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Huge quantities of Palm Kernel Shell (PKS) are produced as wastes annually due to increase in demand for palm
oil. Regardless of the numerous potential derivatives from the waste PKS such as activated carbon, pulverized
shells, liquified fumes etc., there still exists the problem of its indiscriminate disposal or incineration without
energy recovery thereby creating both economic and environmental concerns. This review is therefore aimed at
presenting the state of the art on the numerous applications of PKS as a carbon-neutral, biodegradable,
affordable and available residual component of oil palm processing, which if properly maximized will be a value-
added precursor to solving the associated disposal and environmental challenges. Findings from most studies
demonstrate that PKS has great potentials as a bioabsorbent, abrasive, detoxifier, antibacteria, antifungi and
antioxidant material as well as a biofuel for syngas and biodiesel production. Other applications of PKS include
reinforcement for polymer and metallic composites and aggregates in construction and ceramics. Industrial uses
of PKS in agriculture, oilrefining, healthcare, fashion, glass, drugs and rubber vulcanizate production were also
discussed. The suitability of PKS for other engineering applications were also highlighted with recommendation
for further exploitation suggested. This review is expected to provide technical data for both scientists and policy

makers in environmental sustainability.

Introduction

Global population growth necessitates increased socioeconomic and
infrastructural development leading to rapid replacement of rural life-
style with urbanization, increased depletion of natural resources and the
generation of high volume of municipal solid wastes. The need to pro-
vide for the basic needs of the swelling population also results in an
increase in investments in agriculture in a bid to provide basic com-
modities such as food crops, natural wool and fibres for textile and
timber for construction. Consequently, enormous wastes are generated
whose disposal pose several challenges to the environment. A large
percentage of these wastes are biomass resulting from the production of
food and other agricultural processing activities. These residual com-
ponents from the increased agricultural activities are characterized by
affordability and abundance in huge quantities, thereby making them
economically viable to exploit (Momoh et al., 2020).

In both the domestic and industrial sectors, agro-wastes such as
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poultry bedding/litter, feathers, dung/droppings, and grass cuttings are
commonly produced in large quantities from farmyards. According to
Obi et al. (2016), up to 80 % of solid wastes (i.e., 998 million tonnes) per
annum are generated from farmyards. In another study, about 337,000
tonnes of agricultural waste was generated in Kuwait while the Abu
Dhabi Emirates produced up to 1.2 million tonnes of agricultural wastes
in 2019. Developing countries present the worst-case scenario: for
instance, Nigeria and India produce up to 200 million and 600 million
tonnes (respectively) of agricultural wastes annually with most of the
wastes burnt openly in the fields as a disposal attempt (Momoh et al.,
2022a; Momoh et al., 2022b). These wastes ranges between fruit peels,
shells, hulls, seed pods, bagasse, stalks, leaves. barks, roots, sludges,
cobs, pulp, straws, brans, and husks, (Adejumo and Adebiyi, 2020;
loannou et al., 2015) with the oil palm tree generating the largest share
of the agro-wastes in the form of fibres from different parts of the tree
(Momoh and Osofero, 2019; Momoh et al., 2020; Momoh et al., 2021)
and shells from the extraction of palm kernel (Dungani et al., 2018).
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Oil Palm (Elaeis guineensis) although originated from west Africa, is
cultivated in the tropics of Asia, Africa, South and Central America
(Sundalian et al., 2021; Momoh and Osofero, 2020). Nigeria was a top
producer of oil palm from 1901 up to 1977 when Malaysia began to
dominate the industry after decades of intense research and improve-
ment of seedlings from the west African country (Obuka et al., 2018; Otti
etal., 2014). Currently, Nigeria and Colombia occupy the 4th position in
total palm plantation and oil production behind Indonesia, Malaysia and
Thailand who already occupy more than 85 % of the total global palm oil
production (Jalani et al., 2016; Sundalian et al., 2021). Fig. 1 presents
countries with top global palm oil production in 2021,/2022. In Malaysia
alone, average rate of palm waste production currently stands at over
100 million tonnes per year with a 5 % annual growth projection. In
2020, the processing of 49 million tonnes of palm oil in Indonesia
resulted in about 19.6 million tonnes of waste biomass with associated
disposal challenges (Sundalian et al., 2021). A similar study (Jalani
etal., 2016) reported up to 49.2 million m>/year of palm oil mill effluent
in Malaysia which requires proper treatment prior to safe disposal into
the sea. In Nigeria for example total PKS generated annually is in excess
of 2.5 million tonnes with the lack of proper disposal also posing a threat
to the environment (Shahbandeh, 2022).

Due to the processing of palm oil from the palm fruits, high volumes
of palm kernel shells (PKS) waste are generated which require utilization
for diverse applications especially due to their perceived low carbon
footprint. Palm kernel shell is the hard covering of the palm kernel left as
waste after the processing of palm oil from the mesocarp as well as after
the removal of the kernel nut (see Fig. 2). The shells are usually left as
waste or burnt openly in an attempt at disposal. Currently, areas of
research include (but not limited to) the use of the PKS as a wastewater
detoxifier, abrasive in automobile components, reinforcement for
metallic and polymeric composites, bioenergy production, additive in
drilling fluids, livestock feed as well as construction aggregates. How-
ever in the rural areas, the economic attention is focused on the crude
palm oil and palm kernel oil from the fruit’s mesocarp and kernel
respectively while the waste components such as PKS, palm kernel meal,
palm oil mill effluent, and various fibres from the palm fruit processing
are disposed indiscriminately. Precisely, crude palm oil and palm kernel
oil make up to 10 % of the total oil palm products, while 90 % of the
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palm biomass are wastes which are either dumped arbitrarily (Sabzoi
et al., 2016; Dungani et al., 2018) or burnt without any energy recovery
(Kim et al., 2014). Therefore, proper waste management is needed to
economically harness the wastes while also enhancing environmental
conservation.

Research into PKS is fairly abundant but have only focused on certain
aspects, while an overview of its application is scarce at the moment. In
other words, there is lack of a one-stop-resource document providing an
overview of the physical and chemical properties as well as current and
potential applications of this agro-waste. It is therefore the aim of this
paper to present a summarized state of the art on the applications of PKS
as a value-added precursor to environmentally sustainable byproducts at
the same time solving disposal problems. We believe that this informa-
tion will contribute to knowledge that will guide scientists and other
stakeholders make informed decisions regarding the ongoing race to-
wards saving the environment through minimizing carbon emissions
and promoting cleaner energies. This review has focused on the most
recent studies involving PKS with more than 75 % of the studies carried
out within the last 5 years. Fig. 3 illustrates the number of studies
covered in this review which reveals the growing research interests in
PKS. Firstly, the most common methods of characterizing PKS were
discussed together with the compilation of its chemical and physical
properties from different literatures. This was followed by different
applications of PKS, conclusion and recommendations.

Characterization of PKS
Scanning electron microscopy (SEM)

SEM imaging has been used to study the morphology of both un-
treated and treated PKS. Compared to the dense organic matter in raw
PKS (shown in Fig. 4(a) and 4(c)), the effect of chemical stimulation of
PKS treatment into activated carbon through disintegration of the
lignocellulosic structure is shown in Fig. 4(b) and 4(d). Surface pores
and fibres in Fig. 4(b) and (d) are visible after activation of PKS with
H3PO4 and KOH treatment in the studies of Abdullah et al. (2020) and
Ramli and Ghazi, (2020) respectively. Unlike the layered structure of the
raw PKS in Fig. 4(a) and (c), the activation process resulted in higher
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Fig. 1. Top producers of palm oil in thousand metric tonnes in 2021,/2022 (Shahbandeh, 2022).
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Fig. 2. Photo of (a) oil palm fruit bunch, (b) palm fruit (c) cross section of palm fruit.
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Fig. 3. Number of PKS-related research articles reviewed in this study.

porosity due to the presence of pores within the fibre network thereby
resulting in the “honeycomb” structure observed in Fig. 4(d). Chemical
activation increases both the surface area and number of active sites
which are two favourable parameters for absorption and adhesion of
matrices when used as reinforcement. Furthermore, fibres make up to
30 % of the PKS and are responsible for the reinforcing potentials when
used in composites (Valasek et al., 2019).

X-Ray diffraction (XRD) analysis

The compositional analysis of PKS provides a background under-
standing of its chemical configuration. Fig. 5 presents a comparison
between XRD crystallinity analysis of raw PKS and activated carbon
from PKS. XRD patterns of raw PKS demonstrated the coexistence of
carbon and oxygen atoms at peaks of 20 = 22° and 35° respectively
(Fig. 5a). In Fig. 5b, the peaks represent zeolite and phosphorus at 20 =
8.8° and 44.6° respectively due to the phosphoric acid effect in creating
activated carbon from the PKS. Other peaks at 20 = 21.0°°, 26.6°, 50.1°,
59.9° and 68.1° represent the amorphous nature of the activated carbon
and is consistent with other studies (Imoisili et al., 2020; Ikubanni et al.,
2020; Yeboah et al., 2020, and Jabarullah et al., 2021).

X-Ray fluorescence (XRF) analysis

As an analytical technique, XRF identifies the presence and propor-
tion of elements in a material so that the chemical composition can be

established. In the study of Ikubanni et al. (2020), PKS samples for XRF
analysis were made by first grinding 20 g of PKS with 0.4 g of stearic acid
for 60 s, then pelletizing the powder using 1 g of stearic acid as binder
before applying a 2 x 10% KN pressure for 1 h. The XRF analysis on the 2
mm pellets was conducted with X-Ray Spectra generated from a 25 mA
and 40 KV current and voltage respectively.

Remarkably, Table 1 presents silica as the major constituent of PKS
followed by magnesia, alumina, quicklime, and phosphoric anhydride
(P20s). The high silica, magnesia and alumina contents imply potential
pozzolanic property which reveals why ash generated from PKS has been
studied as a partial replacement for cement in cementitious composites.
Furthermore, its availability and affordability together with other
properties like relatively high porosity, surface area and strength-to-
weight ratio makes the agricultural waste a potential solid biocatalyst
(Nwosu-Obieogua, et al., 2022).

Fourier transform infrared spectroscopy (FTIR)

The characteristic absorption bands in FTIR spectra can detect the
behaviour and performance of materials to a significant extent by
profiling the chemical bonds as molecular fingerprints of the prevalent
functional groups present. From the FTIR data in Fig. 6, it is obvious that
the raw PKS has abundant peaks thereby demonstrating more functional
groups than in the activated carbon spectra. This disappearance and
shifts of most peaks in the activated carbon spectra can be attributed to
the disappearance of most functional groups due to their chemical and
thermal decomposition as well as intermolecular bond breakages during
the activation process. The absence of functional groups in the activated
carbon spectra indicates that raw PKS are likely to be thermally unstable
as their functional groups evaporate in the form of volatile molecules at
elevated temperatures.Fig. 7.

Remarkably, a peak appears in the 3434 em! wavelength and is
consistent in the raw PKS, as well as in the PKS-activated carbon when
compared with the commercially obtained activated carbon. This was
considered as a stretched vibration from hydroxyl ion (-OH) as a result
of absorbed moisture (Rashidi et al., 2020; Ang et al., 2020; Jitjamnong
et al., 2020; Abdullah et al., 2020) and hence responsible for the
biodegradability of the PKS (Alias et al., 2018). In addition, the FTIR
spectra for activated carbons from both PKS and commercial source had
four peaks each, therefore implying a comparable quality. Observed
differences between their peaks are often asserted to be due to the dif-
ferences in the nature of the raw material, processing method and
chemical configurations.
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Fig. 5. XRD Crystallinity analysis: (a) raw PKS (Bakar et al. 2019) (b) activated carbon from PKS (Abdullah et al. 2020).

Thermogravimetric analysis

The thermal behaviour of PKS shows that the agricultural waste
decomposes under heat in three stages due to its constituents. The first
stage occurs at an onset of 30 °C up until 140 °C with weight loss
attributed to vaporization of moisture content. The second stage is
initiated at 140 °C and lasts up to 435 °C with two distinct derivative
thermogravimetric (DTG) peaks. The first peak, T; = 298 °C marks the
onset of the decomposition of hemicellulose while the second peak, Ty =
340 °C indicates the degradation of cellulose. The third stage represents
the decomposition of lignin at T3 = 560 °C and its final oxidation into

biochar at T4 = 610 °C (Acevedo-Paez et al., 2019).

A summary of some physical and chemical properties of PKS is pre-
sented in Table 2. It is noteworthy that there are significant variations
between the reported values from different studies. Generally, it is not
unusual for plant grown from even the same species to differ signifi-
cantly in characteristics due to functional grading of plant tissues
(Momoh et al., 2022b). Other likely causes of the variation in the
properties may include differences in the methodology used to deter-
mine the properties. It is important therefore to investigate carefully
before adopting reported values available in literature.
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Table 1

Percentage chemical composition (by weight) of PKS from XRF analyses.
Compound  Hussain Ikubanni Edoziuno Samotu Range

et al. etal. (2020) et al. (2021) et al.
(2019) (2015)

SiO, 31.50 46.20 55.69 25.1 25-56
MgO 16.90 3.70 4.85 - 4-17
Al,03 16.50 2.30 9.43 7.6 7-17
CaO 10.60 15.10 11.21 12.3 10-15
P,0s 10.40 6.00 2.39 - 2-10
SO3 7.27 - 0.67 1.4 1-7
Cl 2.30 - - - NA
K0 1.75 21.20 9.71 15.0 1-21
Fe,03 1.40 3.20 3.32 12.3 1-12
MnO 0.83 0.60 0.72 0.74 0.6-0.8
Cry03 0.61 - 0.25 0.26 0.2-0.6
Na,O - 1.00 1.76 - 1-2
TiOy - 0.43 - 0.92 0.4-0.9
NiO - - - 0.2 NA
CuO - - - 1.4 NA
Yb,05 - - - 0.9 NA
LOI - 0.27 - - NA
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Fig. 6. FTIR spectra of (a) raw PKS (b) activated carbon from PKS (c) activated
carbon from a commercial ().
Source Rashidi et al. 2020
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Fig. 7. Thermogravimetric analysis of PKS (Ninduangdee et al. 2015).
Applications of PKS
Several studies have investigated the potentials of PKS as bio-

absorbents, biofuels, composite reinforcement, machining abrasives,
aggregates in construction, ceramic materials, oil refining as well as
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applications in biotechnology in the form of antibacteria, antifungi and
antioxidants. The following sections present areas where PKS and
associated derivatives have been utilized.

Removal of contaminants

Gas recovery

PKS possesses the highest yield potential for activated carbon
amongst the other waste biomass hence its conversion into activated
carbon. For instance, the study of Nyamful et al. (2020) used H3PO4 to
obtain activated carbon from PKS and coconut shell with a yield of 26.3
g and 22.9 g respectively. The PKS product possessed selectively higher
affinity for components of liquids and gases and has been widely applied
in industry as bioabsorbent. For example, to isolate and store hydrogen
from a gas stream, PKS-derived biochar was used as a dispersant in a
magnesium-based composite in Yeboah et al. (2020). The study reported
a 93 % hydrogen storage at an optimal weight fraction of 20 % of the
activated carbon. Furthermore, in the study of Shamsudin et al. (2019),
activated carbon derived from PKS was used to isolate hydrogen in
syngas leaving carbon dioxide residue which resulted in up to an 88.43
% recovery of hydrogen. Also, a binary mixture of PKS and petroleum
coke yielded up to 56 % (by weight) activated carbon with optimal
absorption of 2.40 mmol/g of carbon dioxide out of solution (Rashidi
and Yusup, 2021). The study of Affam (2020) used central composite
design to make biochar from traditional steam activation pyrolysis of
PKS and for the isolation of colour and the determination of chemical
oxygen demand. At optimal conditions of 725 °C and 90 min, 19.39 %
fixed carbon was produced while percentage removal of 61.15 % and
32.02 % for colour and chemical oxygen demand were recorded
respectively.

Treatment of phenol toxicity

The absorption of phenol during water treatment can been achieved
with PKS-based activated carbon precursor which provides a more
affordable and environmentally friendly alternative to commercially
available activated carbons. Phenol toxicity in wastewater is a major
cause of health issues such as kidney dysfunction, cancerous growths,
anaemia, and various nervous and mental disorders in humans (Hair-
uddin et al.,, 2019). Aremu et al. (2020) compared the wastewater
phenol detoxication between a commercial absorbent and PKS — based
activated carbon preparations. Their results showed that the two forms
of KOH - activated carbon: activated carbon from PKS and activated
carbon from PKS amended with silver nanoparticles had phenol removal
efficiencies of 85.64 % and 90.29 % respectively, thereby comparing
favourably with commercial absorbents with characteristic removal ef-
ficiency of 91.70 %. Fig. 8(a) presents 3D surface response plots of the
effects of time and temperature on biodiesel yield, while Fig. 8(b) shows
the effect of agitation and pH on phenol removal from wastewater.

Enhancement of used lubricants

In order to reuse lubricating oils, the study of Boadu et al. (2020)
harnessed the high adsorption capacity of PKS and coconut shell — based
activated carbon to isolate heavy metal contaminants in used oils. The
activated carbon made by soaking palm kernel and coconut shells in
K5CO3 and NaHCOg3 at 800 °C for 180 min were successfully used as
absorbents to reduce heavy metal contamination in used lubricating oils.

Enhancement of edible oils

Similar to the enhancement of used lubricants through PKS-based
activated carbon, organic pollutant and colour treatment of palm oil
mill effluent was conducted in the study of Jalani et al. (2016) using PKS
— based activated carbon in both batch and continuous methods. Find-
ings from the study showed that at a dosage of 15 % activated carbon
and at a treatment duration of 3 days, efficiencies of 75 % and 76 % were
achieved for organic pollutant and colour treatment respectively.
Interestingly, this application was reported to run up to 8 recycling times
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Table 2
Summary of some chemical and physical properties of PKS.
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Property Fuadi et al. Okoroigwe et al. Ninduangdee et al. Ikumapayi and Akinlabi Dagwa and Ibhadode Yacob et al.
(2012) (2014) (2015) (2018) (2008) (2013)
Chemical properties
Cellulose (%) 29.7 6.9 33.4 - - -
Hemicellulose 47.7 26.1 14.4 - - -
(%)
Lignin (%) 53.4 53.9 43.3 - - -
Ash (%) 1.1 8.7 4.7 - - -
Carbon (Wt%) 18.7 - 48.1 60.7 63.0 46.2
Oxygen (wt%) - - 34.1 38.0 36.0 45.1
Silicon (wt%) - - - 1.0 0.17 5.25
Aluminium (wt%) - - - 0.1 0.43 3.47
Potassium (wt%) - - - 0.1 0.17 -
Physical properties
Density (g/cm®) 1.53 0.74 - - 1.6 -
Moisture (%) 8.0 6.11 - - 11.2 -
Porosity (%) 3.9 28.0 - - 6.7 -

Yield (%)

B: Time (min)

A: Temp ()

80 sS

Percentage of removal (%)

Fig. 8. 3D plots of process parameters on (a) biodiesel yield (Quah et al. 2020) (b) phenol removal (Hairuddin et al. 2019).

before disposal of the activated carbon.

Treatment of wastewater

For wastewater treatment, Mehr et al. (2019), used PKS-based acti-
vated carbon to remove chromium (Cr6+) from wastewater. Activated
carbon made from calcined PKS was soaked in water containing dis-
solved equal amounts of KOH and NaOH before being heated and
filtered. The biochar was used under different conditions of quantity,
time and temperature to optimize its Cr®" absorption capacity. This
procedure is similar to the study of Baby et al. (2019) in isolating Gr®",
Pb2*, Cd*>" and Zn?" ions in solution. Results from both studies showed
that apart from the procedures being eco-friendly, the procedures
recorded a maximum adsorption capacity of 125 mg/g of Cr®" in Mehr
et al. (2019) while in Baby et al. (2019), adsorptions of 49.55 mg/g,
49.64 mg/g, 43.12 mg/g and 41.72 mg/g of Cr®*, Pb?*, Cd*" and zn*"
respectively were obtained. In another study by Baby and Hussein
(2020), phosphoric acid was used to stimulate PKS-based activated
carbon which was then used to treat water polluted with heavy metals.
Results from the study showed 80 % removal of Zn?>* and Cd*" and
complete removal of Cr®" and Pb%" from the contaminated water.
Similarly, Bakar et al. (2019) studied the performance of PKS (in a
quaternized state) as a fluorine ion absorbent with the use of the bio-
absorbent for both drinking water and wastewater treatment. Like-
wise, Fahmi et al. (2019) after obtaining activated carbon from low
temperature pyrolysis of PKS reported a high absorption capacity for the
bio-absorbent in removing methylene blue dye from its solution.

In the study of Prabu et al. (2020) activated carbon was obtained by

firstly impregnating PKS with zero-valent iron nanoparticle and then
used to remove cadmium (II) ions from a water environment. The
Langmuir saturation absorption capacity recorded in the study was up to
425 mg/g which indicates the potency of PKS for the removal of heavy
metal. Hayawin et al. (2020) derived a bioabsorbent system from PKS
for reducing the pollutant levels of palm oil mill effluent. The study
reported that the colour intensity, biological oxygen demand and
chemical oxygen demand in the palm oil mill effluent were further
reduced by 6.21 %, 3.52 % and 24.79 % respectively using the PKS-
based activated carbon.

Bioabsorbents produced from PKS using 3 M KOH and 10 wt% NaOH
as activating agents proved effective for the removal of oil and grease
from wastewater (Ramli and Ghazi, 2020) and in the removal of Cu®" as
a heavy metal contaminant from wastewater (Asnawi et al., 2019).
Similar studies report the use of PKS-based activated carbon to isolate
Zn?" ions and crystal violet from wastewater with absorption effi-
ciencies of up to 69.73 % of Zn?* ions and 86.4 % crystal violet
respectively (Jitjamnong et al., 2020; Kyi et al., 2020). In the study of
Hairuddin et al. (2019), magnetic PKS biochar was used to isolate up to
93.39 % of phenol from wastewater similar to the study of Law et al.
(2020) which used bioabsorbents from PKS and Kenaf to recover high
purity methane from stranded natural gas. In addition, the later study
demonstrated a 94.2 % recovery efficiency of 85 % pure methane from
the stranded gas.

Refining of ores
PKS was also used as the reducing agent in a carbothermic reduction
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supplemented with solar energized system to refine complex FeTiO3 ores
(Setiawan et al., 2020). Results show that the different heat procedures
offered different microstructural phases out of the ilmenite mineral ore
with complete reduction attained in 1 h at 1200 °C. Also, several studies
have used PKS under pyrometallurgical process to effectively recover
valuable metals from slags. For instance, the study of Alfariz et al.
(2020) used PKS charcoal complemented with 10 % NayCOs3 as coal
replacement to recover nickel and iron from nickel slag. At an optimum
condition of 15 % PKS charcoal exposed to 1000 °C in 60 min, 0.103 %
of nickel and 3.58 % of iron were recovered from the nickel slag. In a
similar study, Usman et al. (2020) beneficiated iron and nickel from
ferronickel slag using PKS charcoal. The study demonstrated that under
optimal conditions of 15 % PKS charcoal, 60 min time duration, tem-
perature of 1000 °C and in the presence of 10 % NaCl, a yield of 5.98 %
of iron and 0.153 % of nickel was practically feasible. Similarly, Nur-
arani et al. (2020), used PKS charcoal to recover valuable metals from a
nickel slag. With a reported optimum of 15 % PKS and 10 % NaySO4 at
1000 °C within 60 min, a recovery of 5.13 % and 0.126 % of iron and
nickel were achieved respectively. Furthermore, Suharto et al. (2020)
refined Mn3,SiO4 out of pyrolusite through reduction roasting method
with 25 % PKS charcoal. The study investigated the effect of increasing
temperature in the recovery of manganese from its ore with a maximum
recovery efficiency of 41.28 %.

Carbon molecular sieving of biofuels

Carbon molecular sieves (CMS) using PKS-based porous carbon has
been a developed technology in improving biogas performance with
regards to the separation of CO; from methane. In the study of Masruroh
et al. (2021), porous PKS-based CMS oxidized in HoO, and soaked in
different amines was used for the capture of CO, from biogas. The results
from the study show that the monoethanolamine impregnated PKS-
based CMS had the highest CO, chemisorption of 13.3 mg per gram of
biogas. In another CO,/CHjy4 separation study (Ariyanto et al., 2021), a
PKS-based CMS was impregnated with deep eutectic solvent enriched
with an ammonium salt and hydrogen bond donating alcohols similar to
the study of Prasetyo et al. (2020) with a CHy4 purity of more than 95 %
for both studies. In another study, Chin et al. (2020a) employed PKS-
based activated carbon to prepare Mn and Ce oxides catalysts for NOx
retrieval from diesel engine exhaust gas. A NOy scrubbing efficiency of
74 % at 140 °C was recorded for the Mn/PKS system.

BioGraphitization and battery manufacture

The use of PKS as a precursor to biographite production is a tech-
nology that is still underdeveloped. Catalyst impregnation of PKS-based
carbon prior to its heat treatment to achieve highly crystalline graphite
was studied by both Jabarullah et al. (2021) and Othman et al. (2021).
The results from their study show that a biographite of high crystallinity
and low defects with dygz spacing of 0.3351 nm was realized. This is
comparable with a dygy spacing of 0.3354 nm of pure graphite but lower
than the 0.344 for disordered carbon at 1000 °C and 1400 °C respec-
tively. Han et al. (2020) made heteroatom-doped permeable activated
carbon from PKS used in lithium-sulfur batteries.

Use of PKS in construction

Use in concrete

The construction industry has employed as either complete or partial
substitutes for binders or aggregates. Several studies have investigated
the suitability of PKS as a single substitute (Olanitori and Okusami,
2019; Azunna, 2019; Gibigaye et al., 2017; Yusuf et al., 2018; Oti et al.,
2017; Ngagoum et al., 2020), a combination with periwinkle shell
(Sulaiman and Olatunde, 2019; Ogundipe et al., 2021), sisal fibre (Ish-
aya et al., 2019), laterite (Fanijo et al., 2020) as well as in partial re-
placements of coarse and fine aggregates in concrete. The incorporation
of biomass such as PKS have been encouraged in recent times due to
increasing depletion of natural construction aggregate from the
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environment, hence attracting research attention.For example, the ban
on beach excavation of terrazzo chippings in India motivated the study
of Yalley (2018) which recommended the use of PKS as a fractional
substitute of terrazzo chippings in terrazzo floor finish. While the study
of Vasudevan and Subramaniam (2020) investigated the possibility of
partially replacing cement with PKS in lightweight geopolymer con-
crete, Razak et al. (2017), combined PKS and fly ash for the partial
replacement of the cement. The study of Adewole (2016), used pulver-
ized PKS in Portland cement to make lightweight masonry mortar for
wall construction instead of using river sand. The results from the study
demonstrated the suitability of crushed PKS as substitutes to river sand
in a bid to enhance affordability in construction while also reducing
exploitation of natural sand. Danso and Appiah-Agyei, (2021) investi-
gated the effect of different sizes of PKS when used to partially replace
coarse aggregate in concrete. Their findings showed that the mechanical
properties of the concrete were improved for PKS particle sizes greater
than 12 mm.

Odeyemi et al. (2021), used experimental data to formulate models
for predicting the depth of chloride ingress into PKS reinforced concrete.
Their results showed that PKS increased chloride ingress thereby causing
reduction in the compressive strength and an increase in corrosion
susceptibility. Furthermore, experimental assessment of porous light-
weight PKS concrete showed good performance as grouts (Adeyemi
et al.,, 2017) and as beams (Yusuf et al., 2018). The study also recom-
mended the use of PKS as viable construction material in producing
lightweight concrete for use in developing countries. PKS-concrete
generally possess densities in the lower band specified by the British
Standards for lightweight concrete, hence the recommendation of PKS
for lightweight concrete especially in low-cost housing. The use of PKS
as a construction aggregate or binder additive is also reported to reduce
dependence on limestone used to produce Portland cement thereby
reducing carbon emissions.

Use in road pavements

In the study of Olutaiwo and Nnoka (2016), PKS with particle size
between 4 and 8 mm were used to substitute 75 % and 100 % coarse
aggregates in asphalt concrete for light to heavy traffic roads. The
chemical additive used as modifier was zycotherm. Further studies on
the effects of particle size of PKS were carried out by Selvam et al.
(2020), in which PKS was used as a partial replacement of coarse
aggregate in asphalt concrete for low traffic roads. Results from the
study showed that the pulverized PKS is suitable for asphalt concrete at a
range of 10 — 15 mm particle size and at 5 % weight fraction. PKS and
PKS-based nanomaterial were used in the study of Gbadewole et al.
(2020) as partial replacement of coarse and fine aggregates in asphalt
concretes for highway pavements. Their results showed that 20 %
replacement of the coarse and filler aggregates with the PKS and PKS-
based nanomaterial offered an optimized air void volume sufficient for
bitumen permeation under traffic forces. Similarly, Apeh (2020), rec-
ommended 10 % and 50 % replacement of aggregates with PKS for
heavy and light traffic roads respectively. Also, Oyedepo et al. (2015),
used PKS derivatives as partial replacement of fine and coarse aggre-
gates in asphalt concrete. Their results showed that at 20 % re-
placements of asphalt aggregates, PKS and crushed PKS had stability
values of 2,860 kg and 1,033 kg respectively validating their suitability
in various categories of asphaltic concrete road pavements. Likewise,
Oyedepo and Olukanni (2015) used PKS and PWS as partial replacement
of coarse aggregates in asphalt concrete. Their results showed that 10 %
replacements of PKS, PWS and their combined state recorded Marshall
Stability values of 3.00 kN, 2.33 kN and 3.22 kN respectively and these
values are suitable for light traffic roads.

Use of PKS in soil stabilization

In the improvement of the geotechnical properties of laterite,
powdered PKS as well as PKS ash were successfully employed for soil
stabilization (Onyelowe and Maduabuchi, 2017; Okonkwo, 2019;
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Adeboje et al., 2017). Ayodele and Popoola, (2019) used a blend of PKS
and snail shell powder while Arifin and Rahman (2019) used a mixture
of PKS ash and cement to stabilize clay soil. In ceramics processing,
Kadir et al. (2017) used PKS as a partial replacement of clay component
in fired brick. Comparison between 1 and 10 % replacement of clay in
fired bricks using PKS, showed that 1 % PKS inclusion in the clay
formulation offered the highest compressive strength of 24.61 MPa
compared to 19.52 MPa of the control sample. In addition to other
appreciable physical properties like porosity and shrinkage of 16.32 %
and 0.93 % respectively, PKS inclusion in fired bricks served as both
waste recovery and improvement in bricks performance. In road con-
struction, Adeboje et al. (2017) used crushed PKS to stabilize the laterite
subgrade. Their results showed that the maximum dry density, soaked
California bearing ratio and unconfined compressive strength increased
from 1.76 to 1.94 kN/m?, 24 to 53 kN/m? and 46.69 to 127.08 kN/m?
respectively with corresponding increase in PKS inclusion in the soil
from O to 12.5 %. Also, the optimum moisture content was noticed to
decrease from 14.69 to 12.65 %, hence implying that PKS-stabilized
laterite is suitable for road construction.

Combustion and gasification for energy needs

Combustion

Pyrometallurgical distillation of PKS into bio-oil was carried out in
the study of Qarizada et al. (2019) in which PKS proved to be a value-
added feedstock with a bio-oil yield of 70 % by weight with a heating
value of 26 MJ/kg obtained at 120 °C. Similarly, the study of Sanjuan-
Acosta et al. (2021) proposed pyrolysis and organosolv as two pro-
spective superstructure optimization routes for PKS conversion to bio-
ethanol. Also, Sabzoi et al. (2016) extensively discussed the pyrolytic
conversion of PKS into solid char as a potential biofuel. They demon-
strated that PKS as a feed for char offers higher heating value and carbon
content. Also, Mbada et al. (2016) analyzed the heating values of
carbonized PKS which were found close to those of anthracite and
bituminous coals but higher than conventional lignin and peat. These
outcomes reveal the potentials of PKS as environmentally friendly sub-
stitute to fuels from fossil origin.

Pouya et al. (2016), efficiently produced aromatic hydrocarbons
using Fe/HBeta catalytic pyrolysis of palm kernel shell waste. Patrick
et al. (2020), compared the kinetics of catalytic and noncatalytic
breakdown of PKS. Their results show that the catalyst (H2SO4 treated
coal bottom ash), increased the rate of breakdown by reducing the
activation energy to between 145.7242 and 142.1033 kJ mol ! based on
the two kinetic models used. In another comparison, Tumsa et al.
(2019), compared burnout rate, efficiency and nitrogen dioxide emis-
sions of PKS combustion and bituminous coal at different oxidizing
conditions. Their results show that PKS combustion had a lower burnout
efficiency and 32.3 % less nitrogen monoxide emission than Sebuku
coal. Also, the PKS valorization exhibited an improved burnout rate as
well as 16.5 % less nitrogen monoxide emission under oxy-fuel than air-
fired condition. Also, Ahmad et al. (2020b), studied the thermal dehy-
dration of PKS using microwave radiation as a pretreatment. Optimum
results of the torrefied PKS were obtained at an optimal microwave
power and temperature of 450 W and 270 °C respectively. The influence
of reaction parameters like temperature, time, rate of agitation, pH of
the reaction medium was also studied.

The influence of duration and temperature on the anerobic decom-
position of PKS with respect to biochar yield was investigated in the
study of Hasan et al. (2019). A similar study by Dirgantara et al. (2020),
investigated energy yield instead. The optimal decomposition condi-
tions reported were at a temperature and time of 400 °C and 30 min
respectively with a biochar yield of 43.13 %. Similarly, (Hasan et al.,
2019) at 275 °C and 20 min obtained an energy yield of 87 %. However,
the yields reduced for both studies as the optimal conditions were
increased.
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Gasification

The environmental issues accruing from the rapidly depleting fossil
fuel has generated much attraction towards renewable energy sources
such as biofuels. PKS is among the agro-wastes that has demonstrated
huge potentials to solving the current energy problems in terms of both
economy and environmental sustainability. Key areas of eco-friendly
waste conversion are gasification and combustion of biomass. In the
study of Suheria and Kuprianov (2015), the fluidized bed combustion of
PKS co-fired with palm fruit bunch as a secondary fuel was carried out.
Combustion efficiency of up to 99 % was recorded with the incorpora-
tion of the secondary fuel thereby reducing the nitrogen monoxide
emission by 35 %. As a carbon-rich biomass, air gasification of PKS was
performed in the study of Dechapanya et al. (2020) to produce syngas. A
NiO/CaO catalyst supplemented with biochar from mangosteen and
durian peel residues was used to remove the tar produced which in turn
increased the syngas yield efficiency. Also, Rezk et al. (2019) used an
optimization algorithm to improve syngas yield from PKS. With speci-
fied optimal conditions of particle size, weight of coal bottom ash, CaO/
biomass ratio and temperature, a syngas yield of 65.44 % was obtained.

Several studies have validated computational modelling using data
from experimental results. For instance, Shahbaz et al. (2017) used
Aspen Plus® modelling tool to simulate syngas production during PKS
steam gasification with the simulation results in good agreement with
experimental outcomes. Also, the study of Acevedo-Paez et al. (2019),
used the same Aspen Plus® tool to model and simulate the PKS gasifi-
cation for making hydrogen. Results predicted a maximum yield of 109 g
Hy per kg of PKS at the least steam/biomass ratio at 950 °C. Their
findings with 0.135 mean square error against the benchmark of 0.282
demonstrates a good fit between the simulated prediction and the
experimental results. Furthermore, on the use of Aspen Plus®, Putro
et al. (2020) made syngas (carbon monoxide and hydrogen) from PKS
with their results forecasting 2.6-2.7 Nm® of syngas per kg of PKS.
Thoharudin et al. (2020) used computational fluid dynamics to inves-
tigate the pyrolysis of PKS. Both simulated and experimental thermal
breakdown in the fluidized bed reactor revealed that loading rate and
operating temperature are key determinants of tar yield with maximum
yield of 60.5 % at 500 °C.

Co-gasification

This is another means of waste conversion into useful energy where
two or more solid wastes are converted to a gaseous fuel. For instance,
good blends for co-gasification of PKS with other energy sources such as
PKS with bituminous coal for syngas (Thiagarajan et al., 2019), PKS with
Mukah Balingian coal for tar, biochar and gas production (Ahmad et al.,
2020a) and PKS with polystyrene (Basha and Sulaiman, 2020) have been
investigated. The blend ratio was a predominant factor in the study of
Thiagarajan et al. (2019) while fixed bed reactor pretreatment was the
focus in the study of Ahmad et al. (2020a). The impact of polystyrene
content was emphasized in the study of Basha and Sulaiman, (2020) for
the effective thermal conversion of feedstock into useful energy.

Catalytic production of biodiesel

In the study of Abdullah et al. (2020), activated carbon from PKS was
used as transesterification—esterification nanocatalysts for the conver-
sion of waste cooking oil to biodiesel. Similarly, Quah et al. (2020) used
same PKS biochar infused with Fe304 to obtain a magnetic and sulfo-
nated catalyst for transesterification of used cooking oil into biodiesel.
Comparatively, a maximum biodiesel yield and methanol-oil molar ratio
of 95 % and 12:1 respectively were obtained at 80 °C within 240 min
(Abdullah et al., 2020) while an optimum of 90.2 % biodiesel yield and
13:1 methanol-oil molar ratio at 65 °C in 102 min were reported in
another study (Quah et al., 2020). Kim et al. (2014) conducted a fluid-
ized bed catalytic pyrolysis of PKS with their results suggesting huge
potentials of oil for biodiesel and petrochemical refinery. In another
study (Farabi et al., 2019), sulphonated PKS and bamboo biomass were
used to synthesize biocatalysts for biodiesel production from palm fatty
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acid distillate. The biodiesel yield obtained by employing the PKS and
bamboo biomass catalysts were 95 % and 94.2 % respectively at 65 °C
and at a methanol-palm fatty acid distillate molar ratio of 15:1 within
60 min.

PKS as reinforcement in composites
Use in polymer composites

An area of numerous applications of PKS derivatives is as rein-
forcement for composites. The suitability of PKS as a reinforcement in
PKS-LDPE composite was investigated in the studies of Inegbedion et al.
(2021) and Nafu et al. (2020). Results investigating the effect of PKS
weight fraction in the study of Inegbedion et al. (2021), showed an
improvement of 76.06 % in stiffness, 55.07 % in ductility, 53.86 % in
tensile strength and 24.33 % in hardness at 50 %, 10 %, 40 % and 50 %
of PKS inclusion in the composite respectively. While studying the effect
of PKS particle sizes, Nafu et al. (2020), recorded maximum results in
compressive stress of 0.75 MPa, flexural stress of 0.44 MPa, density of
0.852 g/cm3, and stiffness of 1754 MPa at 1 mm, 5 mm, 3 mm and 5 mm
respectively. In the study of Husna et al. (2019), effect of weight fraction
of PKS as well as pre-treatment with sodium bicarbonate was investi-
gated using PKS as reinforcement in recycled high-density polyethylene
matrix. Optimal results showed that, 30 % PKS fraction increased the
stiffness by about 44.44 % and 22.22 % in the sodium bicarbonate
treated and untreated conditions respectively. However, the 10 % PKS
inclusion reduced the composite tensile strength by 13.04 % and 28.26
% in the treated and untreated conditions respectively.

PKS treated with 2 wt% of 3-aminopropyltriethoxysilane was
compared with the untreated samples and both were used as fillers in a
polypropylene matrix biocomposite in the studies of Lin et al. (2016)
and Omar et al. (2015). The treated PKS reinforcement showed superior
properties. For instance, in Lin et al. (2016), at 10 % PKS loading, the
tensile strength increased by 17.24 % and 3.45 % for the silane treated
and untreated PKS respectively with flexural strengths by 19.57 % and
15.22 % accordingly. However, reduced ductility and moisture resis-
tance were observed in all weight fractions studied. Similarly, in Omar
etal. (2015), though the inclusion of PKS into the composite reduced the
degree of crystallinity from 34.8 % to 31.7 %, yet silane treatment of the
PKS made a significant improvement in the thermal stability by up to
37.6 % crystallinity at almost the same melting point of about 163 °C.

Alias et al. (2018), made a biocomposite with PKS ash reinforced in a
polyvinyl alcohol matrix. Results showed that at 30 % weight fraction of
PKS in the composite, the stiffness increased from about 95 to 330 MPa
with about 21.62 % rise in biodegradability at 40 % PKS. However, at
10 % PKS reinforcement, the tensile strength decreased from 33 MPa to
11.5 MPa while the ductility dropped from 340 to 75 %. Sahari and
Maleque (2016), used PKS as a reinforcement in unsaturated polyester
matrix composite. Optimal weight fraction of PKS at 30 % displayed a
tensile modulus of 8.5 GPa showing 1.18 times higher than the unre-
inforced polymer). Valasek et al. (2019) used PKS to increase shear
strength in epoxy composite while Oladele et al. (2020), made a hybrid
of PKS-cassava peel particles as reinforcement in epoxy composite
leading to increased stiffness, higher flexural strength and improved
wear resistance. In the study of Habrova et al. (2020), PKS was used to
reduce the aging effect of epoxy resins products. The developed PKS-
epoxy composite had a tensile strength only about 3 % greater than
the unfilled epoxy resin material. This result demonstrates how the use
of PKS as an industrial waste can be used to achieve both composite
reinforcement as well as polymeric ageing recovery.

For polymeric composites used in building construction, Nicholas
et al. (2020) used H3PO4-activated carbon from PKS filled with n-octa-
decane to form a nanocomposite for thermal energy accumulation. Chin
et al. (2020b), produced a composite of activated carbon from PKS
impregnated with paraffin. This PKS activated carbon-paraffin com-
posite was further used to make concrete panels for thermal energy
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storage systems. Results showed that the composite had good thermal
delay, as well as chemical and phase change stabilities in service.
Likewise, Achukwu et al. (2015) used alkali treated PKS to reinforce an
epoxy composite resulting in improved mechanical properties and water
absorption.

Use of PKS in metal composites

In metal matrix composites, PKS ash was used as a composite rein-
forcement embedded in A345 alloy (Ezema and Aigbodion, 2020),
AA6063 (Edoziuno et al., 2020), Al-Mg-Si (Oyedeji et al., 2021) and Al-
7 %Si-0.3 %Mg (Ezema et al., 2020) matrices. The results presented by
Ezema and Aigbodion (2020a) demonstrated that incorporation of PKS
reinforcement in the composites improved its seawater corrosion resis-
tance with corrosion current densities of 1.35 x 10~° and 2.35 x 1073
A/cm? respectively (the higher the corrosion current density, the higher
the corrosion susceptibility). Also, in the study of Ezema et al. (2020),
optimum results were recorded at 30 °C with reported fatigue strengths
of 125 MPa and 146 MPa for the alloy and PKS reinforced composite
respectively. Also, the reported densities of 2.64, 2.62 and 2.55 g/cm® at
0, 2.5 and 15 wt% of PKS show how increasing PKS weight fraction
increases weightlessness of the PKS-A6063 composite. A similar study
reported increase in porosities of 1.50 %, 1.84 % and 3.81 % at 0, 2.5
and 15 wt% of PKS respectively in the PKS-A6063 composite (Edoziuno
et al., 2020). Similarly, Oyedeji et al. (2021) reinforced Al-Mg-Si using
PKS and recorded 37.4 %, 44.4 % and 252.03 % increments in impact
strength, hardness, and modulus of rupture respectively.

Other application of PKS
Abrasives for cutting and machining tools

Afolalu et al. (2018) developed a cutting tool from recycled steel
with the incorporation of PKS as the carbon replacement. The results
obtained demonstrated good hardness and wear endurance during
machining applications. The studies of Ishola et al. (2017) and Mgbe-
mena et al. (2014) separately used PKS as asbestos replacement in brake
pads with results demonstrating potential suitability. In their results, the
PKS brake pads had thermal decomposition temperature and wear rate
of 634.87 °C and 0.006 pm/minute respectively compared to the
583.57 °C and 0.004/minute of the commercial brake pads. This showed
that the PKS abrasive has better thermal stability but moderate wear
rate. Similarly, Sa’ad et al. (2021) used a combination of pulverized PKS
and coconut shell as abrasives. The abrasive was embedded in a poly-
ester resin matrix to make sandpaper. At a sieve size of 420 ym, 150 °C
and 120 g of PKS and coconut shell in the polyester matrix, the sand-
paper recorded wear rates of 1.88 and 2.22 mg/m respectively. The
composite demonstrated stable mechanical and physical properties
suitable for grinding and polishing purposes.

Oil and gas refinery

In the oil and gas industry, PKS was used in the study of Ayodele and
Adewale (2020) to solve loss circulation and stuck pipe problems during
drilling. The results recommended the exploitation of PKS as an alter-
native local and cost-effective additive to the imported loss circulation
materials. Also, Mamudu et al. (2021) used PKS to synthesize zeolite
through liquid phase molecular transport method. The spongy and
absorbent zeolite crystals were found suitable in fluid catalytic cracking
unit for petroleum refineries. In a similar application (Jun et al., 2020),
activated carbon from PKS was used to make zeolite-Fe/activated car-
bon and Fe/activated carbon systems for refining palm oil mill effluent.
Their results showed that the two absorbents were effective such that at
4 g/L of zeolite-Fe/activated carbon, 67.2 % COD and 83.1 % colour
were removed while Fe/activated carbon system removed 65.6 % COD
and 86.8 % colour at 5 g/L.
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Application of PKS in agriculture

In the enhancement of soil fertility, Dominguez et al. (2020), used
biochar from PKS infiltrated with NH4NO3 and KHyPO4 to improve crop
yield as well as climatic change control. Analysis on the leachate showed
that the PKS biochar was a superior release agent than the conventional
fertilizer release agent. In palm oil processing, Hidayu et al. (2019) used
ZnCl to stimulate activated carbon from PKS used to absorb B-carotene
from crude palm oil. Results showed 69 % removal efficiency of
B-carotene from the crude palm oil. In animal husbandry, feedstock was
made from PKS (Ohanaka et al., 2021). They made a good blend of PKS
with pig dung and bamboo chips to formulate activated charcoal rec-
ommended as livestock feed additive.

Carburization heat treatment

Salawu et al. (2019) used crushed PKS and eggshell in the ratio of 7:3
as a source of graphite during heat treatment of grey cast iron in a muffle
furnace. The carburization process at 900 °C produced protective layer
of graphite films on the cast iron which increased both the hardness
value and wear resistance of the resulting cast iron. Similarly, Umu-
nakwe et al. (2017) used PKS and coconut shell in their separate and
combined states as carburizers in heat treatment of low carbon steels. At
solutionizing and tempering temperatures of 950 °C and 450 °C
respectively, an ultimate tensile strength of about 1200 MPa and case
hardness of about 55 HRA were recorded at a carburizer ratio of 1:4 of
PKS and coconut shell.

Healthcare

To solve plaque and teeth discoloration, Syamsurizal et al. (2019)
compared the absorption capacity of a commercial charcoal to activated
carbon from PKS. Findings showed that the PKS derivative was twice
better even under pH changes. Similarly, Lestari et al. (2019), made a
powdered deodorant preparation from activated carbon from PKS for
sweat absorption. Results from this formulation showed that the PKS
powder was both high in storage stability and effectiveness for sweat
absorption from the skin than when compared with a conventional
deodorant roll-on.

Biotechnological applications of PKS

The biodegradable antibacterial, antifungal, antioxidant and anti-
inflammatory properties of PKS have been established due to its high
phenolic content when pyrolyzed (Sundalian et al., 2021). Practically,
several studies obtained pyroligneous acid from pyrolyzed PKS while
fumes from pyrolyzed PKS and empty fruit bunches were condensed into
liquid smoke in (Rabiu et al., 2020; Mahmud et al., 2019; Sulong et al.,
2020; Ni‘mah et al., 2019). Optimal conditions of 375 g PKS with 125 g
empty bunches had a yield of 266 ml of liquid smoke at 500 °C. Due to
the high phenol content of the fractionated pyroligneous acid or liqui-
fied smoke, the products were recommended as a fungicide, antioxidant,
and bactericide for nitric oxide inhibition and against odor development
in latex. Bio-oil from pyrolyzed PKS was studied in Chan et al. (2017)
through hydrothermal liquefaction of PKS between subcritical and su-
percritical water and yielded biofuel with higher heating values of up to
16 MJ/Kg. In bioimaging, the study of Ang et al. (2020) produced UV-
radiation-stimulated multicolor luminescent carbon nanoparticles
(known as carbon dots) by passing PKS through microwave irradiation.
Results showed that a carbon dot yield of up to 44 % was possible. This
highly affordable and available PKS as a raw material proved to be non-
toxic to bacterial cellular imaging and detection as well as removal of
heavy metals like Cu?" from contaminated media.
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Glass, drugs, and rubber vulcanizate production

In separate studies, reformed sol-gel technique was used to make up
to 54.35 % and 56.65 % silica nanoparticles from PKS ash (Imoisili et al.,
2019; Imoisili et al., 2020). These nanoparticles were recommended for
glass and drug manufacturing while solving waste disposal challenges.
For making rubber, Malomo et al. (2020) used H3PO4 and KOH in
chemical activation of carbon from PKS used in combination of carbon
black to make natural rubber vulcanizates. In a separate investigation,
Abbas et al. (2019) used 100 pm PKS biochar particles to reduce the tear
strength of the rubber vulcanizates.

Fashion design

In a way of diversifying the material base in costume jewelry, the
study of Quaye et al. (2016) exploited the affordable, available and
aesthetic features of PKS. This is an emerging potential area of utiliza-
tion of PKS which should be sought after.

Conclusion

The state of the art on the numerous applications of PKS as an
affordable and eco-friendly material has been discussed and presented.
Associated advantages such as carbon-neutrality, biodegradability,
affordability and availability of this agricultural waste was also dis-
cussed with the aim of drawing attention to its potentials at domestic
and industrial applications. Characterizations discussed included XRD
for crystallographic mineral composition of PKS, XRF aimed at identi-
fying the presence and abundance of resident elements, SEM for
morphological changes, FTIR for identifying resident functional groups
and TGA/DTA for thermal behaviour. Although there is significant
variation between the reported values from literature, it is not unusual
for plant parts even from the same species to differ significantly in
characteristics due to functional grading of tissues. It is therefore
important to investigate carefully before adopting reported values
available in literature. Overall, the findings reveal various properties of
PKS that favour its application as a bioabsorbent and detoxifier in
wastewater and gas streams, antibacteria, antifungi, antioxidants,
healthcare, fashion, glass manufacture, abrasives, syngas, biodiesel and
rubber vulcanization. Information from this review can be used by sci-
entists and policy makers in research and decision-making towards the
sourcing of renewable energy as well as the pursuit of sustainability.

Recommendation

It is recommended that PKS be further investigated for medical ap-
plications where their absorptive capacities to isolate toxins and undi-
gested minerals in the urinary, respiratory and circulatory systems can
be utilized. In jewelry-making and in skincare, continued effort in cos-
metics to utilize the absorptive potencies of activated carbon used in
clearing out toxins and clogged particles from skin pores is also
recommended.
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