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Abstract 

Silver nanoparticles (AgNPs) were successfully produced through a green synthesis method involving 

the utilization of waste banana peel waste (BPW) extract. BPW has attracted considerable attention 

for its attributes as a straightforward, environmentally friendly, and non-toxic material. To facilitate 

this process, BPW powder was created by boiling, blending, and air-drying, serving as both  

a reducing and capping agent. The biosynthesized AgNPs underwent characterization via UV-visible 

spectroscopy, Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and Field 

Emission scanning electron microscopy (FE-SEM). Furthermore, antibacterial activity tests were 

conducted on cotton fabrics to optimize the process and assess its effectiveness. The results revealed 

a distinct absorption peak at 420 nm corresponding to AgNPs, a finding corroborated by FE-SEM 

and energy dispersive spectrometry (EDS). The application of AgNPs from BPW on fabrics exhibited 

outstanding antibacterial activity by inhibiting the growth of Staphylococcus aureus and Escherichia 

coli. Overall, the present findings support the use of BPW extraction as a cost-effective, 

environmentally friendly, and efficient approach for the green synthesis of AgNPs with promising 

antibacterial properties on fabrics. 
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Introduction 

Nanoscience, nanoengineering, and nanotechnology 

represent highly promising scientific areas with  

the potential to revolutionize applications on  

an incredible scale (Cuevas et al., 2017; Ferreira  

and Filipe, 2018). The unique properties of 

nanoparticles, like their small size, large surface 

area to surface volume ratio and optical, magnetic, 

chemical, and biomechanical properties, position 

them as candidates for novel applications in the 

textile field (Yetisen et al., 2016; Hemlata et al., 

2020). These applications include water and oil 

repellence (Bae et al., 2009; Synytska et al., 2011), 

UV blocking (Yang et al., 2004), antistatic 

properties (Zhang and Yang, 2009; Textor and 

Mahltig, 2010), and antibacterial effects (Yeo et al., 

2003), all well-documented. 

Traditional Thai textiles represent more than 

just fabric. They bring together cultural heritage, 

craftsmanship and symbols that have been passed 

down for centuries. This makes them highly 

valuable not only in Thailand but also around  

the world. Although traditional Thai textiles have 

many desirable qualities, there are areas where 

improvements can increase usability, sustainability 

and market attractiveness, especially integrating the 

use of antibacterial substances with traditional Thai 

textiles. Combining traditional craftsmanship with 

modern innovations in antibacterial technology, 

allows Thai textiles to continue to develop to meet 

the changing needs of consumers while preserving 

their cultural heritage and original identity. Silver 

nanoparticles (AgNPs), as noble metals, have 

received much attention in textile applications  

due to their multifunctional theranostic abilities 

(Behboodi et al., 2019; Hemlata et al., 2020). 

Moreover, it has been revealed that silver 

nanoparticles are non-toxic to the human body and 

highly effective against bacteria, viruses and other 

microorganisms at low concentrations without any 

adverse side effects (Kokila et al., 2015; Fahimirad 

et al., 2019). Green synthesis has been considered 

one of the promising approaches for the synthesis of 

silver nanoparticles because of its simple, one-step 

process, cost-effectiveness, biocompatibility, low 

toxicity, and environmentally friendly (Saratale  

et al., 2018; Khatami and Iravani, 2021; Samuel  

et al., 2022). Green nanoparticle synthesis methods 

use microorganisms, enzymes, fungi, plants, or 

plant extracts; therefore, it has been proposed as 

possible eco-friendly alternatives to chemical and 

physical methods. The synthesis of nanoparticles 

using plants can offer benefits to other green 

syntheses by eliminating the complicated processes 

of maintaining microbial culture (Dikshit et al.,  

 

 
2021; Ahmed et al., 2022). Many plants contain 

various bioactive compounds such as polyphenols, 

flavonoids, terpenoids, alkaloids, and proteins, 

which can be used as both reducing and capping 

agents during nanoparticle synthesis. It is an 

important component in the synthesis of silver 

nanoparticles. They play an important role in 

controlling the size, shape, stability, and 

functionality of nanoparticles. 

Bananas are among the most popular fruits, 

rich in nutrients (Goh et al., 2023). However, after 

consuming the pulp, banana peels are typically 

discarded as general waste, causing potential 

environmental problems. In Thailand, like the Bang 

Krathum district in Phitsanulok province, 

significant quantities of banana peel waste result 

from processing banana products, such as dried 

bananas, banana preserves, and banana chips. 

Banana peels contain numerous biopolymers, 

including cellulose, hemicellulose, lignin, and 

pectin. These biopolymers have the capability to act 

as ligands, coordinate with metal ions, and form 

metal nanoparticles (Das et al., 2017; Hameed et al., 

2019). Using banana peel waste as a reducing and 

capping agent may offer an economic and 

environmental way forward and provide an 

innovative way to repurpose fruit waste and achieve 

a zero-waste production system. 

In this work, green synthesis of AgNPs using 

banana peel waste extract was conducted, and the 

synthesized nanoparticles were characterized 

through UV-vis spectroscopy, Field Emission 

Scanning Electron Microscopes (FE-SEM) 

equipped with EDX, the X-ray diffraction (XRD), 

and Fourier transform infrared spectroscopy 

(FTIIR) analysis. Additionally, the study explored 

the textile application of the synthesized 

nanoparticles, specifically investigating their 

antibacterial activity. 

Materials and Methods 

Banana Peel Waste (BPW) Extract 

Banana (Musa paradisiaca) peel waste was 

collected from the Banana Bang Krathum state 

enterprise community. BPW was thoroughly 

washed with distilled water to eliminate surface dirt 

and adhering impurities and then cut them into small 

pieces. Subsequently, the small pieces of BPW were 

dried under sunlight conditions for three days. After 

the drying process, the BPW underwent milling and 

grinding to obtain powder form. A 100 g of BPW 

powder was mixed in 200 ml of distilled water and  
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subjected to boiling at 90oC for 30 min. The mixture 

was then filtered twice through Whatman No.1 filter 

paper. The resultant filtrate from BPW was stored at 

4oC and employed as a reducing agent. 

Synthesis of Silver Nanoparticles (AgNPs) using 

BPW 
In all experimental procedures, the silver 

source utilized was silver nitrate (AgNO3) 

purchased from RCI LabscanTM. 1 ml of BPW 

extract was added to the 100 ml of a 1 mM silver 

nitrate solution (Goh et al., 2023). The reaction 

mixture was incubated in the absence of light to 

avoid the photoactivation of AgNO3 under static 

conditions. To optimize the synthesis condition  

for producing the silver nanoparticles, the BPW 

concentrations were systematically varied, including 

1, 2, 3, and 4 ml. Moreover, the impact of pH  

was also investigated by adjusting the pH of  

the reaction mixtures to 4, 6, 8, and 12, respectively. 

All experiments were measured in triplicates. 

Centrifuge at 6,000 rpm was applied to separate the 

silver nanoparticles from the solution. The gained 

AgNPs were subsequently subjected to freeze-

drying, also known as lyophilization. This technique 

associates the elimination of water, which exists in 

the form of ice, from a material through sublimation 

under low-pressure (Nowak and Jakubczyk, 2020). 

Characterization of AgNPs 
The UV-visible spectra of silver nanoparticles 

were obtained based on wavelength variations using 

a UV-Vis spectrophotometer (Perkin Elmer 

LAMBDATM, Waltham, Massachusetts, USA).  

To understand the functional groups within the 

phytoconstituents responsible for the reduction and 

capping of AgNPs were examined using a Fourier 

Transform Infrared (FTIR) spectrophotometer 

(NicoletTM iSTM5 FT-IR spectrometer, Thermo 

Scientific, USA.) using the AgNPs powder. The 

scanning range of the FTIR spectrophotometer was 

covered from 4,000 to 400 cm−1 with a spectral 

resolution of 1 cm-1. To investigate the crystal 

structure and phase of AgNPs powder, the X-ray 

diffraction (XRD) characterization was performed 

on an X-ray diffractometer (XRD, Philip PW 

3040/60 X’Pert Pro, Eindhoven, Netherlands) using 

Cu Kα radiation over a 2θ range from 10° to 80° 

with a step size of 0.04° at a scanning speed of 

3°/min. Field Emission Scanning Electron 

Microscopes (FE-SEM) equipped with EDX were 

employed to determine the surface morphology, 

shape, size and atomic content of the silver 

nanoparticles. The AgNPs powder was mounted on 

a metal stub using a copper tape-style adhesive 

which increases conductivity. The microscope 

operated at 10 kV in high-vacuum (HV) mode with 

an ETD detector beam current set to 0.05 nA.  

The FESEM morphological examination at 50,000 

magnification was analyzed. 

Antibacterial Activity of Synthesized Silver 

Nanoparticles 
The antibacterial activity of AgNPs and BPW  

was evaluated against both Gram-negative and 

Gram-positive bacteria to provide a more 

comprehensive understanding of an antimicrobial 

agent’s effectiveness. Practically, a Gram-negative 

bacterium (Escherichia coli: E. coli) and a Gram-

positive bacterium (Staphylococcus aureus: S. aureus) 

were selected because of their significance as  

a common human pathogen. They involved with 

skin and soft tissue infections, as well as more 

severe conditions such as pneumonia, endocarditis, 

and sepsis (Mohamed et al., 2021). The qualitative 

evaluation of the antibacterial properties of the 

fabrics was subjected to the ATCC147 test standard, 

using the disc diffusion method (El-Aziz et al., 

2020; El-Bendary et al., 2021). For bacterial strains 

and culture conditions, E. coli and S. aureus were 

maintained on a nutrient agar medium (NAM)  

at 35°C for 24 h. Then, E. coli and S. aureus were 

prepared by taking a single colony from the stock 

bacterial culture with a loop and inoculating 20 ml 

of sterile nutrient broth (NB) in a 100 ml Erlenmeyer 

flask. The flask was then incubated in a shaking 

incubator at 120 rpm at 35°C for 24 h. The liquid 

cultures were diluted to obtain bacterial cell 

concentrations of approximately 1.5×108 colony-

forming units (CFU/mL) for an antibacterial test. 

The bacterial cell concentration matched McFarland 

standard No. 0.5 (Mohamed et al., 2021). Thai cotton 

fabrics uncoated and coated with AgNPs at different 

pH of 5 mm diameter were placed on a nutrient agar 

layer in a Petri-dish. The Petri-dish was kept in  

an incubator at 35°C for 24 h to determine inhibition 

zones. The growth of the tested microorganisms was 

limited to a circular area or clear zone around  

the fabrics which contained tested material. 

Results and Discussion 

UV-visible Spectroscopy Analysis 
The green synthesis of silver nanoparticles is 

an eco-friendly approach (Saratale et al., 2018; 

Khatami and Iravani, 2021; Samuel et al., 2022).  

It has been substantiated as efficient and 

environmentally friendly. This method can reduce 

generated waste and contribute to sustainable 

processes. At the time of the addition of the aqueous 

extract derived from banana peel waste to a silver 

nitrate solution, the color of the solution changed 

from yellow to reddish-brown during 45 min. 
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The phenomenon responsible for the color of 

nanoparticles is called surface plasmon resonance 

(SPR). When exposed to incident light, the 

collective oscillations of free electrons in the metal 

interact with the light field, generating surface 

plasmon resonances (Wen et al., 2020). These 

resonances lead to the absorption or emission of 

certain wavelengths of light, resulting in distinct 

colors observable to human vision. The frequency 

of surface plasmon resonance highly relies on  

the structure and size of the AgNPs. Therefore,  

the reduction of silver ions to nano size is the main 

cause of the color change of the solution.  

The exposure of BPW extract to AgNO3 solution 

indicated AgNP formation by color change over 

time. A possible reaction mechanism might be as 

follows. 
 

AgNO3 → Ag+ + NO3 (1) 

 

Ag+ + (bio-reducing agent) → Ag° → AgNPs (2) 

 

The color transition process of the solution was 

attributed to the reduction process of silver ion 

(Ag+) to Ag° nanoparticles, as Figure 1. 

To confirm the formation of silver 

nanoparticles and to explore their plasmonic 

resonance, UV-Vis spectroscopy was used to 

analyze the absorbance data. The validation of silver 

nanoparticle generation was assessed through  

the UV-Vis spectra ranging from wavelength 300-

800 nm. Silver nanoparticles showed a distinctive 

absorption peak at 420 nm because of the excitation 

of surface plasmon resonance (SPR), as shown in 

Figure 2(a) (Pérez-Marroquín et al., 2022). Our  

UV-Vis spectra data of silver nanoparticles is 

similar to the previous report (Ibrahim, 2015; Kokila 

et al., 2015). 

The effect of BPW concentration is illustrated 

in Figure 2(b). The reaction mixtures containing 1, 

2, 3, and 4 ml of BPW displayed a dark brown color. 

The SPR peaks showed a proportion increase in 

intensity, with the maximum peak intensity 

observed at a BPW content of 3 ml due to the 

formation of more AgNPs. Nevertheless, when  

the concentration is increased further, there is  

a decrease in the intensity of the SPR band, which 

can be explained by the interactions between  

the nanoparticles in the solution. At higher 

concentrations of BPW, there might be an increased 

chance of aggregation among the silver 

nanoparticles (AgNPs) formed. Aggregation leads 

to a broadening and weakening of the SPR peak. 

When nanoparticles aggregate, the collective 

 
 

Figure 1. Proposed mechanism of green synthesis of 

 silver nanoparticles from banana peel 

 waste 

 
 

Figure 2. Visual observations and UV-visible absorption 

 spectra of synthesized silver nanoparticles; 

 (a) BPW extract and the reaction mixtures 

 containing 100 ml of a 1 mM silver nitrate 

 solution, (b) synthesized silver nanoparticles 

 at various concentrations of BPW and (c) 

 synthesized silver nanoparticles at various 

 pH 
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oscillations of electrons are affected, causing  

a decrease in intensity. 

As Figure 2(c), the color and the intensity of 

the peaks were pH dependent. At pH 4, there was 

neither a change in color nor a characteristic peak 

(Figure 2(c)), tube and curve A). Varying shades  

of reddish-brown color was observed at pH values 

6-8 (Figure 2(c), tube and curve B, C). The 

maximum color intensity was obtained at pH 12 

(Figure 2(c), tube and curve D). Consistent with this 

previous observation by (Kokila et al., 2015) 

presented that no reaction occurred in acidic pH, 

while at alkaline pH, the rate of formation of AgNPs 

is high. The color changes observed in the pH range 

during the synthesis of silver nanoparticles can be 

attributed to differences in the dissociation constants 

(pKa) of the functional groups present in the 

relevant phytochemicals. The pKa values of 

functional groups define their ionization states in 

response to changes in pH (Brezoiu et al., 2020). 

 

X-ray Diffraction (XRD) Analysis 
The crystalline nature of AgNPs was further 

proved by X-ray diffraction (XRD) analysis.  

The XRD patterns of synthesized AgNPs are 

presented in Figure 3. Silver nanoparticles 

synthesized from BPW extract revealed Bragg 

Reflection peaks at 38.15, 44.48, 64.84, and 77.55 

within the 2θ range of 10-80 degrees. These peaks 

correspond to the lattice planes (111), (200), (220), 

and (311), respectively. These XRD pattern have  

a good agreement with the standard diffraction 

pattern of the Joint Committee on Powder 

Diffraction Standards (JCPDS) file No. 03-0921, 

indicating the pure crystalline nature of the 

synthesized silver nanoparticles. Particularly, the 

intensity of the peak corresponding to the (111) 

plane is higher than other planes, suggesting  

a predominant orientation along the (111) plane 

(Kokila et al., 2015). The XRD patterns shown in 

our study are consistent with previous findings 

(Kokila et al., 2015; Mickymaray, 2019; Ali et al., 

2023). Using the Scherrer equation, the average 

crystalline size of AgNPs was determined from the 

diffractogram to be 25 nm. 

 

FTIR Analysis 

To identify the main functional groups of 

banana peel waste potentially involved in the 

synthesis of AgNPs, FTIR measurements were 

carried on. Figure 4 illustrates the FTIR spectra of 

BPE before and after the reaction with silver nitrate. 

The vibrational bands at 3,343-3,287 cm-¹ are 

associated with inter and intra O-H stretching 

(Dubey et al., 2017; Khan et al., 2023). A small peak 

appears at 2,918 and 2,850 cm-1 (CH stretching 

vibration, specifically related to methyl groups  

(CH2 and CH3), and at 1,637 cm-1, indicating H-O-

H bending of absorbed water. Moreover, the peak 

located at 1,031 cm-1 corresponds to C-O-C 

pyranose ring stretching. During the synthesis of 

AgNPs, the slight shifts of peaks indicate the 

electrostatic interactions between the hydroxyl and 

ether groups of BPW and the Ag+. The absence of 

any band at around 1,387 cm-1 corresponding to 

nitrate in the BPW/AgNPs, confirms the removal of 

NO₃⁻ groups from the material (Khan et al., 2023). 

Banana peels mainly consist of pectin, cellulose and 

hemicelluloses, and the functional groups associated 

with these biopolymers as well as the proteinaceous 

matter, may play a role in reducing the silver salt to 

Ago. 

 

The Morphology Study 
The morphology of the silver nanoparticles 

(AgNPs) synthesized through the green approach 

utilizing BPW was investigated employing a Field 

Emission Scanning Electron Microscope (FE-

SEM). Figure 5 illustrates representative FE-SEM 

micrographs and the EDS spectra of the reaction 

mixtures between 3 ml of BPW solution and 1.0 mM 

of silver nitrate, incubated at varying pH levels for 

 
 

Figure 3. XRD spectra for the silver nanoparticles 

 synthesized from 1mM aqueous AgNO3 

 solution with 3 ml BPW 
 

 

 
 

Figure 4. FTIR spectra of banana peel waste (BPW) 

 (Dark grey line) and silver nanoparticles 

 (AgNPS) in BPW (Yellow line) 
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45 min. The pH of the reaction mixture significantly 

influences the size, shape, and morphology of the 

silver nanoparticles, and the growth of nanoparticles 

varies according to the pH of the solution. Various 

shapes of agglomerated particles were noted at pH 6 

and 8. Upon increasing the pH to 12, almost 

spherical particles were formed and the diameter of 

AgNPs is in the range of 26-44 nm. The pH 

variations play a role in preventing agglomeration 

between particles and influencing the shaping of the 

morphology of AgNPs. The EDS attachment 

present with the FE-SEM is known to provide 

information on the elemental analysis. Elemental 

analysis by EDS results showed displayed the 

presence of carbon (C), oxygen (O) and magnesium 

(Mg). Moreover, the EDS microscopy of AgNPs at 

different pH levels has revealed carbon (C), oxygen 

(O), and silver (Ag) on the nanoparticle surface.  

The percentage atomic ratios of these elements are 

summarized in Table 1. 
 

Antibacterial Activity 
The antibacterial activity of the aqueous  

BPW extract and the green-synthesized AgNPs at 

different pH levels were investigated by employing  

the disc diffusion method against S. aureus (Gram-

positive) and E. Coli (Gram-negative) bacteria. The 

clear zones of inhibition of AgNPs at different pH 

values are displayed in Figure 6, and the inhibition 

diameter is summarized in Table 2. Figure 6 shows  

a distinct zone of inhibition around cotton fabric 

coated with AgNPs, whereas the control fabric 

 
 

Figure 5. FE-SEM images of surface morphology 

 and EDS spectrum of the synthesized  

 silver nanoparticles at various pH values: 

 (a) pH4, (b) pH6, (c) pH8, and (d) pH12, 

 respectively, with magnification 50,000 

 

 

Table 1. Atomic percentage of silver nanoparticles 

prepared at different pH 
 

pH Values Element Weight percentage 

4 

Ag 4.2% 

C 75.5% 

O 20.3% 

6 

Ag 4.7% 

C 77.1% 

O 18.2% 

8 

Ag 26.8% 

C 56.8% 

O 16.2% 

12 

Ag 41.8% 

C 47.1% 

O 10.4% 

 

 
 

Figure 6. Clear zone inhibition of silver nanoparticles 

against, (a) Gram-Positive (S. aureus) and 

(b) Gram-Negative Bacteria (E. coli) of 

AgNps from BPW at different pH 

 

 

Table 2. Clear zone of inhibition of Gram-Positive  

(S. aureus) and Gram-Negative Bacteria  

(E. coli) of AgNps from BPW at different pH 
 

Sample test 

Clear zone of 

inhibition of  

S. aureus (mm) 

Clear zone of 

inhibition of 

E. coli (mm) 

Control 0 0 

BPW 0 0 

pH4 0 13.6±0.10 

pH8 19.00±0.04 22.90±0.06 

pH12 20.80±0.02 23.50±0.04 
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(uncoated with AgNPs) and BPW show no signs of 

inhibition. As indicated in Table 2, AgNPs at pH12 

showed high antibacterial activity with a larger zone 

of inhibition against S. aureus and E.coli when 

compared to AgNPs at pH 4. The maximum clear 

zone of inhibition of AgNPs at pH 12 was 20.80 and 

23.50 mm against S.aureus (Figure 6(a)) and E.coli, 

respectively (Figure 6(b)). The cotton fabric coated 

with AgNPs exhibited higher antibacterial activity 

against E.coli as compared to S. aureus. which may 

be because of the variation in cell wall composition. 

The cell membrane of Gram-positive bacteria is 

composed of multiple layers of peptidoglycan layer, 

thus forming a more rigid structure leading to 

difficult penetration of the silver nanoparticles, 

while in Gram-negative bacteria, the cell membrane 

has a thinner peptidoglycan layer resulting in an 

easier penetration of the nanoparticles (Cavassin  

et al., 2015). 

As illustrated in Figure 7, the mechanisms 

underlying the antimicrobial actions of silver 

nanoparticles, the antimicrobial activity of silver 

nanoparticles is primarily attributed to their 

capability to release silver ions (Ag+) which can 

attach to the negatively charged cell surface leading 

to a change in the composition of the cell membrane 

and the cell wall and disturb their vital functions 

such as loss of cell membrane integrity and 

ultimately cell death (Babele et al., 2018; Fang  

et al., 2018). The antimicrobial action of AgNPs 

involves a multi-step mechanism, as shown in  

Figure 7; (1) silver nanoparticles come into contact 

with the negative charge of the bacterial cell wall, 

(2) cell wall destabilization causes increasing in 

bacterial permeability and release of silver ions,  

(3) the released silver ions contribute to the 

production of reactive oxygen species (ROS) and 

free radicals, which can induce extreme oxidative 

stress inside the cell wall. The oxidative stress 

effects, such as cell apoptosis, protein destruction, 

and DNA damage, lead to bacterial cell death. (4) 

The silver nanoparticles can modulate signal 

transduction pathways within the bacterial cell. The 

modulation further contributes to the antimicrobial 

effect (Rosli et al., 2021). 

Conclusions 

To achieve a zero-waste production system and 

create waste to wealth, discarded banana peels were 

used as a reductant and stabilizer in the synthesis of 

silver nanoparticles. This study silver nanoparticles 

successfully synthesized silver nanoparticles using 

banana peel waste extract. The average size of the 

silver nanoparticles was approximately 32.57±8.84 

nm, and their size could be adjusted through simple 

modifications of the extract concentration and the 

pH of the reactions. The silver particles presented  

a more spherical morphology. The synthesized 

silver nanoparticles revealed good antimicrobial 

activity against the selected pathogenic 

microorganisms. Our findings approve the 

utilization of banana peel waste extraction as a cost-

effective, environmentally friendly, and efficient 

approach for the green synthesis of AgNPs with 

promising antibacterial properties on fabrics. 
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