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Abstract: This study presents a preliminary
evaluation of maize comb waste as a precursor
for the synthesis of bio-silicon oxide
nanoparticles (SIONPs). Nanotechnology has
emerged as a promising field for various
applications, and SiO: nanoparticles have
garnered significant interest due to their
unique properties. However, conventional
synthesis methods often involve high energy
consumption and the use of toxic chemicals,
raising environmental concerns. In this
context, exploring eco-friendly precursors is
essential  for  sustainable  nanoparticle
synthesis. Maize comb waste, a readily
available agricultural byproduct rich in silica,
was investigated as a potential precursor for
SIONP synthesis. The study aimed to assess the
feasibility of utilizing this waste material to
produce SIONPs in a sustainable and
environmentally  friendly manner. The
synthesized SIONPs exhibited a wavelength of
maximum absorption at 310 nm, indicating
SIONPs in the ultraviolet range. X-ray
diffraction (XRD) analysis confirmed the
crystalline nature of the nanoparticles, with an
average crystallite size of 12.75 nm. The lattice
microstrain ranged from 0.0018 to 0.0048,
indicating slight variations across different
crystallographic planes. Porosity analysis
revealed an average porosity of 0.71%,
indicating microporous  characteristics
suitable for various applications. Remarkably,
the packing density of the synthesized SIONPs
was found to be 1, suggesting a densely packed
structure with minimal void space between
nanoparticles. The Brunauer-Emmett-Teller
(BET) analysis showed a surface area of
108.395 m?/g, pore volume of 569.30 m3, and
pore size of 2.88 nm. The nanoparticle

diameter calculated from BET parameters was
13.62 nm, indicating microporous
characteristics. The results demonstrate the
potential of maize comb waste as a sustainable
precursor for SIONP synthesis, offering
insights into green nanotechnology practices
and the utilization of renewable resources for
nanomaterial synthesis.
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1.0 Introduction

Nanotechnology has revolutionized various
fields by offering innovative solutions and
enhancing the performance of materials
through the manipulation of matter at the
nanoscale (Eddy et al., 2024a-b). Among the
diverse range of nanomaterials, silicon oxide
(Si0O2) nanoparticles have gained significant
attention due to their unique properties, such as
high surface area, chemical stability, and
biocompatibility (Eddy et al., 2023a-c; Garg et

al., 2022).. These attributes make SiO:
nanoparticles ideal for applications in
electronics, biomedicine, environmental

remediation, and catalysis (Murugan et al.,
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2020; Zhang et al., 2021). However, the
conventional methods of producing SiO-
nanoparticles often involve high energy
consumption, the wuse of expensive raw
materials, poor management of operation
conditions and the use of toxic chemicals,
raising concerns about their environmental
impact and sustainability (Kumar et al., 2019;
Garg et al., 2024).

In response to these challenges, there has been
a growing interest in exploring eco-friendly
and cost-effective alternatives for the synthesis
of SiO: nanoparticles. Agricultural waste, a
readily available and renewable resource is one
of the promising precursors for producing
various nanomaterials including silicon oxide
nanoparticles. Maize comb waste, in particular,
presents a potential candidate due to its high
silica content and abundance as a byproduct of
maize cultivation (Singh et al., 2022).
Consequently, the current study aims to
conduct a preliminary evaluation of the
suitability of maize comb waste as a precursor
for bio-silicon oxide nanoparticles, focusing on
its potential to provide a sustainable and
environmentally friendly source of SiO-.

The global demand for nanomaterials,
including SiO: nanoparticles, is rapidly
increasing, driven by advancements in
technology and the need for high-performance
materials. Traditional synthesis methods for
SiO2 nanoparticles, such as sol-gel processes
and chemical vapour deposition, are effective
but often associated with significant
environmental and economic costs (Kao et al.,
2014). These methods typically require
substantial energy inputs and involve
hazardous chemicals, which pose risks to both
human health and the environment.

In recent years, the utilization of agricultural
waste as a raw material for nanomaterial
production has gained momentum. This
approach not only addresses the issue of waste
management but also offers a sustainable
pathway for producing high-value materials.
Various studies have demonstrated the

e

feasibility of using agricultural residues, such
as rice husks, wheat straw, and sugarcane
bagasse, for synthesizing SiO: nanoparticles
(Ahmad et al., 2018; Li et al., 2021). Maize
comb waste, an underutilized byproduct of
maize harvesting, contains significant amounts
of'silica, making it a potential resource for SiO:
nanoparticle synthesis.

Maize (Zea mays L.) is one of the most widely
cultivated crops globally, with millions of tons
of maize comb waste generated annually.
Despite its high silica content, this biomass is
often discarded or used for low-value
applications, such as animal feed or fuel (Dube
et al., 2022). The valorization of maize comb
waste for producing SiO: nanoparticles not
only offers a sustainable solution for waste
management but also contributes to the circular
economy by converting agricultural residues
into valuable nanomaterials.

This study aims to evaluate the feasibility of
using maize comb waste as a precursor for SiO:
nanoparticles. By exploring the
physicochemical properties of the derived
nanoparticles and assessing their potential
applications, this research seeks to provide
insights into the viability of this sustainable
approach. The findings are expected to
contribute to the development of green
nanotechnology practices and promote the use
of renewable resources in nanomaterial
synthesis.

2.0  Materials and Methods

The precursor was collected freely from some
farmlands within the University of Nigeria,
Nsukka. Reagents used for the study were, 2
M analytical grade HCI, NaOH pellets and
distilled water. The silicon nanoparticles were
synthesised using the sol-gel method (Eddy et
al., 2024a) and characterized using UV
visible, XRD and BET.

3.0  Results and Discussion
The UV visible absorption spectrum of silicon

oxide nanoparticles (SIONPs) synthesized
from maize stalk is shown in Fig. 1. The
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spectrum indicates that the wavelength of
maximum absorption (A,,qx) by the silicon
oxide nanoparticles is 310 nm which indicates
that the nanoparticles absorb in the ultraviolet
range (Ogoko et al., 2023). Based on Planck’s
equation, the expected band gap of the SIONPs
can be evaluated using equation .1 (Eddy et al.,

2023d-f)
hc

Epg = M (1)

where h is the Planck constant and c is the
speed of light. The insertion of the numerical
constants and A,,4, INt0 equation 1 indicates
that the bandgap of the nanoparticles is equal to
4.2 eV. The observed Apqx Shows some
relative levels of agreement with values

Absorbance
W
=]

reported elsewhere. For example, A4, Of 235
nm has been reported for silicon oxide
nanoparticles synthesized by the sol-gel
method by Hussin, et al. (2016). Ap,qx Of 297
nm has also been reported by Biradar et al.
(2021) for SIONPs and 485 nm by Intartaglia
et al. (2012). The significance of the
wavelength of maximum absorption is that it is
a measure of the identity of the nanoparticles
and based on the comparative values to
literature reports, the synthesized materials a
SiONPs. The measure bandgap shows that the
material is a semiconductor and can be an
effective dopant and photocatalyst among other
applications
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Fig. 1: UV visible absorption spectrum of SIONPs synthesized from maize stalk

The X-ray diffraction spectrum of the
synthesized SIONPs is shown in Fig. 2 as a
plot of intensity against two times the angle of
diffraction. From the spectrum, the principal
peak was observed at 46.56 ° while the minor
peaks were observed at 30.48, 32.02, 35.56 and
38.32 °. According to Hodhod et al. (2019), a
broad XRD peak between 20 and 30 ° is
attributed to amorphous SiONPs while Abdul
Ghani et al. (2017) and Rahimzadeh et al.
(2022) observed an amorphous peak between
15 and 35 ° diffraction angle. On the other
hand, Daulay et al. (2022) observed absorption
peaks at 28.38, 47.26, 56.08, and 69.08°. The
peaks reflected those expected for crystalline
SIONPs. Therefore, a crystalline nature seems
to dominate the spectrum. Less noise was

e 2

e®

observed, which is unique for the XRD of
amorphous crystals (Odoemelam et al., 2023).
The spectrum obtained in the study shows a
unique match to that of crystalline SIONPs on
a reference model of on JCPDS Card No. 00—
026-1481.

The determination of crystallite size for the
nanoparticles was achieved through the
application of Scherrer’s equation(equation .1)
which is based on the fact that peak broadening
is proportional to the crystallite size (Eddy et
al., 2023f-qg).

DCryst (nm) = LcosO 2
where 6 is the angle of diffraction, k is the
Scherrer’s constant, (0.9) A is the wavelength
of the Cu-K X-ray (A = 1.5406 nm) and L is
the full width at half maxima.

kL
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Fig. 2: XRD spectrum of SiONPs synthesized from maize stalk

Average crystal parameters were evaluated
using origin statistical software, which
included L = 0.7096 nm and 26 = 29.36 °, that
is average crystalline size = 12.75 nm, and
suggest that the macrostrain, which is the
reciprocal of the crystallite size is 0.0784 nm™.
The observed value of crystallite size (Tabl 1)

compares favourably with the value of 20 nm
reported by Abdul Ghani et al. (2017).
Crystallite size as large as 79 nm has been
reported by Azib et al., (2021) and could have
been probably due to agglomeration.
Therefore, the synthesized SiONPs are
crystalline and have relatively low crystalline
size.

Table 1: Diffraction parameters for silicon oxide nanoparticles

20 Area  FWHM D, (nm) g Miller  Phase
indices
29.96 1568 0.2925 28.11 0.004768 (111) Cubic phase
31.67 2452 0.2436  33.89 0.003748 (110) Alpha cubic or beta
cubic phase
45.24 1941 0.2952 29.15 0.003094 (102) Monoclinic phase
46.40 27.20 0.1770 48.83 0.001805 (211) Cubic phase

The miller indices of the nanoparticles were
obtained by calculations and by comparing the
diffraction pattern with standards. The results
indicated results shown in Table 1 above.
Based on the provided Miller indices, all four
peaks correspond to different phases of silicon
oxide:. The diffraction at 20 = 29.96
°corresponds to the (111) Miller plane and
indicates the presence of a cubic phase of
silicon oxide, likely alpha-quartz or beta-
cristobalite. This peak is described by the Joint
Committee on Powder X-ray diffraction

AS
[

e
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standard (JCDPS) card number equal to 39-
1425. At the Miller plane equal to (110), the
observed peak suggests a different cubic phase,
possibly alpha-quartz or beta-cristobalite
(JCPDS= 39-1425) and was observed at 20 =
31.67 °. At 20 = 45.24°, the corresponding
plane describing the monoclinic phase of the
silicon oxide nanoparticles is (102) with
crystallite size equal to 29.15 nm while the
JCPDS matching card number is 29.0085. A
cubic phase was also observed at 26 = 29.96 °
showing a crystallite size of 48.83 nm and
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matching JCPDS card number = 39-1425. The
presence of minor peaks however shows that
the sample has some impurities, which could be
due to the presence of negligible concentrations
such as calcium and magnesium in the maize
comb sample.

The lattice microstrain was calculated using
the rearranged form of the Williamson-Hall

equation (equation 2)(Kelle et al., 2023).
__ FWHM kA

e=——+ (3)
4tan6 Dcryst
Microstrain indicates the presence of internal
stresses and lattice distortions, which may be
from sources, such as dislocations, grain
boundaries, vacancies, interstitials, and other
crystal defects (Eddy et al., 2023h). Typically,
higher microstrain values suggest a greater
degree of lattice distortion, which typically
indicates a higher density of defects and
internal stresses. The mechanical properties of
materials, such as hardness, strength, and
ductility can be influenced by the level of
microstrain. For example, materials with high
microstrain may have increased hardness and
strength  but reduced ductility. Also,
microstrain can affect the electronic, optical,
and thermal properties of materials. For
instance, strained silicon in semiconductor
devices can enhance carrier mobility and
improve  device performance. Finally,
microstrain is often considered alongside
crystallite size when analyzing materials.
While crystallite size affects peak broadening
in X-ray diffraction patterns, microstrain
contributes to additional peak broadening.
Based on the results obtained for the lattice
microstrain of the nanoparticles, which ranged
from 0.0018 to 0.0048, there is a slight
variation in  strain  across  different
crystallographic directions (reflected by the
Miller indices) within the nanoparticles. The
highest strain (0.004768) is observed in peak 1,
suggesting a greater distortion of the lattice in
that particular direction. All the values are
positive, indicating the presence of tensile
strain in the silicon oxide nanoparticles. A
tensile strain occurs when the lattice is

e
a
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stretched compared to its ideal configuration.
The  microstrain  values range  from
approximately 0.001805 to 0.004768. These
values indicate varying degrees of internal
stresses and lattice distortions across different
crystallographic planes in the silicon oxide
nanoparticles.

The Porosity of silicon nanoparticles can be
calculated in terms of the ratio of pore volume
to the total volume of the crystallite, which can
be related to the crystallite size according to the
following equation

. _ Vpore _ Dgrys
Porosity = —— 1-—- PR 4

In the above equation, we defined the ¢ as the
lattice micro parameter and Decrst as the
crystallite size of the silicon oxide
nanoparticles. The evaluated porosity for peaks
1, 2, 3 and 4 were 0.006256, 0.005996,
0.011723 and 0.004455 respectively. The
average porosity of the nanoparticles was
calculated as 0.007165 (corresponding to
0.71%). The average porosity of 71% falls
within the range of microporous materials
indicating that the silicon oxide nanoparticles
can be classified as microporous materials.
Microporous materials generally have porosity
levels ranging from 0.5 to 2%. This level of
porosity suggests the presence of small
nanopores within the material structure.
According to recent studies, microporous
materials with similar porosity levels have been
widely investigated for various applications
such as gas separation, catalysis, and drug
delivery due to their high surface area and
adsorption capacity (Li et al., 2020; Zhang et
al., 2021). These materials are known for their
ability to adsorb molecules and ions in their
nanopores, making them useful in several
fields. The findings align with research by L.i et
al. (2020), who studied microporous silicon
oxide nanoparticles synthesized via a similar
method and reported porosity levels within the
microporous range. Similarly, Zhang et al.
(2021) investigated the applications of
microporous  silica  nanoparticles and
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highlighted their potential in drug delivery
systems.

The packing density of the silicon oxide
nanoparticles was evaluated as the ratio of the
volume of silicon oxide nanoparticles to the
total volume of the materials as shown by
equation 5 below.

Packing density = 2bulk (5)

Ptheor
We obtained the packing density equivalent to

1, suggesting that the nanoparticles are closely
packed within the materials. A packing density
of 1 indicates an ideal, densely packed structure
with  minimal void space  between
nanoparticles. This parameter is significant for
maximizing material properties such as
strength, stability, and efficiency, making it
desirable for various advanced applications,
especially in areas where maximum material
density, uniformity and stability are required
such as high-performance ceramics, advanced
composites, nanoelectronics and catalysts.

11.0 —
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1 1[W(PolP)-1)]
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The Brunauer-Emmett-Teller (BET) equation
can be written according to equation 6 (Ebadi
et al., 2009)
1 1 C-1(P
X[(Po/P)-1] _ Xm Xm_C(P_O) ©)
A plot representing a multi-BET model is
accepted when an excellent linear fitness is

i 1
obtained from a plot of values of XPo/P)—T]

- . P
versus the relative pressure defined as (P—).
0

Therefore, the slope and intercept should also
be equal to ;—_Z and Xi respectively. In this

model, X defines the amount of N2 adsorbed at
a pressure, P, X,,represents the monolayer
adsorption capacity, Po is the initial pressure,
and C is a constant. The multi-BET plot for the
synthesized SIONPs is shown in Fig. 3. The
results obtained from the BET analysis for the
synthesized nanomaterials indicated the
following properties, BET surface area, pore
volume and pore size of 108.395 m?/g, 569.30
m?3 and 2.88 nm respectively.

T
0.25 0.30

P/P,

Fig. 3: Multi-BET plot for the synthesized SiONPs

The multiple point BET isotherm for the
nitrogen adsorption for the CaONP is shown in
Fig. 3. According to Wheeler’s equation, the
relationship between nanoparticle diameter,
pore volume and surface area can be written as
follows (Eddy et al., 2024b),

e

4xPore volume (m3/g)

dnp (nm) = BET surface area (m2/g) 7

The substitution of the evaluated parameters
into equation 7 gives the diameter of the
nanoparticles as 13.62 nm, compared to the
BET diameter of 2.08 nm indicating
microporous nanoparticles since the particle
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size is within the range of 0 to 2 nm nm (Eddy  size) for some silicon nanoparticles synthesised
et al., 2024f) from plant wastes and the results show that the
In Table 2, we present some analytical present work reveals some improvement
parameters (such as crystallite size and particle  compared with previous and recent studies.

Table 2: Literature values of the properties of silicon oxide nanoparticles from some plant
wastes

Plant Waste Source Particle Size Crystallite Size Surface Area Reference

(nm) (nm) (m?/g)

Bamboo Shoots 10-20 5-10 150-200 Lu etal. (2010)

Coffee Grounds 15-25 8-12 100-140 Zhang et al.
(2020)

Coconut Fibers 30-40 15-20 70-100 Abdullah et al.
(2019)

Coconut Shells 30-50 15-25 80-130 John et al. (2014)

Corn Cobs 20-30 12-15 150-180 Faria et al.
(2022)

Corn Stalks 10-20 5-10 200-250 Lietal. (2013)

Cotton Stalks 15-30 8-15 100-150 Lietal. (2014)

Eucalyptus Bark 20-30 12-15 100-130 Fernandes et al.
(2014)

Leucaena 10-20 5-10 220-270 Kumar et al.

Leucocephala Leaves (2019)

Mango Peels 25-35 15-20 110-150 Oladejo et al.
(2021)

Napier Grass 30-40 15-20 80-120 Rahman et al.
(2012) [

Orange Peels 20-40 10-20 80-120 Zhang et al.
(2012)

Orange Pulp 10-20 5-10 180-220 Singh et al.
(2018)

Palm Empty Fruit 40-50 20-25 60-80 Aziz et al. (2017)

Bunches

Palm Kernel Shells 40-50 20-25 50-80 Aziz & Abdullah
(2013)

Peanut Shells 20-30 10-15 120-160 Lietal. (2012)

Pine Needles 15-25 8-12 180-230 Zhu et al. (2008)

Rice Bran 25-35 15-20 130-170 Wang & Song
(2014)

Rice Straw Ash 50-70 20-30 40-60 Cui etal. (2011)

4. Conclusion synthesized  SiONPs  exhibit  promising

This study explores maize comb waste as a  properties for various applications, indicating
sustainable precursor for bio-silicon oxide the potential of agricultural waste as a valuable

nanoparticles  (SiONPs)  synthesis. The  resource for nanomaterial synthesis.
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Maize comb waste has been successfully
utilized to synthesize SIONPs with desirable
characteristics, including a crystalline
structure, microporous nature, and densely
packed arrangement. This approach offers a
sustainable solution for nanomaterial synthesis.

Based on the findings of the study, we present

the following recommendations,

(i) There is a need for further
characterization of the product using
other methods (TEM, FTIR, TGA) for
comprehensive nanoparticle
characterization.

(if) We also recommend the optimization
of synthesis to enhance SiONPs
properties and yield.

(iii) The investigation of the applications of
the SiONPs in biomedicine, catalysis
and environmental, industrial and other
sectors is recommended.

(iv)There is a need to evaluate scalability
and cost-effectiveness for potential
commercialization.
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