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Abstract: This study presents a green 

synthesis approach for silicon oxide 

nanoparticles (SiONPs) using plantain peels, 

highlighting their structural and surface 

properties, potential applications, and 

environmental benefits. UV-Visible absorption 

spectroscopy revealed a peak absorption at 

341 nm, corresponding to a bandgap of 3.87 

eV, confirming the semiconductor nature of the 

synthesized SiONPs. The X-ray diffraction 

(XRD) analysis displayed a prominent peak at 

69.24°, indicative of high crystallinity and 

minimal amorphous content, with a calculated 

crystallite size of 0.23 nm based on Scherrer’s 

equation. Brunauer-Emmett-Teller (BET) 

surface area analysis showed a surface area of 

198.98 m²/g, exceeding literature values and 

suggesting enhanced adsorption properties. 

Additional analyses using Barrett-Joyner-

Halenda (BJH), Dubinin-Radushkevich (DR), 

and Density Functional Theory (DFT) models 

indicated a mesoporous structure with an 

average pore diameter of 5.5545 nm and a pore 

volume of 0.0371 cc/g, suitable for applications 

requiring high surface area-to-volume ratios. 

Compared to reported values for SiONPs 

synthesized by traditional methods, the SiONPs 

obtained from plantain peel demonstrate 

promising structural integrity and 

mesoporosity. This research emphasizes the 

feasibility of using agro-waste for nanoparticle 

synthesis, offering a sustainable alternative 

with potential applications in environmental 

remediation and catalytic processes. 
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1.0 Introduction 
 

In recent years, nanotechnology has seen 

remarkable advancements, particularly in the 

development and application of nanoparticles, 

which have revolutionized fields as diverse as 

electronics, catalysis, environmental science, 

agriculture, biomedicine, and energy storage. 

Nanoparticles, characterized by diameters 

between 1 and 100 nm, exhibit unique 

structural properties that enable their 

classification into microporous (0-2 nm), 

mesoporous (2-50 nm), and macroporous (50-

100 nm) categories, depending on their specific 

pore sizes (Eddy et al., 2021, 2022a,b); 2023a-

c; Weisany, et al., 2024). This fine structural 

tuning grants nanoparticles exceptional 

versatility and functionality, which make them 

highly suited for applications like drug delivery 

systems, sensors, and nanocomposites. 

Among these nanoparticles, silicon oxide 

(SiO₂) nanoparticles have gained significant 

interest due to their distinctive attributes, 

including a high surface-to-volume ratio, 
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porosity, excellent adsorption properties, 

stability, biocompatibility, and adaptable 

surface chemistry (Rastogi, et al., 2024; 

Vasilyeva et al., 2024). These characteristics 

facilitate their integration with various 

functional molecules, broadening their 

applications across numerous industries such 

as construction (refractory materials, high-

performance cement), coatings, agriculture 

(bio-fertilizers), and even cosmetics (Ghorbani 

et al., 2015; Kim and Lee, 2023; Yan et al., 

2024). Silicon dioxide, or silica, also stands out 

as a naturally abundant mineral, primarily 

found as amorphous silica in plant biomass 

(Anuar et al., 2018; Saha et al., 2024). 

Traditional methods for synthesizing silica 

nanoparticles—such as sol-gel processes, 

thermal decomposition, and high-temperature 

reactions—often rely on hazardous chemicals, 

consume considerable energy, and produce 

environmentally detrimental by-products like 

sodium sulfate and carbon dioxide (Elizondo-

Villarreal  et al., 2024;Khatoon et al., 2024; 

Mahawar et al., 2023). In response to these 

environmental concerns, research has 

increasingly focused on biosynthetic 

approaches that utilize renewable resources, 

including agricultural waste, as green 

alternatives. Agricultural residues such as rice 

husks, plantain peels, and sugar cane bagasse, 

which are typically discarded, have shown 

promising potential as sources for silica 

extraction, offering advantages in cost-

efficiency, abundance, and environmental 

sustainability (Shanmugavadivu et al., 2014; 

Corrales-Urea et al., 2020). 

This study seeks to harness the potential of 

sugar cane waste for synthesizing silicon oxide 

nanoparticles, a process that aligns with 

sustainable waste management and the shift 

towards green synthesis in nanotechnology. By 

transforming agricultural waste into valuable 

nanomaterials, this research contributes to both 

waste reduction and the provision of eco-

friendly raw materials for high-demand 

applications. 
 

2.0 Materials and Methods 

2.1 Materials 
 

Sugar cane biomass was collected as waste 

from local sugar cane vendors. Sulfuric acid 

(H₂SO₄), sodium hydroxide (NaOH), and other 

chemicals used in this study were of analytical 

grade, purchased from a reputable supplier, and 

used without further purification. Distilled 

water was used for washing and dilution 

throughout the study. 
 

2.2 Preparation of Sugar Cane Biomass 
 

The collected sugar cane biomass was 

thoroughly washed with distilled water to 

remove any adhering dirt and impurities. The 

washed biomass was then air-dried for 24 

hours, followed by drying in an oven at 60°C 

for 6 hours to remove moisture content. The 

dried biomass was subsequently ground into a 

fine powder using a mechanical grinder and 

sieved to obtain a uniform particle size. 
 

2.3 Extraction of Silicon from Sugar Cane 

Biomass 
 

The powdered sugar cane biomass was 

subjected to acid leaching to remove unwanted 

impurities. The biomass was treated with 2 M 

sulfuric acid (H₂SO₄) and stirred for 2 hours at 

80°C. The acid-treated sample was filtered and 

rinsed thoroughly with distilled water until 

neutral pH was achieved. After drying, the 

sample was subjected to calcination at 650°C 

for 4 hours to produce a high-purity silica 

(SiO₂) precursor. 
 

2.4 Synthesis of Silicon Oxide 

Nanoparticles (SiONPs) 
 

The silica precursor obtained from the calcined 

sugar cane biomass was further processed to 

synthesize silicon oxide nanoparticles. A 

solution of 1 M sodium hydroxide (NaOH) was 

prepared, and the calcined silica was added to 

it, followed by stirring at 90°C for 3 hours to 

form a sodium silicate solution. This solution 

was filtered and then titrated with 1 M sulfuric 

acid (H₂SO₄) to precipitate silicon oxide 

nanoparticles. The precipitate was collected, 
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washed, and dried at 100°C for 6 hours to 

obtain pure silicon oxide nanoparticles. 

 

2.5 Characterization of Silicon Oxide 

Nanoparticles 

The UV-visible absorption spectra of the 

silicon oxide nanoparticles were recorded 

using a UV-Visible spectrophotometer over a 

wavelength range of 200–800 nm. The sample 

was dispersed in distilled water and sonicated 

for 10 minutes to ensure uniform particle 

suspension. This analysis allowed for the 

determination of the optical properties, 

including the maximum absorbance (λ_max) 

and optical band gap. 

BET analysis was performed to determine the 

specific surface area, pore volume, and pore 

size distribution of the silicon oxide 

nanoparticles. Prior to the analysis, the sample 

was degassed at 150°C under vacuum to 

remove any adsorbed contaminants. Nitrogen 

gas was used as the adsorbate, and the BET 

surface area was calculated from the nitrogen 

adsorption-desorption isotherms. Pore size 

distribution and pore volume were also 

evaluated based on the isotherm data, 

providing insights into the porosity and 

adsorption properties of the synthesized 

nanoparticles. 

XRD analysis was conducted to determine the 

crystalline structure and phase purity of the 

synthesized silicon oxide nanoparticles. The 

powdered sample was scanned using an X-ray 

diffractometer with Cu-Kα radiation (λ = 

1.5406 Å) over a 2θ range of 10–80°. The 

diffractogram obtained was used to calculate 

the crystallite size using the Debye-Scherrer 

equation. Additionally, the analysis provided 

information on the phase and crystallinity of 

the silicon oxide nanoparticles. 
 

3.0 Results and Discussion 

3.1 Absorption Spectrum 
 

The UV visible absorption spectrum of the 

silicon oxide nanoparticles (SiONPs) 

synthesized from plantain peel is shown in 

Fig.1. The spectrum reveals maximum 

absorption within the ultra violet region, which 

corresponded to peak value of 341 nm. The 

observed absorption maxima for the SiONPs is 

in agreement with ranges of values reported in 

literature values such as 259 nm (Saravanan 

and Dubey, 2020; Nimah et al., 2023). Also, a 

xmax of 297 nm has also been reported by 

Biradar et al. (2021) for SiONPs and 485 nm 

by Intartaglia et al. (2012). 

The wavelength of maximum absorption is a 

significant parameter in identifying a 

compound and in the calculation of the band 

gap of the nanomaterial. The calculation of the 

bandgap can be achieved through the Planck’s 

or Tauc’s equations. For the synthesized 

SiONPs, the bandgap was evaluated using the 

Planck’s equation represented by equation1 

(Ogoko et al., 2023) 

𝐸𝐵𝐺 =  
ℎ𝑐

𝑚𝑎𝑥
          (1) 

where h is the Planck constant and c is the 

speed of light. The insertion of the numerical 

constants and 𝑚𝑎𝑥  into equation 4.1 led to the 

a value of 3.87 eV as the EBG. The observed 

band gap shows some significant improvement 

over some literature value such as 7.4 eV 

(Cañas  et al., 2024) but shows some agreement 

with the value of 3.6 eV reported by Guler et 

al. (2020) and Hussin et al. (2016). Also, a 

𝑚𝑎𝑥 of 235 nm has been reported for silicon 

oxide nanoparticles synthesized by sol gel 

method by Hussin, et al. (2016). The evaluated 

𝑚𝑎𝑥 suggest that the synthesized SiONPs is a 

semiconductor.  
 

2.2  XRD analysis 
 

The XRD spectrum of silicon oxide 

nanoparticles is shown in Fig. 2. The spectrum 

reveals an almost single peak at 69.24  while 

insignificant peaks were obtained at 47.84 and 

40.24 . The prominent peak at 69  is due to 

Si(100) or Si (400). The observed peak portrays 

a high degree of crystallinity with an almost 

zero amorphous character. Several peak 

locations have been observed for SiONPS. 

Daulay et al. (2022) observed absorption peaks 

at 28.38, 47.26, 56.08, and 69.08° for SiONPs, 
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etc. The observation of less noise also 

confirmed the crystallinity of the synthesized 

SiONPs (Odoemelam et al., 2023).   The 

crystallite size of the orange peel-based 

SiONPs  was evaluated using Scherrer’s 

equation which can  be written according to 

equation 4.1 (Eddy et al., 2023a-b),  

𝛽(𝜃) =  
𝑘

𝐿𝑐𝑜𝑠𝜃
    (2) 

where 𝜃  is the angle of diffraction, k is the  

Scherrer’s constant, (0.9)   is the wavelength 

of the Cu-K X-ray ( = 1.5406 𝑛𝑚)  and L is 

the full width at half maxima. The equation 

reveals that peak width due to crystalline size 

varies directly with the crystalline size and 

becomes broad as the crystalline size increases.  

 

 
Fig. 1: UV visible absorption spectrum  of SiONPs  derived from plantain peels 

  

 
Fig. 2: XRD spectrum of  SiONPs  synthesized from orange peels 

 

The origin software was used to evaluate the 

full width at half maximum through non-linear 

fitness of the peak function using the Gaussian 

function (with the model shown in Fig. 4.2) and 

the results obtained were  2θ = 69.24,  L = 

44.25 , and R2 = 0.9783, describing the fitness 

of the Gaussian curve with a  standard error of 

0.00123. The insertion of appropriate value 

into equation 4.2 indicated that the crystalline 

size of the CQDs is 0.23 nm. This value shows 

some merits in the expected performance of the 

SiONPs because the smaller the crystalline 

size, the better the efficiency of the SiONPs as 

nanoparticles (Yuan et al., 2018). The obtained 
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value for the crystallite size of the synthesized 

nanoparticles, therefore shows some 

advantages over some literature values such as 

20 nm (Abdul Ghani et al. 2017), 79 nm (Azib 

et al., 2021), 24.58 nm (Daulay et al., 2022) 
 

2.3 BET surface analysis 
 

The nitrogen absorption experiment was 

conducted to evaluate the pore volume, pore 

size and surface area of the nanoparticles 

through BET and DFT models. The Brunauer-

Emmett-Teller (BET) properties of the 

nanoparticles were also investigated through 

the Multi-BET adsorption plot (which is based 

on equation 3) shown in Fig. 3 (Eddy et al., 

2024a-c) 
1

𝑋[(𝑃0 𝑃⁄ )−1]
=  

1

𝑋𝑚
+  

𝐶−1

𝑋𝑚𝐶
(

𝑃

𝑃0
)  (3) 

The fitness of the multi-BET model is accepted 

when a plot of values of 
1

𝑋[(𝑃0 𝑃⁄ )−1]
  versus the 

relative pressure defined as (
𝑃

𝑃0
) is linear. 

Therefore, the slope and intercept should also 

be equal to 
𝐶−1

𝑋𝑚𝐶
  and 

1

𝑋𝑚
  respectively. In this 

model, X defines  the amount of N2 adsorbed at 

a pressure, P, 𝑋𝑚 represent monolayer 

adsorption capacity, P0 is the initial pressure, 

and C is a constant  that is proportional to the 

differences between the adsorption heat (𝑞𝑎𝑑𝑠) 

and the heat of condensation (𝑞𝑐𝑜𝑛𝑑)  that is, 

𝐶 = [𝑞𝑎𝑑𝑠 − 𝑞𝑐𝑜𝑛𝑑]/𝑅𝑇. 
From Fig. 3, the following values were 

obtained, namely, R2 = 0.9766, slope = 
𝐶−1

𝑋𝑚𝐶
=

13.9084 and intercept =  
1

𝑋𝑚
= 3.5987. Hence 

the monolayer adsorption capacity defined as 

the inverse of the intercept is 0.27788 m3. Also, 

from the value of the slope, the constant C was 

evaluated using the relation,  𝑠𝑙𝑜𝑝𝑒 ×  𝑋𝑚 =

 
𝐶−1

𝐶
 and we obtained a numerical value of 

4.5442, which means that [𝑞𝑎𝑑𝑠 − 𝑞𝑐𝑜𝑛𝑑] =
0.2587 𝐽. In a physical adsorption system, the 

value that expresses the differences between 

𝑞𝑎𝑑𝑠 𝑎𝑛𝑑 𝑞𝑐𝑜𝑛𝑑 represents the heat required to 

wet the surface before adsorption. 

 In this study, the approximate value of the heat 

required for surface wetting is evaluated as 3 

268.96 kJ, which is only possible at a very high 

pressure.  Also, the slope and intercept values 

were substituted to equation 4.4 to obtain the 

BET surface area (Eddy et al., 2022a).  

𝑀𝑢𝑙𝑡 − 𝐵𝐸𝑇 (𝑆𝐴) =  
1

1

𝑋𝑚
+ 

𝐶−1

𝑋𝑚𝐶

∗ 𝐴   (4) 

where A is the cross-sectional area. We 

obtained the numerical value of the surface area 

of the synthesized SiONPs as 198.98 m2/g , 

which is higher than some literature values 

(Table 1). The Langmuir surface area was 

however observed to be equal to 626.81 m2.  

The pore volume and pore diameter of the 

nanoparticles were also evaluated using 

different isotherms including Barrett Joyner 

Halenda (BJH), Dubinin Raduskevich (DR) 

and ensity functional theory model (DFT). 

The results obtained for the pore diameter, 

surface area, pore volume and surface area to 

volume ration are recorded in Table 2 for the 

different models. The nanoparticles displayed 

relatively large surface area to volume ration, 

which is one of the major characteristics of 

nanoparticles (Eddy et al., 2024c). The average 

particle size was measured as 3.31 nm, which 

is acceptable for mesoporous materials because 

the pore diameter is within the range, 2 to 50 

nm (Eddy et al.,2024d). particle size, the 

porosity of nanoparticles can generally be 

classified into microporous (particle size less 

than 2 nm), mesoporous (particle size between 

2 and 50 nm) and microporous (particle size 

between 50 and 100 nm) (Eddy et al., 2023c-

d). However, the average pore volume was 

0.0371 cc/g while the pore diameter was 

5.5545 nm. Some reported values concerning 

the particle size of SiONPs are presented in 

Table 2. From the presented data, the 

synthesized SiONPs have particle size that is 

uniquely mesoporous. Some reported values of 

particles for SiONPs are 15 nm (Meng et al., 

2020) and 27.77 nm (Daulay et al., 2022) 

 



Communication in Physical Sciences, 2024, 12(1): 026-037 31 

 

 

 
Fig. 3: Multi-Bet plot for SiONPs synthesized from sugar cane waste 

 

Table 1: Pore Properties of the Synthesised CaO Nanoparticles 

 

Model Surface 

area (m2/g) 

Pore volume 

(cc/g) 

Pore diameter 

(nm) 

Surface area 

: volume  

Multi-BET 198.90    

Langmuir 626.80    

BJH 247.10 0.1204 2.118 116.6667 

DR 2228.20 0.0811 5.1670 431.2367 

DFT 54.65 0.0648 2.6470 20.64601 

Table 2: Literature Values of Source of Synthesis, Characterization and Surface Properties 

of SiONPs 

 

Nanoparticles Method Synthetic 

condition 

Characteristics References 

SiO-NPS Sol gel method 

using Si(OC2H5)4 
650 C,  4 

hours, x = 58 

nm,  

FESEM, EDS Chang et al. 

(2014),  

 

SiO-NPS Sol gel method 

using Si(OC2H5)4 
700 C,  2 

hours, x = 79.68 

nm to 87.35 nm 

FE-SEM, particle 

size analyser 

Azlina et alI. 

(2016) 
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SiO-NPS Sol gel method 

using Si(OC2H5)4 
500 C,  1 hour, 

x = 193  nm, 

𝑥𝑚𝑎𝑥 =
259 𝑛𝑚 

UV-V, FTIR, 

DLS,  

Saravanan and 

Dubey (2020) 

SiO2-NPS Modified Sol gel 

method using HCl, 

NaOH and ashed 

plant wastes 

650 C,  2 

hours, X = 193 , 

d = 53 nm, 

𝑥𝑚𝑎𝑥 =
259 𝑛𝑚 

FTIR, XRD,  Nimah et al. 

(2023) 

SiO2-NPS Sequential method 

employing 

sonication to 

complete sol gel 

synthesis using 

Si(OC2H5)4, NH4OH 

as precursors 

Calcination at 

600 C,  2 

hours, x =  20 

nm, d = 27 nm 

UV-Vis, XRD, 

FTIR, TEM 

Rao et al. 

(2005) 

SiO2-NPS lyotropic liquid 

crystals formation 

method 

x= 4 nm, SA = 

587 m2/g, 

PHZC = 3.1,  

EDX, SEM, BET, 

PHZC 

Arce et al. 

(2015) 

SiO2-NPS Precipitation 

method using rice 

husk  

650 C , Purity 

= 95%, x = <100 

nm 

FESEM, XRF Zarei et al. 

(2021) 

SiO2-NPS Green synthesis 

using Rhus coriaria 

L. extract and 

sodium metasilicate 

d =18 nm, x = 

60 nm 

XRD, TGA/DSC, 

FTIR, UV Vis, 

DLS 

Rahimzadeh et 

al. (2022) 

SiO2-NPS Facile approach x = 67 nm XRD, TEM, SEM, 

FTIR, TGA/DSC 

Ismail et al. 

(2021) 

SiO2-NPS Ultrasound-assisted 

sol-gel method 

using TEOS, 

NH4OH and water 

d = 28 nm, x = 

48 nm, EBG = 

4.8 eV 

SEM, TEM, XRD Edriss and 

Adinehnia 

(2011) 

 

4.0   Conclusion 
 

This study successfully synthesized silicon 

oxide nanoparticles (SiONPs) from plant-based 

waste materials, specifically plantain peels, 

using green synthesis methods. The UV-visible 

absorption spectrum confirmed a maximum 

absorption peak at 341 nm, consistent with 

known values for silicon oxide nanoparticles, 

and a calculated bandgap of approximately 

3.87 eV, suggesting that the synthesized 

SiONPs exhibit semiconductor properties 

suitable for applications in electronic and 

optoelectronic devices. 

The XRD analysis revealed a prominent 

crystallinity peak at 69.24°, which aligns with 

the characteristic Si(100) or Si(400) 

crystallographic planes. The calculated 

crystallite size of 0.23 nm highlights the high 

degree of crystallinity and nanoscale structure 

of the SiONPs, offering advantages in potential 

catalytic and electronic applications. BET 

surface analysis determined a specific surface 

area of 198.98 m²/g, while additional models, 

including Langmuir, Barrett-Joyner-Halenda 

(BJH), Dubinin-Radushkevich (DR), and 

Density Functional Theory (DFT), supported a 
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mesoporous structure with an average pore 

diameter of 5.55 nm, consistent with desirable 

properties for adsorption-based applications 

such as pollutant removal. 

In view of the above findings and conclusion, 

the following recommendations are made,  

(i) Given the high surface area and 

mesoporous nature of the synthesized 

SiONPs, their use as adsorbents for 

heavy metal and organic pollutant 

removal from wastewater should be 

explored. This could have significant 

implications for reducing pollution 

from industrial effluents. 

(ii) Due to the bandgap energy observed, 

which positions the SiONPs as 

potential semiconductors, additional 

research into their photocatalytic 

behavior under UV and visible light 

could be beneficial. This could lead to 

applications in solar-driven 

photocatalysis for environmental 

cleanup and renewable energy 

generation. 

(iii)The semiconductor characteristics and 

nanostructure suggest that SiONPs 

could be further investigated for 

electronic applications, including in the 

fabrication of sensors, energy storage 

devices, and other nanotechnology-

based components. 

(iv) Further studies on optimizing synthesis 

conditions for larger-scale production 

and evaluating the economic feasibility 

of the process using low-cost, locally 

available plant waste materials should 

be considered, especially within 

Nigeria and other regions where 

agricultural waste is abundant. 
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