constituent of the raw PKS and PKSA samples. Silica content in the PKSA increased with the rise
in the heating temperature. The FTIR and EDX spectra confirmed the predominance of silicon compounds with
functional groups associated with silanol and siloxane. Also, XRD analysis revealed that the silica contents in the
samples are quartz, while SEM examinations indicated that temperature increases during processing influenced
the microstructure through the reduction of pore concentration in the samples. The silica obtained from the PKSA
would find applications in metal matrix composites as partial reinforcing materials.
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1. Introduction

Biomass has become a multifaceted useful material ranging from
energy generation [1,2] to matrix development. For its use in matrix
development, the cogent part deployable is the ash. Growing interest has
been on the use of agro-waste materials as a potential source of
silicon-based refractory compounds [3,4]. The choice of agro-waste has
been attributed to its rich silica constituent [5]. Palm kernels are
important nuts which are obtained from highly valued oil palm trees [6].
After the removal of the mesocarp, which contains the palm oil, the
remaining material is termed palm kernel [7]. When the kernel (nut) is
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removed from the endocarp, palm kernel shell (PKS) is obtained [8]. PKS
is highly lignocellulosic. They are agricultural residues that can be
generated from crude palm oil processing [9]. The nuts can be removed
from the shell either by manual (traditional) or mechanical (mechanized
method) [10]. Immediately the nuts are removed, PKS is the hard-core
shell (endocarp) part that is left as residues. PKS are important biomass
sources and are found in abundance in palm oil-producing Asian and
African countries such as Malaysia, Nigeria, Brazil, and so on [5,6,11].

PKS, which constitutes a significant percentage of solid waste from oil
palm processing, has been the choice for fueling boilers for power pro-
duction due to its high energy value [12]. They are, sometimes, used as a
domestic fuel in their loose and densified forms. PKS can be suitably
mixed with additives to reduce ash deposition, and thereby increase its
potential for use in heat and power production [13]. PKS shows the
tendency of bed agglomeration in fluidized bed combustion due to
elevated alkali content in it [14]. Various researchers, scientists, and
engineers have investigated the usefulness of PKS in the areas of
bio-fertilizer, energy storage, water purification, concrete reinforcement
additives, biomass, supercapacitor electrode, advance materials devel-
opment, and so on [6,8,9,15–28].
tember 2020
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Fig. 1. Palm kernel shell.
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The roasting of PKS usually results in the production of ash (PKSA).
PKSA (Palm kernel shell ash) has the potential to be used as a con-
struction material as well as the production of light-weight composite
materials. PKS contains about 5% PKSA by weight of solid wastes after
combustion [29]. Depending on the amount of carbon content present in
the ash obtained, some varieties of color can be obtained ranging from
whitish-grey to darker shade. In steam plants, ash disposal after PKS
combustion is an environmental challenge. Most PKSA are disposed as
waste in landfills, thereby resulting in the environmental challenge [30].
Efforts to bring solutions to this challenge have increased research ac-
tivities in finding feasible areas where the PKSA can be utilized. One of
the areas of application of these ashes is its partial replacement of cement
in construction works [29,31].

Hardjasaputra et al. [32] investigated the effect of using PKSA as well
as rice husk ash (RHA) in geopolymer composite. The results obtained
were compared with that of Portland cement concrete. The effect of the
usage of PKSA and RHA as partial replacements for cement was found to
be insignificant when compared with Portland cement concrete. PKSA
production was illustrated in the study; however, the influence of tem-
perature on the PKSA composition when produced at different temper-
ature regimes was not investigated. Olutoge et al. [29] examined the
potential of using PKSA as a partial replacement for cement in making
concrete. It was concluded that its use at lower volume enhanced the
reduction of cement content in concretes.

The use of PKSA as reinforcement in aluminium metal composites
(AMC) has been studied by several researchers [33–35]. PKSA was used
in the nano-particle form as reinforcement in AMC production using
A356 alloy [34]. Oladele & Okoro [35] investigated the effect of using
PKSA as reinforcing material on the mechanical properties of recycled
aluminium alloy obtained from the cylinder of an automobile engine
block. A part of the ash obtained from PKS was treated with NaOH so-
lution, while the other was not treated before being applied as rein-
forcement in the as-cast aluminium alloy. The obtained results showed
that PKSA addition is suitable for the production of AMCs, which find
applications in automobile parts. Akinlabi et al. [33] also utilized PKSA
as reinforcement in the production of AMC through friction stir pro-
cessing route. The PKSAwas embedded in aluminium substrate surface to
form a novel surface composite. However, information is lack-
ing/unavailable on the influence of variation in temperature on chemical
and morphological changes during the production of PKSA. The authors
believe that the compositional and morphological changes with tem-
perature variations during processing of PKSA should have significant
influences on the physico-mechanical properties of hybrid aluminium
metal composites derived from the varied temperature regimes. Thus, the
present study aims at characterizing the physical and chemical properties
of raw PKS and PKSA obtained with varying temperature regimes
through the utilization of X-ray Fluorescence, Fourier Transform
Infra-red, X-ray diffraction, and Scanning Electron Microscope coupled
with Energy Dispersive Spectrometer techniques.

2. Materials and methods

The PKS was obtained from a local market in Osogbo, Nigeria. The
PKS was sorted to remove unwanted materials such as stone, wood, and
so on. Fig. 1 shows the various sizes and shapes of the raw PKS before
being crushed. The flow chart of the methodology followed in this study
is shown in Fig. 2. The PKS was washed and then sun-dried for 72 h at
ambient temperature to reduce the moisture inherent in them. The
moisture content of the some of the PKS was determined using ASTM
D4442-92 [36] standard at 105 �C in an oven (Uclear England, Model
number: DHG-9053A) in Chemical Engineering Laboratory, Landmark
University, Nigeria. Other physical properties such as ash content and
bulk density were determined in following the method of Ikubanni et al.
[37]. The dried PKS were packed inside cellophane bags and sealed,
before pulverization. The dried PKS were crushed into smaller particles
using high-intensity ball milling machine and sieved to 30 μm size. The
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crushed PKS were then burnt in a muffle furnace at 900 �C for 4 h to
obtain palm kernel shell ash (PKSA). Some of the PKSA produced were
further subjected to temperature of 1000 and 1100 �C for about 4 h,
respectively. The temperature variation used was due to the amount of
heat needed to form ash from the PKS as reported by Aigbodion& Ezema
[34], since the temperature of ash determination for biomass and coal is
around 900 �C.
2.1. X-Ray Fluorescence analysis

The elemental compositions of the raw PKS and PKSA at the different
temperatures were determined using X-Ray Fluorescence (XRF) analysis
(TEFA ORTEC automatic X-ray F). Each sample was crushed with an
electric crusher and pulverized for 60 s using Herzog Gyro-mill (Simatic
C7-621). Pellets were prepared from the pulverized sample by grinding
20 g of each sample with 0.4 g of stearic acid for 60 s. However, to avoid
contamination, the Gyro-mill was cleansed after each grinding. Stearic
acid of 1 g was weighed into an aluminium cup to serve as a binder. The
cup was subsequently filled with the sample to the level point. The cup
was then taken to the pelletizing equipment particles where 2000 kN
pressure was applied for 60 s to pelletize the sample. The 2 mm pellets
were then added into a sample holder of the XRF (Phillips PW-1210) for
analysis, at a voltage of 40 kV, and at a current of 25 mA. The resulting
spectrum described the elemental composition of the material.
2.2. Fourier transform-infrared (FTIR) analysis

The functional groups in the PKS and the PKSA samples were iden-
tified using Fourier Transform-Infrared Spectrometer (PerkinElmer
1725x) from Central Research Laboratory, University of Ilorin, Nigeria.
The FTIR spectra for the samples were recorded in the range 4000–400
cm�1 at a resolution of 4 cm�1 using the KBr pellet technique. The KBr
powder was mixed with the raw PKS and PKSA samples in the ratio 1:10,
respectively. The mixture was then compacted in a holder at a compac-
tion load of 40 MPa for 2 min. The sample was later placed in the sample
compartment to estimate the major functional group in the samples.
2.3. X-ray diffraction analysis

A PANalytical Empyrean diffractometer was used to obtain the phases
in the PKS and the PKSA samples from Nigerian Geological Research
Laboratory, Kaduna. The X-ray diffractometer having Cu Kα radiation ¼
1.5406�A at acceleration voltage of 45 kV and current of 40 mA from a
scan range of 2θ ¼ 4 - 70� at a scan speed of 0.026�/min. The peaks
obtained were matched with the mineral phases using the X’Pert High-
score Plus software attached to the PANalytical diffractometer.



Fig. 2. Flow chart of the method.
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2.4. Microstructural analysis

The microstructural images of the samples were obtained using
Scanning Electron Microscope (Model: JEOL-JSM 7600F, Japan) with an
Energy Dispersive X-ray analyzer (EDX) attachment and high vacuum
(HV) mode at 20 kV accelerating voltage from Rolab Research and
Diagnostic Laboratory, Ibadan. The EDX was employed to perform bulk
elemental analyses of PKS and PKSA. Linear intercept method using
image J software was used to evaluate the pore sizes and the area,
respectively.

3. Results and discussion

3.1. Physical properties and colouration of samples

The physical properties of the PKS sample in this study are displayed
in Table 1. The moisture content of the PKS obtained was 6.56% while
the ash content was 8.86%. The value of the moisture content is within
Table 1
Physical properties of the PKS.

Property Value Okoroigwe et al. [6]

Moisture content (%) 6.56 6.11
Ash content (%) 8.86 8.68
Bulk density (kg/m3) 745 740

Fig. 3. Pictorial view of samples (a) Raw PKS (b) PKSA
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the normal standard after attainment of equilibrium with the laboratory
environment [6]. Thus, the results revealed the reason for the thermal
usage of PKS as the biomass of a good source of renewable energy. It is
suitable for thermal utilization due to its low ash contents [37,38]. The
bulk density of the raw PKS was 745 kg/m3. Other physical parameters,
as displayed in Table 1, compare favourably with those obtained by
Okoroigwe et al. [6] with slight differences in values. Such differences in
values may be attributed to differences in soil contents and other envi-
ronmental factors obtainable at the sources of the PKS.

Fig. 3 shows the pictorial views of the samples of raw PKS and ashes
obtained at various temperatures, where raw PKS can be described as
dark brown in colouration. However, when the PKS was roasted, the
colour changed to mid-tan at 900 �C, which is another shade of brown;
pale brown colour at 1000 �C, and tawny brown colour at 1100 �C. The
huge amount of heat transferred to the raw PKS led to its carbonization
and eventual removal of volatile matters present in the samples as the
processing temperature was increased, which resulted in the variety of
colours observed.

3.2. X-ray fluorescence (XRF) analysis

The chemical compositions of PKS and PKSA subjected to varying
temperatures of 900, 1000, and 1100 �C, are shown in Table 2. The
relatively high values for the various constituents present in the samples
could be attributed to the nature of the soil where the palm tree that
produced the PKS was nurtured. Also, the type of fertilizer employed
at 900 �C (c) PKSA at 1000 �C (d) PKSA at 1100 �C.



Table 2
Chemical composition (%) of the PKSA.

Samples Na2O MgO Al2O3 SiO2 P2O5 K2O CaO TiO2 Fe2O3 MnO LOI

Raw 1.00 3.70 2.30 46.20 6.00 21.20 15.10 0.43 3.20 0.60 0.27
900 �C 0.17 3.14 6.46 66.90 3.78 5.20 5.52 0.53 5.72 0.08 2.50
1000 �C 0.16 3.12 6.48 66.91 3.74 5.22 5.54 0.52 5.74 0.07 2.50
1100 �C 0.15 3.10 6.50 66.92 3.70 5.24 5.56 0.50 5.75 0.06 2.52

*LOI-Loss on ignition.
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could be another reason for the high values of the compounds [5].
Table 2 shows that SiO2 content was the highest among the other con-
stituents for the four samples. The raw PKS sample contained 46.20%
SiO2 content. However, when the pulverized PKS was heated to 900,
1000, and 1100 �C, the SiO2 contents were 66.90, 66.91, and 66.92%,
respectively. The SiO2 content increment was expected because more
volatile constituents were removed as the processing temperature
increased. The utilization of ash from agricultural residues as comple-
mentary reinforcing materials in metal matrix composites is dependent
on the amount of SiO2 content obtainable from such residues [39]. High
SiO2 content has been obtained for other pozzolanic siliceous materials
such as rice husk, corn cob, bamboo leaf, and so on [5,38–43]. The SiO2

content in the PKSA in this study at the temperature of 900 �C was higher
than that of corn cob ash, as presented in the study of Okoronkwo et al.
[41] but lower than 71% SiO2 of PKSA reported in the study of Ajibola
and Fakeye [44]. However, the value of Al2O3, Fe2O3, CaO, MgO, and
Na2O present in corn cob ash, as presented by Okoronkwo et al. [41] was
higher than for PKSA obtained at the temperatures employed in this
investigation. The Al2O3 content of raw PKS was 2.30%. This value was
also lower than for PKSA produced at 900 to 1100�C. The Al2O3 content
of PKSA produced at 900, 1000, and 1100�C increased as the production
temperature increased. The amount of MgO (3.70%) in the raw sample
was higher than the PKSA samples. It was observed that as the temper-
ature increased, there was a reduction in the MgO content. MgO is a
refractory material with good properties including good thermal shock
resistance, high melting point, low thermal conductivity, and excellent
thermodynamic stability. The presence of MgO could improve the
hardness, fracture toughness, and reduce the density of AMC. MgO
presence could be an obstacle for grain boundaries migration and grain
growth prevention when utilized in matrix development. More so, the
presence of MgO could help in improving the wettability between the
matrix and the reinforcement [45]. Gutierrez-Campos et al. [46] also
observed that increases in temperature from 1000 to 1400 �C led to a
decrease in the MgO intensities in the study conducted on commercial
grade high-alumina low cement. This observation was opined that the
development of the spinel phase was strongly controlled byMgO content.
The presence of CaO was well noticeable in the raw sample (15.10%).
However, when it was heated to obtain ash, the relatively high value was
reduced to less than 6% for the entire temperature regimes employed in
this investigation. This could be due to the removal of volatile com-
pounds when the raw sample was heated to the elevated temperatures
leading to an agglomeration of chemical compounds that reduced the
CaO percentage. The presence of CaO could help to restrict the metal
alloy dislocation motion. Hence, the strength of matrix to be formed
using the PKSA will be improved [47]. The occurrence of K2O was very
high in the raw sample and decreased when the PKS was heated in the
muffle furnace. The value of K2O present in corn cob ash and the PKSA
fell within the same range [41]. The presence of higher proportions of
SiO2, Al2O3, CaO, Fe2O3, P2O5, and K2O in the PKSA suggest their po-
tentials to strengthen metal matrix when the PKSA is used as partial
reinforcement [35]. TiO2 presence in the chemical composition could
reduce the porosity, strengthening the composite, and improving the
wear properties by having reduced wear loss [48–50]. The presence of
other oxides such as Na2O, TiO2, and MnO are in traces, and their pres-
ence could slightly improve the mechanical properties of the matrix
alloy. The chemical composition value of Na2O and MnO gradually
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reduced when the raw PKS was subjected to high temperature since they
are solid solution impurities. The raw PKS has 0.43% TiO2, which in-
creases when heated to 900 �C.
3.3. FTIR and XRD interpretations on effects of temperature variation on
the PKSA processing

3.3.1. Analysis of the FTIR spectra
The FTIR spectra of the PKS and PKSA produced at different tem-

peratures are presented in Fig. 4. A complicated spectrum was generated
from the raw PKS and various peaks that belong to several functional
groups were observed, which corroborates the findings of Anyika et al.
[51]. The spectrum (Fig. 4a) showed a broad peak in the range of 3430
and 3301.25 cm�1, which can be assigned to O–H bonding from the
hydroxyl bond on the surfaces of the sample. This broadband was sug-
gested to be O–H stretching of moisture in cellulose as obtained for buriti
fiber, which was extracted from palm tree leaves [52,53]. Meanwhile, a
shoulder peak was observed for the spectrum at 2945.74 cm�1, which
was assigned to C–H stretching in the methyl group in cellulose [26,
51–53]. The presence of C––O stretch in aldehydes, saturated aliphatic
was detected at band 1736.21 cm�1, which corroborates the findings of
Hamza et al. [54]. The study observed the presence of C––O stretch at
band 1740–1720 cm�1. More so, Ornaghi et al. [52] assigned broadband
around 1740 cm�1 as C––O stretching of the carboxylic group of hemi-
cellulose. Band 1589.10 cm�1 is associated with C––C stretch in aro-
matics. This peak is always between 1600 and 1400 cm�1, as reported by
Hamza et al. [54]. The C––C stretch band is always associated with the
presence of a secondary amide group [51,55]. The band peak, at 1511.46
cm�1, contains aromatic skeletal vibration of lignin [52,53]. The peak at
1029.28 cm�1, which falls within the transmittance range 3000–1000
cm�1 is associated with C–O stretch variations of ethers, carboxylic acid,
alcohol, phenol, and ester [51,54,56]. Generally, the band peaks between
1462.43 and 853.58 cm�1 are assigned to C–H, C–O, and C–O–C defor-
mation, bending, or stretching vibrations of various lignin and carbo-
hydrates groups [52,53]. A range of weak bands was observed between
772 and 534 cm�1 and are associated with C–C stretching. This is in
agreement with the study of Anyika et al. [46], where the range was
between 762 and 535 cm�1. The observed groups from the spectra of raw
PKS were possible because raw PKS is a biological material in its natural
state. However, the spectra pattern of the PKSA produced at different
temperatures (Fig. 4b-d) were different from that of the raw sample. A
similar trend of spectra was observed for the PKSA samples produced at
different temperatures of 900, 1000, and 1100 �C, as shown in
Fig. 4(b–d). The spectra showed that functional group OH� was observed
to be present due to the broadband that exists between 3460 and 3380
cm�1. This is caused by the O–H stretching vibration from Si–OH silanol
groups as a result of adsorption or dehydration of water molecules on the
surfaces of the samples [3,5,40,57,58]. When a band range of 1200 and
1050 cm�1 is observed, the functional group Si–O–Si must be present. A
sharp band peak for the samples at different heating temperatures of 900,
1000, and 1100 �C was observed at 1061.97, 1066.06, and 1074.23
cm�1, respectively (Fig. 4(b–d)). The Si–O–Si functional group is a
confirmation of the formation of more silica after thermal treatment at
different temperatures. This occurrence was possible due to the sym-
metric stretching vibration network of Si–O–Si (Siloxane band) [5]. This
corroborates the trends observed in the study of Adediran et al. [3],



Fig. 4. FTIR spectra of raw PKS and PKSA produced at different temperatures.
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Imoisili et al. [5], and Joni et al. [59]. Below 500 cm�1, the samples
showed the presence of the Si–O functional group (Fig. 4). The formation
of the Si–O functional group has been reported by Carmona et al. [60],
Joni et al. [59], and Adediran et al. [3] to be at an absorption range of
475–400 cm�1. For the spectra in Fig. 4(b–d), the band for the Si–O group
was at 470 cm�1 (900 �C), 447.2 cm�1 (1000 �C), and 469.1 cm�1 (1100
�C). Interestingly, at peak 800.45, 788.2, and 792.28 cm�1 for PKSA
produced at temperatures 900, 1000, and 1100 �C, respectively, Si–C
formation was observed. These peak values are in agreement with the
works of Adediran et al. [3], Rajarao et al. [61], and Ali & Tindyala [58].
Based on their studies, Si–C formation was reported to be at peak range of
800–780 cm�1. However, for Najafi et al. [62] and Yoon et al. [63], Si–C
peaks ranged between 900 and 800 cm�1. The FTIR spectra confirmed
that Si–C and other silica compounds are present in all the PKSA samples
produced at different temperatures.

It is important to state that the presence of the C––O, C–O, C–O–C, and
C–H stretch bands disappeared when raw PKS was subjected to high-
temperature regimes. This was observed in the spectra of PKSA pro-
cessed at various temperatures as displayed in Fig. 4, which was also
reported by Hamza et al. [53] when raw PKS was carbonized and acti-
vated. The disappearance of C––O stretch bonds at elevated temperatures
may be attributed to the decomposition of cellulose, hemicellulose as
well as degradation of the structure of lignin. It has been discovered that
cellulose, hemicellulose, and lignin of biomass materials degenerate
when subjected to high temperatures [54,64–66].
5

3.3.2. XRD analysis
The XRD patterns for the samples are shown in Fig. 5, where the

crystalline natures of all the samples were detected. In the raw PKS
sample (Fig. 5), the presence of quartz (Q) (SiO2) was confirmed having a
hexagonal crystal system with the highest peak at about theta ¼ 26.5�

and a small amount of titanomagnetite (T) (TiFeO4), which is a cubic
crystal system. The formation of the cubic system titanomagnetite may be
attributed to the presence of the oxides of Fe and Ti, as obtained in the
XRF analysis (Table 2). In Fig. 5, when the PKSA was produced at 900 �C,
SiO2 was present in the form of quartz. Likewise, low value of hexagonal
crystal-shaped hematite (H) (Fe2O3) and tetragonal crystal-shaped rutile
(R) (TiO2) were present. When raw PKS was subjected to a temperature
above 800 �C, there is a formation of hematite and rutile due to the
oxidation of titanomagnetite (titania-ferrous oxide). More so, titano-
magnetite has been reported to oxidize to hematite at temperature above
500 �C [67,68]. The SiO2 was amorphous in nature along with crystalline
silica. The presence of broad peaks suggests an amorphous state, while
crystalline materials are indicated by small sharp peaks. Quartz (Q) was
the major component present when the PKSA was subjected to a tem-
perature of 1000 �C. The quartz (Q) and the hematite (H) present are
both hexagonal in the crystal structure (Fig. 5). At temperature above
900 �C, weaker improvement effect due to high temperature sinter for
the formation of larger crystallite size was observed. This is in line with
the study of Sun et al. [67]. A monoclinic crystal system of Albite (A)
(NaSi3AlO8) alongside quartz was detected for PKSA produced at 1100
�C. The presence of the elemental constituents of Albite could be



Fig. 5. XRD of the raw PKS and PKSA produced at different temperatures.
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attributed to the presence of SiO2, Na2O, and Al2O3, as presented in
Table 2. The study of Aigbodion [69] also confirmed the presence of SiO2
and NaAlSi3O8, and some other compounds such as CaCO3 and Al4O4C in
the bean pod ash used. The abundance nature of SiO2 as seen from the
XRD results is a confirmation of the XRF analysis carried out on the
samples. Silica was the major compound present in the raw PKS and the
thermally generated PKSA. The EDX spectra of the samples also
confirmed Si as the major element, which could be further synthesized to
obtain SiO2 and SiC [70]. More so, the FTIR analysis confirmed the
presence of Si, SiC, and SiO2 in the PKSA samples.

3.4. Microstructural analyses of PKS ashes

The micrographs, as well as the EDX spectra of PKS and PKSA, ob-
tained at different temperatures are shown in Figs. 6–9. The SEM of PKS
revealed a disaggregated material with tiny pores which are less than 30
μm (Fig. 6). However, after the thermal processing, volatile matters were
6

removed from the rawmaterial, which resulted in the formation of larger
pores, about 28 � 0.94 m2 in population density. In Fig. 7, the smaller
sized pores collapsed at 900 �C to form larger ones; reminiscent of
honeycomb features which were developed. This could be due to the
weaker improvement effect based on the high temperature sinter as re-
ported by Sun et al. [67]. Fig. 8 showed a more refined morphology
devoid of pores but with large cracks ranging in width from about 30 to
40 μm for the PKSA sample formed at 1000 �C. Also, the materials
comprised of greyish, slightly rounded, and variously oriented materials,
which were likely to be silicon compounds that had coalesced to give rise
to such features, embedded in a dark void-like matrix. The features
observed for PKSA formed at 1100 �C revealed that the void like matrix
had reduced in prominence with the further agglomeration of the finer
particles observed at 1000 �C to form larger particles with effective sizes
ranging from 240 to 300 μm (Fig. 9). The EDX spectral revealed that the
strongest elemental intensity is for Si. This is a confirmation of the pre-
dominance of silica in the samples with some traces of impurities. The



Fig. 6. SEM-EDS of raw PKS.

Fig. 7. SEM-EDS of PKSA at 900 �C.

Fig. 8. SEM-EDS of PKSA at 1000 �C.
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presence of oxygen in the EDX result showed a close association with Si
as in silicon dioxide (SiO2). This corroborates the findings of Imoisili
et al. [5], where the presence of SiO2 in the PKSA samples was confirmed
in the result from EDX. This was also evident in the results of the FTIR
spectra where Si compounds were found to be major constituents of the
various samples examined. The presence of carbon is indicative of the
7

potential formation of silicon carbide (SiC) as shown in the EDX of the
samples in Figs. 7–9.

4. Conclusion

PKS and PKSA specimens obtained at different temperature regimes



Fig. 9. SEM-EDS of PKSA at 1100 �C.
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have been characterized in this study. FTIR analysis indicated the pres-
ence of cellulose, hemicellulose and lignin in the raw PKS which were
decomposed due to roasting at high temperature regimes. Silica (SiO2)
was confirmed to be the main constituent present in the PKSA with
various percentages of Mg, Ca among others as other inorganic impu-
rities. The amount of silica present in the raw PKS (46.20%) was rela-
tively low compared to the PKSA samples (66.90–66.92%). Silicon
contents increased as the processing temperature for PKSA was
increased. The silica content was confirmed to be in the silanol and
siloxane groups and is largely semi-crystalline and porous in nature. The
silicon compounds obtained has good potential to be utilized as rein-
forcement in metal matrix composite.
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