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ABSTRACT 

This study presents an eco-friendly synthesis of aluminium nanoparticles (AlNPs) using rice straw extract (Rs-

AlNPs) to address antimicrobial resistance. ATR-FTIR spectroscopy indicated the reduction and involvement of 

hydroxyl, alkane, overtone, and carbonyl groups in nanoparticle formation, evidenced by the disappearance of 

characteristic peaks. SEM analysis revealed Rs-AlNPs with an average diameter of 70-103 nm, predominantly 

spherical with slight agglomeration. EDX analysis confirmed aluminium as the predominant element (49.11%) 

with significant contributions from potassium (24.99%), magnesium (11.26%), and silicon (6.82%), consistent 

with rice straw composition. XRD analysis identified microcline (42%), enstatite (21%), quartz HP (16%), and 

osumilite (20%) as major crystalline phases, indicating a high aluminium content. Antimicrobial tests 

demonstrated dose-dependent efficacy against Staphylococcus aureus and Escherichia coli. For S. aureus, 

inhibition zones increased from 8.0 mm at 50 µg to 16.0 mm at 100 µg, while for E. coli, zones increased from 

2.0 mm at 25 µg to 14.8 mm at 100 µg. These findings underscore the potential of Rs-AlNPs as effective 

antimicrobial agents and highlight a sustainable approach to nanoparticle synthesis using agricultural waste, 

offering a viable solution to combat antimicrobial resistance. 

KEYWORDS: Aluminium nanoparticles (AlNPs), Rice straw extract, Antimicrobial resistance, Staphylococcus 

aureus, Escherichia coli, Sustainable nanotechnology, Agricultural waste utilization 

 

1.0 INTRODUCTION 

Recent advancements in the field of metal oxide nanoparticles (MONPs) have revolutionized their application in 

medicine, particularly in targeted drug delivery, imaging techniques, and antimicrobial treatments. These 

nanoparticles, ranging from 1 to 100 nanometers in size, possess unique physical and chemical properties due to 

their high surface area to volume ratio and quantum effects, making them highly reactive and suitable for diverse 

applications in medicine, electronics, and materials science (Krishnan & Shrestha, 2020; Sharma & Siskova, 
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2020). In medicine, MONPs are increasingly used as contrast agents in magnetic resonance imaging (MRI) to 

enhance image clarity and aid in early disease diagnosis. Moreover, they are integrated into wound dressings and 

coatings to prevent infections, leveraging their potent antimicrobial properties (Singh & Lillard Jr, 2009; Liu & 

Atwater, 2007). These advancements promise more effective and less invasive medical treatments. 

Aluminium nanoparticles (AlNPs), in particular, have emerged as effective antibacterial agents due to their high 

surface area to volume ratio, which enhances their interaction with bacterial cells. They generate reactive oxygen 

species (ROS) that damage bacterial cell walls and membranes, inhibiting bacterial growth and disrupting biofilm 

formation. This makes them invaluable in medical and industrial applications for preventing bacterial 

contamination (Pal & Tak, 2007; Rai & Yadav, 2009). Recent innovations in the green synthesis of aluminium 

oxide and aluminium nanoparticles using plant extracts have garnered attention for their eco-friendly nature and 

potential biomedical applications. Various plant extracts, such as Aloe vera, green tea, neem leaf, and turmeric 

rhizome, have been utilized as reducing agents and stabilizers in the synthesis process, resulting in nanoparticles 

with controlled sizes and enhanced antimicrobial and antioxidant properties (Rajeswari & Jayalakshmi, 2016; 

Pandey & Goswami, 2018; Arora, Sharma, & Jyoti, 2019; Hemmati et al., 2020). For instance, Aloe vera extract 

has been successfully employed to reduce aluminium ions, leading to the synthesis of aluminium oxide 

nanoparticles with significant antimicrobial activity against pathogens like E. coli and S. aureus (Rajeswari & 

Jayalakshmi, 2016). Similarly, green tea extract has shown promise in producing aluminium nanoparticles with 

antioxidant properties suitable for biomedical applications (Hemmati et al., 2020). 

Aluminium nanoparticles demonstrate multifaceted properties in various biomedical applications. They enhance 

drug delivery in anticancer therapies, induce cytotoxicity in cancer cells, and exhibit antibacterial, anti-

inflammatory, antifungal, and tissue regeneration capabilities. These properties underscore their versatility in 

addressing diverse medical challenges (Jain, 2005; Oliveira & Andrade, 2020). Despite these advancements, there 

are significant environmental challenges associated with conventional agricultural practices, particularly the 

disposal of agricultural residues. These residues, comprising organic materials such as crop stalks, husks, and 

seeds, contribute to greenhouse gas emissions and environmental degradation when improperly managed (Smith 

OB, 1987). Agricultural residues are often burned indiscriminately, exacerbating air pollution and contributing to 

climate change through increased carbon emissions (Adeoye et al., 2011; Simonyan, & Fasina,2013; Oladipo et 

al., 2017; Mojisola, 2023) 

This practice not only harms the environment but also poses health risks due to the inhalation of toxic fumes. To 

mitigate these environmental impacts, researchers are exploring innovative approaches such as utilizing 

agricultural residues in the synthesis of nanoparticles. This approach aligns with the principles of green chemistry 

by reducing reliance on hazardous chemicals and energy-intensive processes, thus promoting sustainability 

(Pandey & Goswami, 2018). The use of agricultural residues, like rice straw, in nanoparticle synthesis presents 

an opportunity to convert waste into valuable materials. Research focusing on the synthesis of aluminium 

nanoparticles from rice straw extract under slightly acidic to neutral pH conditions aims to evaluate their 

antimicrobial efficacy against drug-resistant strains of bacteria. 

This study not only seeks to provide an eco-friendly and cost-effective approach to nanoparticle synthesis but also 

addresses the pressing issue of antimicrobial resistance. By leveraging underutilized agricultural residues, such as 
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rice straw, this research aims to develop nanoparticles with enhanced antimicrobial properties against pathogens 

like Staphylococcus aureus and Escherichia coli. The integration of green synthesis methods using plant extracts 

and agricultural residues underscores a shift towards sustainable practices in nanoparticle production, offering 

promising solutions to global health and environmental challenges. 

2.0 MATERIALS AND METHODS 

2.1 Materials 

The experimental materials included aluminium chloride AlCl3, Tetraoxosulphate (VI) Acid H2SO4, Mueller-

Hinton Agar (MHA), deionized water, an analytical balance, petri dishes, antimicrobial discs, S. aureus and E. 

coli isolates, a magnetic stirrer, a centrifuge (KA-1000), SEM-EDX equipment, NLNG, ATR-FTIR (Agilent Cary 

630 FTIR), UV-Vis (Agilent Cary 5000 UV-Vis-NIR spectrophotometer), an XRD machine, and an incubator. 

2.2 Sampling 

Rice straw was harvested from a fadama near Oil Village, Kaduna Refining and Petrochemical Company (KRPC). 

Analytical grade aluminium chloride and sulphuric acid were sourced from the Department of Chemistry 

Laboratory, Kaduna State University. Drug-resistant strains of Staphylococcus aureus and Escherichia coli were 

isolated and characterized at the Chemical Pathology, Haematology, and Microbiology Diagnostic Laboratory of 

Oxford Hospital, Makera, Kakuri, Kaduna State, Nigeria. 

 

2.3 Preparation of Precursor (AlCl₃) and Plant Extract 

Following the method by Mamman et al. (2024) with slight modifications, 3.33 g of aluminium chloride (AlCl₃) 

were accurately weighed and transferred to a 100 mL volumetric flask. Approximately 70 mL of deionized water 

was added, and the flask was capped and shaken vigorously until the aluminium chloride dissolved completely. 

Deionized water was then added to bring the volume to 100 mL, and the flask was labelled with the concentration 

(0.25 M AlCl₃). For the rice straw extract preparation, collected rice straw was cleaned of contaminants, rinsed 

under running tap water, and dried in an oven at 60°C for 24 hours. Once dry, it was ground into a fine powder, 

sieved for uniformity, and 20 g of the powder was mixed with 200 mL of deionized water in a 500 mL beaker. 

The mixture was heated to boiled for 30-60 minutes. After cooling it was then filtered, the extract was stored for 

use as a capping and stabilizing agent. 

 

2.4 Synthesis of AlCl₃ Nanoparticles 

To synthesize AlCl₃ nanoparticles, 70 mL of the prepared aluminium chloride solution was combined with 30 mL 

of the rice straw extract in a 250 mL beaker. The mixture was heated on a hot plate at 60-70°C with continuous 

stirring. Concentrated sulphuric acid (0.1 mL) was added dropwise until the pH reached 6.2, the solution colour 

changed from dark brown to light brown indicates nanoparticle formation. 

The mixture was left undisturbed for 24 hours to confirm nanoparticle stability. Green-synthesized rice straw-

aluminium nanoparticles (Rs-AlNPs) were separated via centrifugation, and the collected nanoparticles were dried 

in an oven at 45°C. The synthesized aluminium nanoparticles were characterized using various spectroscopic 

techniques: Fourier Transform Infrared Spectroscopy (FTIR): ATR-FTIR (Agilent Cary 630 FTIR) was utilized 

to analyse functional groups and chemical bonds. Scanning Electron Microscopy with Energy-Dispersive X-ray 

(SEM-EDX) was employed to examine nanoparticle morphology and elemental composition. X-ray Diffraction 
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(XRD) analysis was conducted to identify nanoparticle crystalline structure and phase purity. These 

characterization techniques provided comprehensive insights into the formation, morphology, and composition of 

aluminium nanoparticles synthesized using the green approach with rice straw extract. 

 

2.5 Characterization of Rs-AlNPs synthesized nanoparticles. 

The synthesis of green-synthesized Rs-AlNPs was characterized using advanced analytical techniques at the 

Multiuser Laboratory of the Chemistry Department, Faculty of Physical Sciences, Ahmadu Bello University, 

Zaria, Kaduna, Nigeria. 

For Fourier Transform Infrared Spectroscopy (FTIR) analysis, an Agilent ATR-FTIR instrument was utilized 

following calibration procedures. The instrument parameters included a sample scan of 30 and a background scan 

of 16, operating over a range from 4000 cm-1 to 650 cm-1 with a resolution set at 8. After placing a small amount 

of the sample onto the ATR crystal surface and ensuring direct contact, infrared spectra were collected. This 

method enabled the identification of functional groups within rice straw extracts and the synthesized 

nanoparticles, respectively (Yilleng et al., 2020; Mathew, 2023; Mamman et al., 2024). 

Scanning Electron Microscopy (SEM) was employed to examine Rs-AlNPs, the nanoparticle was dispersed on a 

suitable substrate. The SEM apparatus parameters, such as accelerating voltage, working distance, and beam 

current, were adjusted for optimal imaging. The electron beam was precisely aligned with the sample, and SEM 

images were captured to visualize the morphology and surface characteristics of the Rs-AlNPs (Mamman et al., 

2024). 

Energy Dispersive X-ray (EDX) analysis followed SEM imaging, where the EDX mode was activated with careful 

detector configuration. Regions of interest were designated on SEM images to facilitate element identification 

and quantification of their relative abundance. EDX spectra were analysed using specialized software to determine 

elemental composition. Results were correlated with SEM images to elucidate the elemental distribution on the 

surface of Rs-AlNPs (Mamman et al., 2024). 

X-ray Diffraction (XRD) analysis involved dispersing finely ground Rs-AlNPs in a suitable medium to create a 

thin film. This film was then placed on a sample holder, such as a glass slide or silicon wafer. The X-ray 

diffractometer was calibrated using a standard reference material with known crystal structure and lattice 

parameters. An appropriate wavelength and 2θ angle range of 0.00–70.0 were selected to analyse the Rs-AlNPs 

nanoparticles and determine their crystalline structure and phase composition. 

This comprehensive characterization using FTIR, SEM, EDX, and XRD techniques provided detailed insights 

into the properties and structure of the green-synthesized nanoparticles, contributing to the understanding of their 

potential applications in various fields. 

 

2.6 Antimicrobial Susceptibility Test of Rs-AlNPs on Bacteria Isolates 

Escherichia coli (isolated from urine) and Staphylococcus aureus (isolated from a high vaginal swab) 

were isolated, characterized, and identified. These bacterial strains were cultured using the Kirby-Bauer 

disk diffusion method on Mueller-Hinton Agar (MHA) (Mathew et al., 2023). To identify drug resistance 

in the bacteria isolates, high-profile positive/negative 10-tipped multiple susceptibility antibiotic discs 

containing various antibiotics were employed. The bacterial cultures that exhibited resistance to 

Amoxicillin, Septrin, Streptomycin, Ampiclox, and Chloramphenicol were selected for further testing. 
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These resistant strains were subsequently cultured to assess the antimicrobial activity of rice straw-

aluminum nanoparticles (Rs-AlNPs). Two concentrations of Rs-AlNPs, 25 µg and 50 µg, were prepared 

and tested against the resistant S. aureus strain. Four concentrations—25 µg, 50 µg, 75 µg, and 100 µg 

were prepared and tested against the resistant E. coli strain. The Zone of Inhibition (ZOI) was measured 

in millimeters according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) 

(Daniel et al., 2022), providing a quantitative measure of the antimicrobial efficacy of Rs-AlNPs against 

these drug-resistant bacterial strains. 

 

3. Results and discussions  
 

3.1 Synthesis of Aluminium Nanoparticles Using Rice Straw Extract 

The synthesis of aluminium nanoparticles (AlNPs) involved combining rice straw extract with an aluminium 

chloride (AlCl₃) solution and heating the mixture at 60-70°C for 10 minutes. Acidifying the mixture with 

concentrated sulphuric acid induced a colour change from dark brown to light brown as depicted in figure 1, 

indicating successful nanoparticle formation. This change results from the Surface Plasmon Resonance (SPR) 

phenomenon, where conduction electrons on the nanoparticle surface resonate with incident light, confirming the 

presence of nanoscale particles. Electrostatic interactions and hydrogen bonding between the capping and 

stabilizing agents in the rice straw extract and aluminium ions also drive the synthesis process. These interactions 

are essential for reducing aluminium ions to nanoparticles and preventing their agglomeration by stabilizing them 

in the solution. The transition from dark brown to light brown during synthesis is consistent with literature 

findings, suggesting the reduction process completes within 24 hours (Mamman et al., 2024). 

 

Figure 1. Colour changes in from precursor to aluminium nanoparticle synthesis 

 
Rice straw extract serves dual roles as a reducing agent, facilitating aluminium ion reduction, and as a stabilizing 

agent, maintaining nanoparticle stability and dispersity. The extract's natural compounds, such as flavonoids, 
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polyphenols, and proteins, not only reduce aluminium ions but also provide a protective capping layer around the 

nanoparticles, enhancing their stability and functionality. This green synthesis method aligns with sustainable 

chemistry principles, reducing the need for hazardous chemicals and energy-intensive processes typical of 

conventional nanoparticle synthesis. By utilizing rice straw, an agricultural waste product, this approach promotes 

environmental sustainability and resource efficiency, creating value from waste materials (Caroling et al., 2015, 

Yilleng et al., 2020; Mamman et al., 2024). 

3.2 ATR-FTIR spectroscopy of Rice Straw extract  

The synthesis of aluminium nanoparticles using rice straw extract (Rs-AlNPs) involves several changes in the 

ATR-FTIR spectra as shown in figure 2, the observable peak at 3,280.1 cm⁻¹ is generally attributed to O-H 

stretching vibrations, commonly found in alcohols and phenols, the peaks 2,922.2 cm⁻¹ and 2,855.1 cm⁻¹ 

correspond to C-H stretching vibrations in alkanes, 2,113.4 cm⁻¹ could be attributed to C≡C stretching, indicating 

the presence of alkynes. The peak at 1,997.9 cm⁻¹ is less common but might be due to overtone or combination 

bands, 1,736.9 cm⁻¹ and 1,710.8 cm⁻¹ are indicative of C=O stretching vibrations, typically found in carbonyl 

groups (esters, aldehydes, ketones). 1,636.3 cm⁻¹ corresponds to C=C stretching vibrations, suggesting the 

presence of alkenes or aromatic rings. The peak 1,513.3 cm⁻¹ can be attributed to N-O asymmetric stretching in 

nitro compounds, 1,457.4 cm⁻¹ and 1,420.1 cm⁻¹ are related to C-H bending vibrations in alkanes, 1,375.4 cm⁻¹ is 

associated with C-H bending in alkanes, 1,319.5 cm⁻¹ could be related to C-N stretching vibrations in amines 

while 1,230.0 cm⁻¹ corresponds to C-O stretching in alcohols, ethers, or esters and 1,028.7 cm⁻¹ is often attributed 

to C-O-C stretching in ethers. (Iravani, 2011; Ahmed et al., 2016).     

Figure 2. ATR-FTIR Spectra of Rice Straw Extract 

3.3 ATR-FTIR spectroscopy of Aluminium nanoparticles (Rs-AlNPs)  

The synthesis of aluminium nanoparticles using rice straw extract (Rs-AlNPs) involves several changes in the 

ATR-FTIR spectra as shown in figure 3 indicating the involvement of various functional groups in the reduction 

and stabilization of aluminium nanoparticles.  
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Figure 3. ATR-FTIR spectra of Aluminium nanoparticles (Rs-AlNPs) 

The peak 3,291.2 cm⁻¹ slightly shifted from 3,280.1 cm⁻¹, still corresponds to O-H stretching, indicating the 

presence of alcohols or phenols, 2,922.2 cm⁻¹ Unchanged, indicating the presence of C-H stretching in alkanes, 

2,102.2 cm⁻¹ slightly shifted from 2,113.4 cm⁻¹, suggests the continued presence of alkynes. The peak at 1,628.8 

cm⁻¹ slightly shifted from 1,636.3 cm⁻¹, indicates C=C stretching, implying alkenes or aromatic rings are still 

present, 1,513.3 cm⁻¹ Unchanged, indicating N-O asymmetric stretching in nitro compounds, 1,461.1 cm⁻¹ also 

Slightly shifted from 1,457.4 cm⁻¹, associated with C-H bending in alkanes, 1,367.9 cm⁻¹ Slightly shifted from 

1,375.4 cm⁻¹, associated with C-H bending. The peak at 1,319.5 cm⁻¹ remain Unchanged, indicating C-N 

stretching in amines. 1,233.7 cm⁻¹ Slightly shifted from 1,230.0 cm⁻¹, indicating C-O stretching in alcohols, ethers, 

or esters. The peak at 1,028.7 cm⁻¹ remain Unchanged, which corresponds to C-O-C stretching in ethers. (Sharma., 

et al. 2009; Thakkar et al. 2010; Mittal et al. 2013).  

The peak at 3,280.1 cm⁻¹ Missing, suggests the reduction of hydroxyl groups during nanoparticle synthesis, 

2,855.1 cm⁻¹ Missing, indicating the possible consumption of certain alkane groups, 1,997.9 cm⁻¹ Missing, could 

mean the disappearance of specific overtone or combination bands, the peaks at  1,736.9 cm⁻¹ and 1,710.8 cm⁻¹ 

Missing, could suggest the reduction or involvement of carbonyl groups (esters, aldehydes, ketones) in the 

formation of nanoparticles, while 1,420.1 cm⁻¹ Missing, indicates the possible involvement of C-H bending groups 

in the synthesis process. (Iravani, 2011; Ahmed et al., (2016).    The synthesis of Rs-AlNPs shows significant 

changes in the FTIR spectrum, indicating the involvement of various functional groups in the reduction and 

stabilization of aluminium nanoparticles. The disappearance of peaks related to O-H, C-H (alkanes), and carbonyl 

groups (C=O) suggests their participation in the reduction process, leading to the formation of Al nanoparticles. 

This is supported by the literature, where plant extracts rich in phenols, alcohols, and carbonyl compounds are 

known to act as reducing agents in nanoparticle synthesis. (Sharma et al., 2009; Thakkar et al., 2010; Mittal et 

al.; 2013).  For example, phenolic compounds (O-H stretching) can donate electrons to reduce metal ions, forming 

nanoparticles and resulting in the disappearance of the corresponding FTIR peaks. Similarly, carbonyl groups 
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(C=O stretching) can participate in the reduction process, as observed in various green synthesis methods for 

metal nanoparticles. (Iravani, 2011; Ahmed et al., 2016).     

3.4 Scanning Electron Microscope (SEM) Micrographs of Synthesized (Rs-AlNPs) 

The SEM analysis of aluminium nanoparticles synthesized using rice straw as shown in figure 4 shows that the 

particles have an average diameter ranging from 70 to 103 nm. The nanoparticles are predominantly spherical but 

exhibit a non-uniform distribution and slight agglomeration. These observations are consistent with findings in 

related studies and can be explained by several factors. The spherical shape of the aluminium nanoparticles is a 

common characteristic in biogenic synthesis. For instance, Judith et al. (2021) reported nearly spherical potassium 

nanoparticles synthesized from Sideroxylon capiri. Sheoran et al. (2021) and Ilham et al. (2022) also observed 

spherical potassium and copper nanoparticles synthesized using plant extracts. Alankrita et al. (2022) noted 

spherical silver nanoparticles synthesized with Polyalthia longifolia leaf extract. These studies suggest that plant 

extracts often lead to the formation of spherical nanoparticles due to the natural templating effect of organic 

molecules, which guide the nucleation and growth processes to form more energetically favourable spherical 

shapes. The non-uniform distribution and slight agglomeration of nanoparticles observed in the SEM images can 

be attributed to the variation in biological precursors. The heterogeneous nature of biological materials, such as 

rice straw, leads to variations in the concentration and distribution of reducing agents and stabilizing compounds. 

This results in a non-uniform nucleation and growth process, causing a broad size distribution and occasional 

agglomeration. The content of polyphenols and antioxidants in the biological precursor plays a crucial role in 

nanoparticle synthesis. High concentrations can lead to rapid reduction and stabilization of nanoparticles, 

potentially causing non-uniform distribution if the process is not well-controlled (Katka et al., 2010; Judith et al., 

2021). Judith et al. (2021) also noted non-uniform distribution in the synthesis of green potassium nanoparticles. 

Slight agglomeration is common when there is insufficient stabilization during the synthesis process. Biological 

extracts might not always provide consistent stabilizing agents, leading to partial agglomeration of the 

nanoparticles. This was similarly observed by Ilham et al. (2022) and Shweta et al. (2022) in their respective 

studies on the synthesis of nanoparticles using plant extracts. When comparing the particle sizes and shapes across 

different studies, some variations are noted due to differences in precursors and synthesis conditions. Aluminum 

nanoparticles in the current study ranged from 70 to 103 nm, were spherical, and had non-uniform distribution. 

Potassium nanoparticles synthesized by Judith et al. (2021) ranged from 360 to 200 nm and were spherical. 

Sheoran et al. (2021) reported potassium nanoparticles of 21 to 30 nm, also spherical. Ilham et al. (2022) found 

copper nanoparticles of 30 nm, spherical. Shweta et al. (2022) observed magnetite nanoparticles of 1 µm, with 

shape not specified. Alankrita et al. (2022) noted silver nanoparticles of less than 18 nm, spherical. These 

differences highlight that the specific type of plant extract, the particular polyphenols and antioxidants present, 

and the synthesis conditions (such as pH, temperature, and reaction time) significantly influence the final 

nanoparticle characteristics. 

https://doi.org/10.26434/chemrxiv-2024-07bbb ORCID: https://orcid.org/0000-0002-9269-9722 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2024-07bbb
https://orcid.org/0000-0002-9269-9722
https://creativecommons.org/licenses/by/4.0/


 

Figure 4. SEM and Energy Dispersive X-Ray (EDX) Analysis of Synthesized (Rs-AlNPs) 

3.5 Energy Dispersive X-Ray (EDX) Analysis of Synthesized (Rs-AlNPs) 

The Energy Dispersive X-ray (EDX) analysis of aluminium nanoparticles synthesized using rice straw as depicted 

in figure 4 indicates that aluminium (Al) is the predominant element, comprising 49.11% of the sample. 

Additionally, the analysis identified potassium (K), magnesium (Mg), silicon (Si), chlorine (Cl), sodium (Na), 

calcium (Ca), phosphorus (P), sulphur (S), iron (Fe), and titanium (Ti). The high aluminium content is expected, 

given that the synthesis process was specifically aimed at producing aluminium nanoparticles. The strong peak at 

1.4 keV is characteristic of aluminium, confirming its significant presence. The rice straw used in the process, 

which contains organic materials and silica, likely acts as a reducing agent and a support matrix for the aluminium 

nanoparticles. The aluminium precursor used in the synthesis is the primary source of the aluminium observed in 

the final product. The presence of other elements, such as potassium (24.99%), magnesium (11.26%), silicon 

(6.82%), and trace amounts of chlorine, sodium, calcium, phosphorus, and sulphur, can be linked to the natural 

composition of rice straw and the synthesis process. Rice straw is known to contain various inorganic elements. 

Potassium is abundant in rice straw and remains in the residue after synthesis. Magnesium is present in rice straw 

and may also derive from additives or impurities during synthesis. The high silica content of rice straw, often up 

to 10-15%, accounts for the presence of silicon in the EDX results (Caroling et al., 2015, Yilleng et al., 2020). 

Chlorine, sodium, calcium, phosphorus, and sulphur are typically found in the biomass and can be incorporated 

into the nanoparticles or remain as residuals from the straw. Similar results were reported by Judith et al. (2021) 

in the green synthesis of potassium nanoparticles from Sideroxylon capiri, which showed pure potassium at 9% 
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and peaks of chlorine (5.33%), carbon (70.21%), and oxygen (20.38%). In a study by Sheoran et al. (2021) on the 

biogenic synthesis of potassium nanoparticles used as growth promoters in wheat, potassium sulphate was used 

as the precursor, resulting in a substantial potassium content of 66.72%. This higher percentage, compared to the 

values reported by Judith et al. (2021) and the present study, can be attributed to the specific potassium precursor 

employed by Sheoran et al. (2021). 

3.6 XRD Analysis of Synthesized (Rs-AlNPs) 

The X-ray diffraction (XRD) analysis of the Rs-AlNPs, as shown in Figure 5, identifies prominent peaks at 

diffraction angles (2θ) of 20.395°, 27.928°, 29.852°, and 41.230°. The weight fractions (wt%) from the data are: 

Microcline (KAlSi3O8), a potassium aluminium silicate 42%, Enstatite (MgSiO3), a magnesium silicate 21%, 

Quartz HP (SiO2), High-pressure form of silicon dioxide 16%,  Osumilite ((K,Na)2(Fe,Mg)2(Al,Si)3O12) a complex 

aluminosilicate 20%, Lime (syn) (CaO) Calcium oxide 1.8%, Quartz (syn) (SiO2) a Synthetic silicon dioxide 

76.4%, Albite (NaAlSi3O8) a sodium aluminium silicate 8.33%, Orthoclase (KAlSi3O8) a potassium aluminium 

silicate, same as microcline but different crystal structure 14.9%, Muscovite (KAl2(AlSi3O10)(OH)2) a potassium 

aluminium silicate hydroxide 0.4%. Microcline, with a weight fraction of 42%, is the predominant phase in the 

sample. This high percentage of microcline is indicative of its substantial aluminium content, which aligns with 

the EDX analysis showing a high aluminium concentration (49.11%) and a strong peak at 1.4 keV. This suggests 

a significant presence of aluminium in the synthesized nanoparticles. 

The EDX analysis results, which identified aluminium as the major component, are consistent with the XRD 

findings, where aluminium-bearing minerals like microcline and orthoclase are significant. The strong EDX peak 

at 1.4 keV, characteristic of aluminium, supports the XRD results indicating that microcline (KAlSi3O8) and 

orthoclase (KAlSi3O8) are key constituents due to their aluminium content. A similar study by Kolawole et al. 

(2018) on the synthesis and characterization of cassava bark nanoparticles (CBNPs) using ball milling also 

identified the presence of compounds such as SiO2, CaCO3, Al2O3, Ca3SiO5, and KAlSi3O8. The detection of 

KAlSi3O8 (microcline/orthoclase) in their research corroborates the findings in this study, suggesting that 

aluminium-bearing silicates are common products in the synthesis of nanoparticles using plant-based materials. 
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Figure 5. XRD Analysis of Synthesized (Rs-AlNPs) 

 

3.7 Antimicrobial Susceptibility Test of Rs-AlNPs 

Table 1 and figure 6 presents the antibacterial activity of Rice Straw-Aluminium Nanoparticles (Rs-AlNPs) 

against Staphylococcus aureus and Escherichia coli at different concentrations, indicated by the diameter of the 

inhibition zones.  

Table 1.0. Inhibition Zones of Rs-AlNPs on S. Aureus and E. coli at different concentration 

Bacteria S. Aureus E. Coli 

Concentration 50 µg 100 µg 25 µg 50 µg 75 µg 100 µg 

Inhibition Zone 

Diameter 

8.0 mm 16.0 mm 2.0 mm 6.0 mm 11 mm 14.8 mm 
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For Staphylococcus aureus, at a concentration of 50 µg, the inhibition zone measures 8.0 mm, which significantly 

increases to 16.0 mm at a concentration of 100 µg. This indicates a substantial jump in antibacterial activity at 

higher concentrations. In the case of Escherichia coli, at a concentration of 25 µg, the inhibition zone is 2.0 mm. 

This increases to 6.0 mm at 50 µg, further to 11.0 mm at 75 µg, and reaches 14.8 mm at 100 µg. These results 

show a more gradual and consistent increase in antibacterial activity with rising concentrations of Rs-AlNPs. 

 

 

Figure 6. Antimicrobial disc of Rs-AlNPs on S. Aureus and E. coli 

Comparatively, E. coli demonstrates a more predictable and linear increase in inhibition zone diameter as the 

concentration of nanoparticles increases. In contrast, S. aureus exhibits intermediate susceptibility with a less 

predictable pattern of inhibition zone growth, particularly noting the significant increase between 50 µg and 100 

µg concentrations. Similar studies support these findings. Shrivastava et al. (2007) found that biosynthesized 

silver nanoparticles showed more pronounced antibacterial activity against E. coli than S. aureus, which is 

consistent with the observed larger and more consistent inhibition zones for E. coli. Ahmed et al. (2016) reported 

similar trends with biosynthesized gold nanoparticles, where E. coli was more susceptible than S. aureus. Ahamed 

et al. (2013) noted that biosynthesized copper oxide nanoparticles had greater antibacterial effects on E. coli than 

on S. aureus, suggesting structural differences in the cell walls of Gram-negative and Gram-positive bacteria as a 

possible reason. Raghupathi et al. (2011) observed that biosynthesized zinc oxide nanoparticles produced more 

significant inhibition zones in E. coli compared to S. aureus, reinforcing the pattern that E. coli, a Gram-negative 

bacterium, is generally more susceptible to nanoparticle-induced antibacterial activity compared to S. aureus, a 

Gram-positive bacterium. 

4.0 CONCLUSION 

The synthesis of aluminium nanoparticles (AlNPs) using rice straw extract offers a promising solution to 

antimicrobial resistance and sustainable nanomaterial production. This study has demonstrated the viability of 

using an eco-friendly and cost-effective method to produce AlNPs with potent antimicrobial properties by utilizing 

agricultural residues like rice straw. ATR-FTIR results showed significant changes in functional groups during 

Rs-AlNPs synthesis. Disappearance of peaks at 3,280.1 cm⁻¹, 2,855.1 cm⁻¹, 1,997.9 cm⁻¹, 1,736.9 cm⁻¹, 1,710.8 

cm⁻¹, and 1,420.1 cm⁻¹ indicates the reduction and involvement of hydroxyl, alkane, overtone, carbonyl, and C-
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H bending groups, respectively. These functional groups are crucial in the reduction and stabilization of 

aluminium nanoparticles. SEM micrographs revealed that the synthesized Rs-AlNPs are predominantly spherical 

with an average diameter of 70 to 103 nm. The particles exhibited non-uniform distribution and slight 

agglomeration, typical in green synthesis due to the variability of organic compounds in plant extracts. EDX 

analysis confirmed that aluminium is the predominant element in the nanoparticles, comprising 49.11% of the 

sample with a strong peak at 1.4 keV. Other elements present include potassium (24.99%), magnesium (11.26%), 

and silicon (6.82%), attributed to the natural composition of rice straw and its role in the synthesis process. XRD 

patterns identified several crystalline phases in Rs-AlNPs, with microcline (KAlSi3O8) being the most prominent 

at 42%. Other phases included enstatite (21%), quartz HP (16%), and osumilite (20%), aligning with EDX findings 

and supporting the substantial aluminium content in the nanoparticles. The antibacterial efficacy of Rs-AlNPs was 

significant and concentration-dependent. For Staphylococcus aureus, the inhibition zone increased from 8.0 mm 

at 50 µg to 16.0 mm at 100 µg, indicating heightened antibacterial activity at higher concentrations. For 

Escherichia coli, the inhibition zone grew from 2.0 mm at 25 µg to 14.8 mm at 100 µg, showing a predictable and 

linear increase in antimicrobial efficacy. 

This study underscores the potential of rice straw, an agricultural residue, as a valuable resource for the green 

synthesis of aluminium nanoparticles. The significant antimicrobial properties of Rs-AlNPs against both 

Staphylococcus aureus and Escherichia coli highlight their potential application in combating antibiotic-resistant 

pathogens. 
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