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Abstract

The increasing demand for sustainable aviation fuels has stimulated interest in the
development of low-cost and environmentally friendly catalysts derived from renewable waste
resources. This study investigates the synthesis and physicochemical characterization of
heterogeneous catalysts produced from two abundant agricultural waste materials, rice husk
and eggshell, for potential application in the catalytic upgrading of bio-oil to bio-kerosene.
Rice husk and eggshell samples were collected locally and subjected to a series of pre-
treatment processes, including washing, drying, grinding, and calcination, to produce silica
(5i02) and calcium oxide (CaO)-based catalysts, respectively. Comprehensive catalyst
characterization was carried out using Fourier Transform Infrared Spectroscopy (FTIR), X-
ray Fluorescence (XRF), X-ray Diffraction (XRD), Thermogravimetric Analysis (TGA), and
Brunauer-Emmett-Teller (BET) surface area analysis. BET results revealed that the rice
husk-derived catalyst possessed a specific surface area of 282.1 m? g™*, whereas the
eggshell-derived catalyst exhibited a significantly higher surface area of 726.2 m? g *. Both
catalysts displayed mesoporous pore structures, indicating favourable textural properties for
catalytic applications involving large organic molecules. FTIR analysis identified characteristic
absorption bands at approximately 3000 cm~*, 1050-1100 cm™*, and 2800-2950 cm™*,
corresponding to O-H stretching vibrations associated with adsorbed moisture, Si-O-Si
vibrations characteristic of silica, and C-H vibrations associated with calcium oxide-based
materials, respectively. XRF analysis confirmed the dominance of silica (86.6 wt.%) in the rice
husk catalyst and calcium oxide (89 wt.%) in the eggshell catalyst. XRD patterns revealed the
presence of both crystalline and amorphous phases, while TGA results demonstrated
excellent thermal stability for both catalysts beyond 500°C. The study therefore confirms
the successful synthesis of highly active and thermally stable heterogeneous catalysts from
rice husk and eggshell wastes, highlighting their potential application in the conversion and
upgrading of bio-oil into bio-kerosene and other sustainable biofuels.
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1.0 INTRODUCTION

Bio-kerosene (jet fuel) is a form of biofuel
that can serve as a direct substitute for
aviation kerosene from fossil fuels, and can be
produced by hydro-treating bio-oils from
plants, animal fats, or other forms of biomass
feed stocks (Ekpenkhio, 2024). Bio kerosene
possesses comparable fuel properties to the
conventional kerosene but offers a number of
ecofriendly benefits, including lower emission
of oxides of carbon, nitrogen, and sulfur (COx,
NOx and SOx), thereby, minimizing emissions
of greenhouse gases (Kumar et al, 2012;
Selvam et al., 2025).

Over the past years, catalytic upgrading of
bio-fuels has gain prominence among
researchers due to its potential fo improve
the quality, and yield of the bio-oil production
process. Catalyst plays an important role in
the different bio-fuel upgrading processes
such as hydro treating, cracking and trans-
esterification (Zhao et al., 2017; Kundu et al.,
2024).

The most widely used heterogeneous catalysts
in bio-oil upgrading are metals and their oxides
due to their high stability, activity, selectivity
and recyclable nature. Notable examples of
heterogeneous catalysts active metals and
support reportedly used for bio-fuel
upgrading includes Ni, Pd, Pt, Biochar, carbon
nanotubes etc (Nguyen et al., 2016; Cheng et
al., 2018; Carrasco et al., 2024). These
catalysts have been reported to improve the
yield of biodiesel from triglycerides, improve
quality of bio-oil, and increase fuel stability.
Several researches have explored the use of
different heterogeneous catalysts for bio-oil
upgrading, and these include supported
metals, metal oxides and zeolites (Wang et al.,
2012). These solid catalysts have been

reportedly used for hydrodeoxygenation,
trans-esterification and catalytic cracking
reactions. Metal oxides, such as ZnO, MgO,
and CaO have been extensively studied for
trans-esterification reactions. For example,
ZnO has been shown to have high catalyst
activity of over 90% for biodiesel production
from vegetable oils (Mazaheri et al., 2021;
Farouk et al., 2024).

Supported metal catalysts, such as Ni/SiOz,
Ni/biochar and Pd/C, have been used for
hydro-deoxygenation reactions. These
catalysts have shown significant
improvements with promising performance for
bio-oils upgrading in terms of yield and fuel
quality (Yusuf, 2024; Mudi et al., 2023). In
spite of the huge benefits offered by
heterogeneous catalysts in bio-fuel upgrading,
some impending challenges such as cost and
catalyst stability remain to be addressed.
Additional study is required to develop a more
effective and low-cost catalyst that can be
incorporated into the current processes and
infrastructure. The use of agricultural wastes
such as rice husk and egg shell of fer a cheaper
and renewable and environmentally friendly
alternative source of heterogeneous catalysts
for bio-oil upgrading due to their low cosft,

availability, and biodegradable nature.

Rice husk is considered a waste with high
resistance to decomposition and has a low
nutritional value to animals and also being
difficult to digest. Rice husks also have low
calorific value (3585 kcal kg™) and high ash
content when burnt (Ameri et al., 2019; Tsai
et al., 2025). The ash contains nearly 95%
silica and is an important renewable source of
silica. Inaddition, the ash contains potassium,
sodium, magnesium, calcium, iron, phosphorus
and much smaller quantities of other elements
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(Hamidu et al., 2025). The physical and
chemical characterization of the rice husk
plays a vital role in determining the feasible
process for effective utilization of rice husk
(Shen, 2017; Wazir et al, 2024). The
reactivity of rice husk ash is based on the
properties of amorphous silica and the porous
structure of ash (Ong et al, 2019).
Amorphous silica is obtained between
temperatures of 500-700°C (Kang, 2019) and
has a large specific area and the chaotic
formation of the structure is open with holes
in the network where electrical neutrality is
not satisfied. Crystalline silica structure is
formed by the repetition of a basic unit. The
structure of crystalline silica reduces the
surface area of RHA; thus, reduces its
reactivity (Leong, 2015).

Egg shells are useful in the preparation of
heterogeneous catalysts. Eggshell CaO is a
promising green catalyst in biofuel production
and has many bioactive compounds exhibiting
high economic benefits (Birol 2019).
Internationally, about 250,000 tons of
eggshell waste is released annually (Faridi and
Arabhosseini, 2018). Egg shells are
agricultural bio-waste materials that are
biodegradable, recyclable and biocompatible
(Pedavoah , 2018). It is mainly composed of
calcium carbonate (CaCO3), which accounts for
about 93.6% by weight, followed by calcium
triphosphate (0.8%), which accounts for about
10% of an egg. The main component of
eggshells is calcium carbonate, CaCOs, which
can be converted fo calcium oxide and carbon
dioxide when burnt. It is therefore an
excellent biomass resource for synthesizing
CaO catalyst (Faridi and Arabhosseini 2018;
Makareviciene et al., 2025). Egg shell CaO has
a specific surface area that is 1.54 times
higher than commercially available calcium

oxide (Bharti et al., 2019; Prayitno et al.,
2025). It has a large specific surface area
and high catalytic activities, making it an
efficient catalyst for the production of
biofuel with high vyields (Santos, 2019;
Prayitno et al., 2025). This research aim to
synthesis and characterize catalysts from
rice husk and egg for bio kerosene production.

2.0 MATERTIAL AND METHODS

The samples used in this research are rice
husk and egg shell. The rice husk and egg shell
were collected from a local rice mill factory
located at Gidan Dare, Sokoto North and Local
tea sellers (Mai Shayi), Usmanu Danfodiyo
University minimart, Sokoto respectively.
They were thoroughly washed and sun dried.

2.1 Catalyst preparation

The rice husk ash was prepared by open air
burning to get the rice husk ash. To prepare
the catalyst, silica from rice husk ash was
tfreated by impregnation and calcination
processes. The silica was mixed with 1M NaOH
solutions with ratio 1:10. The mixture was
heated at 100 °C for 1 h at a stirring speed of
350 rpm, filtered and dried at 110 °C. The
silica was then calcined at 500 °C for 2 hours
(Chia, 2022). CaO catalyst was prepared
through the process of calcining the egg shell.
The egg shell was washed thoroughly cleaned
using tap water followed by rinsing with
distilled water. The cleaned egg shell was
dried in a hot oven at 105°C for 24 hours. Once
dried, the egg shell was grinded into small
particles and calcined in a muffle furnace with
under air at 900°C for 2.5 hours (Odeh et al
2024). Both calcined rice husk and egg shell
were stored in an air tight container for later
use.
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2.2. Catalyst characterization
a) Fourier Transform-Infra-Red (FT-IR)
Analysis

The FT-IR analyses were carried out using the
Center for Advanced Science Research and
Analytical Services (CASRAS), Usmanu
Danfodiyo University, Sokoto using an agilent
Cary 630 FT-IR spectrometer with a base
system of a high infrared radiation emission.
The base is used in conjunction with 5-bounce
diamond ATR sampling accessories of internal
reflection element (IRE) crystal. The analysis
was carried out in the transmittance mode and
the signal collected within the range of 4000 -
650 cmwave humber. The sample scan was 32
while the background scan was also 32 and the
resolution was set at 4. The generation of
sample spectra was achieved through microla
software.

b) X-ray diffraction (XRD) and X-ray
fluorescence (XRF) analyses

The powdered X-ray Diffraction (PXRD)
analysis was carried out using the Rigaku
MiniFlex 66 equipped with the Rigaku
SmartLab Software Situated at Central
Advance  Science Laboratory  Complex
(CASLAC), Usmanu Danfodiyo University,
Sokoto. The measurement was done with Cu-
Ka radiation (40Kv, 15mA) using a Sc-70
detector recorded over 3 - 90° 2 range at a
speed of 10.00°/min. The basal spacing (d001)
values were also determined from XRD
patterns.  The X-ray fluorescence (XRF)
analyses were carried out using EDXRF
analyzer at Advance Science Central
Laboratory, Umaru Musa Yar'Adua University,
Katsina.

¢) Thermo-gravimetric analysis (TGA)
Thermo-gravimetric analysis is an analytical
technique in which weight loss of the sample is

measured with respect to time or
temperature. In this study, it was used to
examine the thermal stability of the rice husk
and egg shell catalysts. A PerkinElmer TGA
800 equipment was used to carry out thermo-
gravimetric analyses of the samples. About
175 mg of the catalyst was placed on the
zeroed sample pan, nitrogen flow switched on
and the sample loaded onto the furnace.
Thermo-gravimetric analysis was performed
on the catalysts under nitrogen atmosphere
(purity 99.9%) and the temperature ramped
from 25°C to 800°C at a rate of 10°C per
minute. During TGA analyses, sample weight
changes over the femperature range are
continuously recorded as the gaseous
products are removed.

d) Surface area and pore volume
determination

The surface area, pore width and pore volume
analyses of the prepared catalysts were
determined using Nz adsorption isotherms at
77.35K using Quantachrome Instrument
(Version 11.03). The samples were degassed
for 3 hours at 250°C in a vacuum. The surface
area was was determined using multiple point
Brunauer-Emmet-Teller (BET) method. The
pore volume and pore size were estimated
using Barrett-Joyner-Halenda (BJH) method
(Brame et al., 2016).

3.0 RESULTS AND DISCUSSION

3.1 Catalyst Characterization

There is a strong connection between the
structural  features of heterogeneous
catalysts and their catalytic performance.
This stage of catalyst development uses
physical and chemical methods to evaluate
important catalytic properties of the catalysts
and also provide a clear understanding of the
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relationship between catalyst structure and
its performance. The obtained calcined rice
husk and egg shell were analyzed using
Brunauer-Emmett-Teller (BET) surface areaq,
Thermo-gravimetric (TGA), X-ray
Fluorescence Spectroscopy (XRF), Fourier
Transform-infrared (FT-IR) spectroscopy and
X-ray diffraction (XRD) analyses.

3.1.1 Surface area, pore sizes and pore
volume

Three important properties of heterogeneous
catalysts are the catalyst surface area, pore
size and pore volume. The surface area, pore
volume and pore size of the calcined rice husk
and egg shell catalyst were determined using
N2 adsorption-desorption isotherms as shown
in Table 3.1.

Table 3.1 Surface area, Pore diameter and Pore Volume

Catalyst BET Surface area (m“/g) Pore Diameter (nm) Pore Volume (cc/g)

Rice husk 282.091 2.442 0.171
Egg shell 726.198 2.453 0.384
=  Egg shell
020 * Rice husk
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E _
Spoas-— -
“&
S ° m
E 0.10 - -
= . -
i - -
= 0.05 - =
@
Tt = | |
E | .= os
L
0.00 — - =» -»
1.6 118 210 2:4 2:6 2:8

Pore width (nm)

Figure 3.1: Pore size distribution of egg shell and rice husk catalysts

Table 3.1, revealed that the egg shell has a
high BET surface area of 726.2 m?/g, pore
volume of 0.4 cc/g, and a pore diameter of 2.5
nm. The high surface area observed in egg
shell catalyst suggests that the egg shell has
a well-developed microporous to mesoporous
sites (Figure 3.1) which provides it with the
catalytic potential to effectively catalyze

chemical reactions that requires a number of
catalytic active sites (Zdravkov, 2007; Laca,
2017). Rice husk catalyst showed a lower
surface area of 282.1 m?/g, pore diameter of
2.4 nm, and a pore volume of 0.2 cc/ g. Though,
rice husk has lower surface area, pore volume
and pore diameter, the catalyst demonstrates
a moderate surface area and porosity which
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can  favor adsorption and  catalytic
applications.

The pore size distribution of both egg shell
and husk falls  within
microporous (<2nm) and mesoporous (2nm-
50nm) pore diameter (Zdravkov, 2007)
(Figure 3.1) which can facilitate the diffusion
of reactants and products into and out of the
pores of the catalyst respectively during
chemical reaction (Peng et al, 2020). The BET
surface area, pore volume and pore diameter

obtained for the synthesized catalysts are in

rice catalysts

consistent with and in some cases surpasses
that of some previously reported catalysts for
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biokerosene production in literatures (Neuling
and Kaltschmitt, 2015; Al-Muttaqii et al.,
2019; Achinas et al., 2021).

3.1.2 Thermo-gravimetric and Differential
Analyses (TGA)
The thermal

catalysts was determined using TGA. This
involves hating the catalysts at a constant
The catalyst

stability of the prepared

rate of temperature rise.
response to temperature change in terms of
weight loss was studied as shown in Figure 3.2
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Figure 3.2: Thermo-gravimetric (TGA) and Differential Thermal Analysis (DTA) of a) Egg shell b) Rice Husk

The TGA profile (Figure 3.2) shows the
thermal decomposition pattern and stability
of the egg shell and rice husk catalysts. The
first thermal peaks for the catalysts occur
between 29°C - 250°C with initial weight loss
of 1-5% which could be attributed to loss of
adsorbed moisture.

A significant weight loss of about 91%
occurred between 250°C to 500°C in both the
rice husk and egg shell catalysts. This could
be attributed to the thermal decomposition of
calcium carbonate (CaCOs3) into calcium oxide
(Ca0) and carbon (iv) oxide (CO2) in egg shell

catalyst (Razali , 2022) as confirmed by the
XRF analyses in Table 3.1.

The prominent degradation (250°C-500°C) in
the thermal
decomposition of organic matter such as lignin,
cellulose, and hemicellulose. The silica content
of the rice husk also contributed to high
thermal stability in rice husk catalyst (Azmi,
2016). The two samples (egg shell and rice
husk) both shows stable peaks with no
significant weight loss beyond 500 °C,
indicating high stability of the samples at
higher temperatures >500 °C (Liou, 2004;

rice husk corresponds to
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Razali, 2022). Similar catalyst stability was
observed for some reported catalysts used
for biokerosene production (de Sausa et al.,
2021; de Medeiros et al., 2022)

3.3 X-Ray Fluorescence Spectroscopy

The mineral content and their percentage in
the egg shell and rice husk catalysts were
assessed  using  X-Ray  Fluorescence
Spectroscopy as shown in the Table 3.1.

Table 3.2 The mineral content in both egg shell and rice husk and their percentage

Sample Mineral content % Content
Egg shell CaO 89
Rice husk SiO2 86.6

Table 3.2 revealed the mineral content in both
rice husk and egg shell and their percentages.
The results showed that the egg shell is very
rich in calcium oxide (CaQ) with about 89%
CaO, obtained from the thermal
decomposition of calcium carbonate (CaCOs3)
which is in line with findings by Rohim (2014)
as confirmed by the TGA analysis (Figure 3.2).
The rice husk contained mainly SiOz of about
86 %, a thermally stable mineral and this is also
in agreement with findings by Adamu (2020).
Calcium oxide and SiO: based catalysts have

100 j —— Egg shell

Transmittance (%)
£ 8 8

Transmittance (%)

proven to be a reliable catalyst in bio-oil
upgrading reactions reactions for biodiesel
production in many literatures (Yi et al., 2019;
Yi et al., 2020; Kotsur, 2022)

3.4 Fourier

spectroscopy

Transform-infrared (FT-IR)

The calcined egg shell and rice husk were
analyzed using ft-ir to identify the absorption
bands of functional group present. Figure 3.3a
and 3.3b depict the ft-ir spectra of calcined
egg shell and rice husk samples.

Rice husk

[a]
82 é
80 - & 30 Mg
78 -| 20 - g
76 10]
74 T . ; ; : ‘ ‘ . T .
3000 2500 2000 1500 1000 3000 2500 2000 1500 1000

Wave number (cm™)

‘Wave number (%)

Figure 3.3: Fourier Transform-infrared (FT-IR) spectroscopy of a) Egg Shell catalyst and b) Rice
Husk catalyst.
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The f1-ir analyses of egg shell catalyst showed
a peak for C-H stretching vibration between
2850 cm™- 2920cm for lignin, cellulose, and
hemicellulose (Fig. 3.3a) (Haddad et al., 2021;
Mohadi, 2016). A weak peak observed at 3000
cm? can be attributed to protein or amide
group stretching vibration which indicate the
presence of protein in the egg shell membrane
(Fig. 3.3a) (Ajala 2018; Witoon, 2011). A
strong peak observed between 870 cm™ and
875 cm! was also observed and this is
associated with calcium oxide (CaO) from
calcium carbonate vibration (CaCO3) (Fig. 3.3a)
(Witoon, 2011) which is the main constituent
of egg shell as confirmed by the x-ray
fluorescence (XRF) analyses (89%) in Table
3.1

The Ft-ir analyses of rice husk catalyst
showed a broad peak around 3000 cm™! for O-
H stretching vibration of hydroxyl group from
adsorb water (Fig. 3.3b) (Carmona, 2013). A

C-H vibration was observed between 2800 cm-
1.2950 cmfrom residual organic matter and a
strong peak was also observed between 1050
cm® - 1100 cm! for Si-O-Si (Silica) (Fig. 3.3b)
(Armynah, 2018; Carmona, 2013) which is the
main constituent of rice husk as confirmed by
the x-ray fluorescence (XRF) analyses
(86.6%) in Table 3.1. The Fi-ir analyses of egg
shell confirm the presence of calcium oxide
(Ca0) with minimal organic matter (Fig 3.3a)
while that of rice husk indicate the presence
of a significant amount silica (SiO2) (Fig. 3.3b).

3.5 X-ray Diffraction Spectroscopy (XRD)
analyses

X-ray diffraction (XRD) is a rapid technique
primarily used fo examine the degree of
crystallization, which are the size,
composition and crystal structure of pure
Figure 3.4 shows the XRD
diffractogram of the calcined egg shell and

rice husk.

samples.
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Figure 3.4:X-ray Diffraction Spectroscopy (XRD) analyses
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The XRD analyses of egg shell showed a
diffraction peak of the crystalline phase
which is the main component of egg shell (Fig
3.4a). The main peaks were observed at 26
values of 32.2° (111), 37.4° (200), 53.9°
(22064.2° (311) and 67.4° (222), which are the
characteristic peaks of calcium oxide obtained
from the decomposition of calcium carbonate
at high temperature of 700 °C - 800 °C
(Naemchanthara, et al., 2008; Park et al.,
2007).

The XRD of the rice husk catalyst revealed a
broad peak at 26 value of 22° for amorphous
cellulose, peaks at 26 =20-25, and 26.6 are for
quartz (SiOz) (Park, 2007; Mijan, 2014). This
confirm that the rice husk catalyst mainly
contains amorphous SiOz. The XRD analyses of
the synthesized catalyst showed that the egg
shell is made of primarily calcium oxide as the
mineral phase while the rice husk catalyst is
made of mainly silica as the major component.
Both CaO and Silica have proven good
candidates for bio-oil upgrading reactions
reported in the literature (Yi et al., 2019;
Zhang et al., 2024; Bohme et al., 2025)

4.0 CONCLUSION

The conversion of agricultural waste such as
rice husk and egg shell into catalyst for bio-
kerosene production is a green strategy. The
present work was designed to synthesize and
characterize CaO and SiO:  based
heterogeneous catalyst from egg shell and rice
husk. The characterizations conducted on the
two catalysts reveal the feasibility of
transforming agricultural wastes into valuable
resources for green energy applications. Both
rice husk and egg shell exhibited favourable
chemical and structural properties vital for
bio-kerosene

catalytic  application  in

production.

The CaO catalyst derived from egg-shell
showed higher surface area, larger pore sizes,
and better thermal stability, making it very
suitable for hydrodeoxygenation and trans-
esterification reactions. On the other hand,
SiO2 catalyst derived from rice husk, have a
moderate surface area, amorphous structure,
and offers potential as both catalyst and
support material for bio-kerosene production.
XRD, XRF, and FT-IR analyses confirmed the
successful synthesis of calcium oxide (CaQO)
and Silica (SiO2) phases, while TGA confirmed
the catalysts stability at high temperatures,
indicating durability during catalytic reactions.

These research findings support the use of
low-cost renewable, agricultural wastes as
alternate source for active heterogeneous
catalyst development, contributing to green
and sustainable bio-fuel production and proper
waste management. The study offers a solid
foundation for future research on optimization
of catalyst synthesis parameters
(impregnation  method and  calcination
temperature) to enhance catalyst
performance. This work is also in line with the
on-going global fight against climate change,
promoting circular economy by reducing the
over-dependence on fossil fuel and the use of

expensive catalysts for bio-fuel production.
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