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Abstract 

The green synthesis of zinc oxide (ZnO) nanoparticles has attracted significant attention as an eco-friendly alternative to 

conventional chemical methods. In this study, ZnO nanoparticles were synthesized using aqueous leaf extract of Zanthoxylum 

gilletii, where plant phytochemicals acted as reducing and stabilizing agents. Key synthesis parameters, including precursor 

concentration, reaction pH, and temperature, were systematically optimized to obtain nanoparticles with desirable 

physicochemical properties. Optimal synthesis conditions were achieved at 0.7 M precursor concentration, pH 10, and 60°C, 

resulting in well-defined and stable nanoparticles. The synthesized ZnO nanoparticles were characterized using UV–Visible 

spectroscopy, Fourier Transform Infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and photoluminescence (PL) analysis. 

UV–Vis results showed a characteristic absorption peak at 356 nm with a band gap of 3.12 eV, confirming ZnO formation. FTIR 

analysis revealed a Zn–O stretching vibration at ~410 cm-1, while XRD confirmed a hexagonal wurtzite structure with an average 

crystallite size of 29.70 nm. PL spectra exhibited an emission peak at 401 nm, indicating defect-related optical behaviour. The 

antimicrobial activity of the synthesized nanoparticles was evaluated against Escherichia coli, Staphylococcus aureus, 

Pseudomonas aeruginosa, and Candida albicans using the agar disc diffusion method. The nanoparticles exhibited significant 

antimicrobial activity, with mean zones of inhibition ranging from 18.67 mm to 22.00 mm. Statistical analysis (one-way 

ANOVA, p > 0.05) indicated no significant difference among the tested microorganisms, demonstrating consistent broad-

spectrum antimicrobial performance. These findings demonstrate that Zanthoxylum gilletii-mediated green synthesis provides 

an effective and sustainable approach for producing ZnO nanoparticles with controlled structural and optical properties and 

strong antimicrobial potential. 
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1. Introduction 

In recent years, nanotechnology has gained significant at-

tention due to the unique physicochemical properties exhib-

ited by nanoparticles, including high surface-to-volume ratio, 

enhanced reactivity, and tunable optical and biological char-

acteristics [1]. Among various metal oxide nanoparticles, zinc 

oxide (ZnO) nanoparticles have attracted considerable interest 

because of their low toxicity, chemical stability, and broad-

spectrum antimicrobial activity. These properties make ZnO 

nanoparticles highly suitable for applications in biomedical, 

environmental, and food-related fields [2, 3]. 

Conventional methods for the synthesis of ZnO nanoparti-

cles, such as sol–gel, hydrothermal, and chemical precipita-

tion techniques, often involve hazardous reagents, high energy 

consumption, and complex processing conditions. These lim-

itations restrict their applicability, particularly in environmen-

tally sustainable and biomedical applications [1, 4]. As a result, 

there has been growing interest in the development of green 

synthesis approaches that utilize biological systems, espe-

cially plant extracts, as eco-friendly [2, 5]. 

Plant extract-mediated synthesis offers several advantages, 

including simplicity, cost-effectiveness, and the elimination of 

toxic chemicals. Phytochemical constituents such as flavo-

noids, phenolics, alkaloids, and terpenoids play a crucial role 

as reducing and stabilizing agents during nanoparticle synthe-

sis. These biomolecules influence the nucleation, growth, and 

stabilization of nanoparticles, thereby affecting their size, 

morphology, and functional properties [5, 6]. Furthermore, 

plant-derived compounds can enhance the interaction between 

nanoparticles and microbial cells, contributing to improved 

antimicrobial activity [2]. 

Zanthoxylum gilletii, a medicinal plant widely distributed in 

East Africa, has traditionally been used in the treatment of in-

fections, inflammation, and gastrointestinal disorders. The 

plant contains a variety of bioactive compounds with known 

antimicrobial and antioxidant properties [7]. Despite its estab-

lished medicinal value, the application of Zanthoxylum gilletii 

in nanoparticle synthesis remains relatively underexplored 

compared to other plant species, highlighting its potential as a 

promising candidate for green nanotechnology applications [5, 

6]. 

In addition, the increasing prevalence of antibiotic-resistant 

microorganisms has intensified the need for alternative anti-

microbial agents. ZnO nanoparticles have demonstrated effec-

tive antimicrobial activity through multiple mechanisms, in-

cluding the generation of reactive oxygen species (ROS), dis-

ruption of microbial cell membranes, and release of Zn2+ ions, 

making them strong candidates for combating microbial re-

sistance [2, 3]. 

Therefore, this study aims to synthesize ZnO nanoparticles 

using aqueous leaf extract of Zanthoxylum gilletii via a green 

synthesis approach, optimize key synthesis parameters, and 

evaluate their antimicrobial activity against selected bacterial 

and fungal strains. The synthesized nanoparticles exhibited 

well-defined structural and optical properties under optimized 

conditions and demonstrated significant broad-spectrum anti-

microbial activity, highlighting their potential for applications 

in biomedical and environmental fields. 

2. Materials and Methods 

2.1. Materials and Chemicals 

All chemicals and reagents used in this study were of ana-

lytical grade and were used without further purification. Zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O) was used as the precur-

sor for the synthesis of zinc oxide nanoparticles. Sodium hy-

droxide (NaOH) and hydrochloric acid (HCl) were used for 

pH adjustment during the synthesis process. Deionized water 

was used for the preparation of solutions and throughout all 

experimental procedures. 

Fresh leaves of Zanthoxylum gilletii were collected from 

Tambach, Elgeyo Marakwet County, Kenya, and used as the 

biological reducing and stabilizing agent for nanoparticle syn-

thesis. The plant material was obtained from healthy, mature 

plants and transported to the laboratory for further processing. 

For antimicrobial analysis, nutrient agar was used for bac-

terial cultures, while appropriate fungal growth media were 

used for antifungal studies. The microbial strains tested in-

cluded Staphylococcus aureus, Escherichia coli, Pseudomo-

nas aeruginosa, and Candida albicans. 

2.2. Equipment 

All experimental procedures and analyses were carried out 

using standard laboratory equipment and advanced analytical 

instruments. A mechanical blender was used for the prepara-

tion of Zanthoxylum gilletii leaf extract, while a magnetic stir-

rer with a hot plate was employed for mixing and heating dur-

ing nanoparticle synthesis. A pH meter was used to monitor 

and adjust the pH of the reaction mixture. Separation of syn-

thesized nanoparticles was achieved using a centrifuge, fol-

lowed by drying in a hot air oven and annealing in a muffle 

furnace. 

Characterization of the synthesized ZnO nanoparticles was 

performed using a Thermo Scientific Evolution One Plus UV–

Visible spectrophotometer (200–800 nm) to evaluate optical 

properties. Functional group analysis was carried out using a 

Shimadzu IRSpirit Fourier Transform Infrared (FTIR) spec-

trometer equipped with an attenuated total reflectance (ATR) 

accessory. Structural and phase analysis of the nanoparticles 

was conducted using a Thermo Scientific ARL EQUINOX 

100 X-ray diffractometer (XRD). 

Photoluminescence (PL) analysis was performed using an 

Intek SPLF97 spectrofluorometer to investigate the electronic 

and defect-related optical properties of the synthesized nano-
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particles. Antimicrobial studies were carried out using stand-

ard microbiological equipment, including an incubator, sterile 

Petri dishes, and culture preparation materials. 

2.3. Preparation of Plant Extract 

Fresh leaves of Zanthoxylum gilletii were collected from 

Tambach, Elgeyo Marakwet County, Kenya, washed thor-

oughly with deionized water to remove dust and impurities, 

and air-dried under shade for two weeks. The dried leaves 

were then ground into a fine powder using a mechanical 

blender. 

Five grams (5 g) of the powdered leaf sample were added 

to 500 mL of deionized water and heated at 60°C for 120 

minutes under constant stirring at approximately 200 rpm 

using a magnetic stirrer. The resulting mixture was allowed 

to cool to room temperature and subsequently filtered using 

a sieve followed by vacuum filtration to remove solid resi-

dues. 

The obtained filtrate, which constituted the aqueous leaf ex-

tract, was stored at 4°C and used as the reducing and stabiliz-

ing agent in the synthesis of ZnO nanoparticles. 

2.4 Precursor Preparation 

Zinc nitrate hexahydrate (Zn(NO3)2 ⋅ 6H2O)was used as 

the precursor for the synthesis of zinc oxide nanoparticles. A 

range of precursor solutions with varying concentrations (0.05 

M, 0.1 M, 0.3 M, 0.5 M, 0.7 M, 0.9 M, and 1.0 M) was pre-

pared by dissolving accurately weighed amounts of zinc ni-

trate in deionized water. 

Each solution was prepared in a 100 mL volumetric flask to 

ensure precise concentration and homogeneity. The prepared 

precursor solutions were used for subsequent synthesis exper-

iments to evaluate the effect of concentration on nanoparticle 

formation. 

2.5. Synthesis of ZnO Nanoparticles 

Zinc oxide nanoparticles were synthesized via a green 

synthesis approach using aqueous leaf extract of Zanthoxy-

lum gilletii as a reducing and stabilizing agent. For each ex-

periment, 30 mL of zinc nitrate precursor solution was mixed 

with 20 mL of the prepared plant extract in a reaction flask. 

The mixture was stirred continuously at 60°C and heated un-

der reflux for 2 h to reduce Zn2+ ions and produce ZnO na-

noparticles. 

After the chemical reaction, the suspension produced was 

centrifuged to isolate the nanoparticles that were formed. The 

sediment obtained was purified by washing with deionized 

water severally to eliminate any impurities. Annealing was 

done in a muffle furnace at 550°C for two hours to improve 

the crystallinity of the sample. 

Various synthesis parameters such as precursor concentra-

tion, pH of the reaction mixture, and temperature were modi-

fied for the optimization of nanoparticles. Various values for 

precursor concentrations between 0.05 M and 1.0 M, pH be-

tween 2 and 12, and temperatures from 30°C to 90°C were 

used individually while keeping other variables constant. Op-

timal conditions were obtained by using UV-Vis and FTIR 

analysis techniques, where information regarding the for-

mation and stability of nanoparticles could be obtained. 

Optimized synthesis conditions were found to be 0.7 M pre-

cursor concentration, pH 10 and 60°C which resulted in well-

defined and stable ZnO nanoparticles for further characteriza-

tion and antimicrobial evaluation. 

2.6. Antibacterial Evaluation Methods 

The antibacterial activity of the synthesized ZnO nanopar-

ticles was evaluated using the agar disc diffusion method 

against selected microbial strains, including Staphylococcus 

aureus, Escherichia coli, Pseudomonas aeruginosa, and Can-

dida albicans. 

Sterile nutrient agar plates were prepared and allowed to 

solidify under aseptic conditions. A standardized microbial 

suspension for each organism was uniformly spread onto the 

surface of the agar plates using a sterile swab to ensure even 

distribution of the inoculum. 

Sterile filter paper discs (approximately 6 mm in diameter) 

were impregnated with the synthesized ZnO nanoparticle sus-

pension and placed onto the inoculated agar surface using ster-

ile forceps. Discs loaded with amoxicillin were used as the 

positive control, while discs containing deionized water 

served as the negative control. 

The plates were incubated at 37°C for 24 hours for bacterial 

cultures, while fungal cultures were incubated under appropri-

ate conditions. After incubation, the zones of inhibition were 

measured in millimeters (mm), and the mean values were cal-

culated from replicate experiments. The results were used to 

assess the antibacterial and antifungal activity of the synthe-

sized ZnO nanoparticles. 

2.7. Statistical Analysis 

The antibacterial and antifungal assays were performed in 

triplicate, and the results were expressed as mean values ± 

standard deviation. Statistical analysis was conducted using 

one-way analysis of variance (ANOVA) to evaluate the sig-

nificance of differences in the mean zones of inhibition among 

the tested microorganisms. 

The analysis was performed using Microsoft Excel, and sta-

tistical significance was assessed at a confidence level of 95% 

(p < 0.05). The calculated F-value was compared with the crit-

ical F-value (Fcrit) to determine whether the observed differ-

ences were statistically significant. A p-value greater than 

0.05 indicated no statistically significant difference among the 

groups. 
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3. Results and Discussion 

3.1. Green Synthesis and Optimization of ZnO 

Nanoparticles 

The green synthesis of ZnO nanoparticles was carried out 

using aqueous leaf extract of Zanthoxylum gilletii (Figure 1(i)), 

where the plant phytochemicals acted as reducing, stabilizing, 

and capping agents. The formation of ZnO nanoparticles was 

initially indicated by a visible change in the reaction mixture 

from a light brown solution (Figure 1(ii)) to a turbid whitish 

suspension (Figure 1(iii)), followed by formation of a white 

precipitate, which upon drying and annealing resulted in a fine 

white ZnO nanoparticle powder (Figure 1(iv)), suggesting the 

reduction of Zn2+ ions and nucleation of ZnO nanoparticles [8, 

9]. 

 
Figure 1. Visual observation of ZnO nanoparticle synthesis showing (i) aqueous Zanthoxylum gilletii leaf extract, (ii) reaction mixture after 

addition of zinc nitrate precursor, (iii) formation of a turbid whitish ZnO nanoparticle suspension, and (iv) dried ZnO nanoparticles obtained 

after purification and annealing. 

The synthesis parameters, including precursor concentra-

tion, reaction pH, and temperature, were systematically var-

ied to optimize nanoparticle formation. UV–Visible spec-

troscopy was employed to monitor nanoparticle formation 

through characteristic absorption peaks associated with ZnO 

electronic transitions. The appearance of these absorption 

features confirms the formation of ZnO nanoparticles and is 

consistent with similar observations reported in previous 

studies, where UV–Vis spectroscopy has been used to verify 

ZnO nanoparticle formation based on their characteristic op-

tical behavior [9]. 

3.1.1. Effect of Precursor Concentration 

The UV–Vis spectra showed that increasing precursor con-

centration enhanced nanoparticle formation up to an optimal 

level. At low concentrations (0.05–0.3 M), broad and weak 

absorption peaks were observed, indicating limited nucleation. 

At 0.7 M, a sharp and well-defined absorption peak around 

~360–370 nm was obtained, indicating improved crystallinity 

and nanoparticle formation. At higher concentrations (0.9–1.0 

M), increased baseline absorbance suggested aggregation ef-

fects [3, 4]. 

 
Figure 2. UV–Vis spectra for concentration series. 
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FTIR analysis further confirmed the formation of ZnO na-

noparticles through the appearance of characteristic Zn–O 

stretching vibrations in the region of ~500–600 cm-1 [4, 10]. 

3.1.2. Effect of Reaction pH 

The reaction pH significantly influenced the formation of 

ZnO nanoparticles. Under acidic conditions (pH 2–6), nano-

particle synthesis was suppressed due to reduced availability 

of hydroxide ions, leading to limited nucleation. As the pH 

increased, the absorption peak became more pronounced, with 

a distinct and well-defined characteristic peak observed at ap-

proximately 356 nm, corresponding to ZnO electronic transi-

tions. This trend is consistent with previous studies, where in-

creasing alkalinity enhances nanoparticle formation and leads 

to more defined optical absorption features associated with 

improved crystallinity and particle quality [11]. The pH 10 

produced the most intense and well-defined UV–Vis absorp-

tion peak. This behavior is attributed to the formation of zinc 

hydroxide intermediates, which subsequently dehydrate to 

form ZnO nanoparticles [1, 2, 4]. Recent studies have shown 

that alkaline conditions favor ZnO nanoparticle formation by 

enhancing hydroxide ion availability, which promotes nucle-

ation and growth processes, leading to improved crystallinity 

and particle quality [1]. In addition, recent advancements in 

plant-mediated synthesis highlight improved nanoparticle sta-

bility and biomedical functionality under optimized synthesis 

conditions [12]. 

At higher pH values beyond 10, slight peak broadening and 

reduced peak definition were observed, which may indicate 

aggregation of nanoparticles due to excessive nucleation and 

rapid growth under strongly alkaline conditions. Similar be-

havior has been reported in previous studies, where highly al-

kaline environments promote rapid particle growth and ag-

glomeration, resulting in reduced optical definition [13]. Con-

sequently, although higher pH enhances nanoparticle for-

mation, pH 10 represents the optimum condition, providing a 

balance between nucleation, growth, and particle stability. 

 
Figure 3. UV–Vis spectra for pH variation. 

FTIR spectra at higher pH values showed stronger Zn–O 

bands and reduced intensity of organic functional groups, in-

dicating improved crystallinity and reduced phytochemical in-

terference. 

3.1.3. Effect of Reaction Temperature 

Temperature played a critical role in controlling nanoparti-

cle growth and crystallinity. At lower temperatures (30–40°C), 

weak and broad absorption spectra indicated incomplete na-

noparticle formation due to slower reaction kinetics. Increas-

ing the temperature enhanced nucleation and growth, with 

60°C producing the sharpest absorption peak, indicative of 

well-defined nanoparticles. At higher temperatures, slight 

peak broadening suggested possible aggregation [14, 15]. 

 
Figure 4. UV–Vis spectra for temperature variation. 

FTIR analysis supported these results, showing increased 

Zn–O vibrational intensity and reduced organic residues at 

higher temperatures, confirming improved nanoparticle for-

mation and purity. 

The improved nanoparticle formation at 60°C is attributed 

to enhanced reaction kinetics, which promote efficient reduc-

tion of Zn2+ ions and controlled growth of ZnO nuclei, result-

ing in improved crystallinity and particle uniformity [14, 15]. 

At higher temperatures, slight peak broadening was ob-

served, suggesting possible aggregation of nanoparticles due 

to increased collision frequency and rapid growth rates. These 

findings indicate that while increasing temperature enhances 

nanoparticle formation, excessively high temperatures may 

negatively affect particle stability and dispersion. 

3.1.4. Summary of Optimization 

Based on the combined UV–Vis and FTIR analyses, the op-

timal synthesis conditions were identified as 0.7 M precursor 

concentration, pH 10, and a reaction temperature of 60°C, 
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which produced ZnO nanoparticles with enhanced crystallin-

ity, stability, and minimal aggregation. These findings are 

consistent with previous studies reporting improved nanopar-

ticle formation under alkaline and moderate temperature con-

ditions [1, 2, 4]. 

3.2. Characterization of ZnO Nanoparticles 

3.2.1. UV–Vis Analysis 

 
Figure 5. UV–Visible absorption spectrum of ZnO nanoparticles 

showing characteristic peak at 356 nm. 

The optical properties and formation of ZnO nanoparticles 

were investigated using UV–Visible spectroscopy in the 

wavelength range of 200–800 nm. The absorption spectrum 

exhibited two distinct peaks at approximately 301 nm and 356 

nm, which are characteristic of ZnO excitonic transitions aris-

ing from electron excitation from the valence band to the con-

duction band [16, 17]. 

The sharp absorption peak observed near 356 nm indicates 

the formation of well-dispersed nanoparticles with good crys-

tallinity. A slight blue shift relative to bulk ZnO absorption 

behaviour suggests nanoscale particle dimensions and quan-

tum confinement effects [18]. 

The optical band gap energy of the ZnO nanoparticles was 

determined using the Tauc plot method. The extrapolation of 

the linear portion of the plot yielded a band gap energy of 3.12 

eV, which is slightly lower than that of bulk ZnO 3.37 eV. 

This reduction in band gap energy can be attributed to the 

presence of defect states and surface interactions with phyto-

chemical capping agents derived from Zanthoxylum gilletii. 

These effects enhance light absorption and facilitate electron 

excitation, thereby improving the functional properties of the 

nanoparticles [18]. 

The optical band gap energy of the ZnO nanoparticles was 

determined using the Tauc plot method based on Tauc’s equa-

tion: 

(αhν)2 = A(hν − Eg) 

where 𝛼 is the absorption coefficient, ℎ𝜈 is the photon en-

ergy, and 𝐸𝑔 is the band gap energy. The extrapolation of the 

linear portion of the plot to the energy axis yielded a band gap 

energy of 3.12 eV. 

The observed band gap value is slightly lower than that of 

bulk ZnO, which can be attributed to the presence of defect 

states and surface interactions with phytochemical capping 

agents derived from Zanthoxylum gilletii. These effects en-

hance light absorption and facilitate electron excitation, 

thereby improving the functional properties of the nanoparti-

cles. 

 
Figure 6. Tauc plot of ZnO nanoparticles used to estimate the optical band gap energy (3.12 eV). 
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The optical band gap energy (3.12 eV) obtained from the 

Tauc plot is slightly lower than that of bulk ZnO (3.37 eV), in-

dicating a red shift in the absorption behaviour rather than a blue 

shift. This decrease in band gap energy is attributed to the pres-

ence of defect states, such as oxygen vacancies, and surface in-

teractions with phytochemical capping agents derived from 

Zanthoxylum gilletii. These defect-related states introduce lo-

calized energy levels within the band structure, thereby reduc-

ing the effective band gap and enhancing light absorption [18]. 

3.2.2. FTIR Analysis 

Fourier Transform Infrared (FTIR) spectroscopy was used 

to identify functional groups involved in nanoparticle for-

mation and stabilization. The FTIR spectrum shows a weak 

and broadened absorption feature in the low wavenumber re-

gion (~400–500 cm-1), with a noticeable band around ~410 

cm-1, which is attributed to Zn–O stretching vibrations, indi-

cating the formation of ZnO nanoparticles. The weak intensity 

of this band may be due to nanoscale effects and interactions 

with phytochemical capping agents [4, 19]. 

 
Figure 7. FTIR spectrum of ZnO nanoparticles showing Zn–O 

stretching and functional groups responsible for capping and stabi-

lization. 

A more prominent band is observed at ~654 cm-1, which is 

not assigned to Zn–O stretching but may be attributed to other 

vibrational modes or Zn–O interactions influenced by plant-

derived phytochemicals. Similar modifications and shifts in 

this region have been reported in green-synthesized ZnO sys-

tems. Additional peaks at 1623 cm-1 and 1343 cm-1 correspond 

to C=O and C–O stretching vibrations, respectively, while the 

broad band around 3323 cm-1 is assigned to O–H stretching 

vibrations. These functional groups are associated with phy-

tochemical compounds such as flavonoids and phenolics pre-

sent in the Zanthoxylum gilletii extract, confirming their role 

in nanoparticle reduction and stabilization. 

These biomolecules play an essential role in the synthesis 

process by facilitating the reduction of Zn2+ ions and stabilizing 

the nanoparticles through capping interactions. The presence of 

these functional groups indicates their involvement in control-

ling nanoparticle nucleation, growth, and stability [2, 5, 6]. 

Furthermore, the presence of organic functional groups on 

the nanoparticle surface enhances stability and improves in-

teraction with microbial cells, thereby contributing to the ob-

served antimicrobial activity. 

3.2.3. XRD Analysis 

The crystalline structure and phase purity of the synthesized 

ZnO nanoparticles were investigated using X-ray diffraction 

(XRD). The XRD pattern exhibited well-defined diffraction 

peaks at 2θ values of 31.67°, 34.08°, 36.80°, 47.77°, 56.43°, 

62.73°, and 67.82°, corresponding to the crystallographic 

planes (100), (002), (101), (102), (110), (103), and (200), re-

spectively. 

These peaks are characteristic of the hexagonal wurtzite 

structure of ZnO nanoparticles, confirming high crystallinity 

and successful nanoparticle formation according to standard 

JCPDS data [20]. 

The average crystallite size was calculated using the De-

bye–Scherrer equation and was found to be approximately 

29.70 nm, indicating nanoscale particle dimensions. The small 

crystallite size contributes to increased surface area and en-

hanced reactivity, which are important for antimicrobial per-

formance [21]. 

Table 1. XRD structural parameters of ZnO nanoparticles showing 2θ, d-spacing, β, strain, dislocation density, hkl planes, and crystallite size 

(D). 

2 θ Degrees d (Å) spacing βhkl 𝜀(strain) ×10-3 𝛿(nm-2) hkl D (nm) 

31.67 2.82 0.16994 2.62 4.24×10-4 100 48.58 

34.08 2.63 0.30902 4.39 1.10×10-3 002 30.13 

36.80 2.44 0.33891 4.44 1.38×10-3 101 26.88 

47.77 1.90 0.28831 2.84 1.64×10-3 102 24.71 

56.43 1.63 0.49467 4.03 3.02×10-3 110 18.20 
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The calculated average crystallite size of 29.70 nm is con-

sistent with previously reported values for green-synthesized 

ZnO nanoparticles, which typically fall within the nanoscale 

range depending on synthesis conditions. For instance, recent 

studies have reported average crystallite sizes of ~28–30 nm 

for plant-mediated ZnO nanoparticles, closely matching the 

values obtained in this study [8]. This nanoscale size contrib-

utes to increased surface area and enhanced physicochemical 

properties, which are essential for improved antimicrobial ac-

tivity [4, 21]. 

 
Figure 8. XRD pattern of ZnO nanoparticles confirming hexagonal 

wurtzite structure. 

3.2.4. Photoluminescence Analysis 

Photoluminescence (PL) spectroscopy was used to investi-

gate the optical emission behaviour and defect structure of the 

ZnO nanoparticles. The PL spectrum exhibited three major 

emission peaks at approximately 401 nm, 436 nm, and 469 nm. 

The strong emission peak at 401 nm corresponds to near 

band edge emission, indicating good crystallinity of the ZnO 

nanoparticles. The emission peaks at 436 nm and 469 nm are 

associated with defect-related emissions, particularly oxygen 

vacancies and zinc interstitials within the crystal lattice [22]. 

These defect states play a significant role in determining the 

optical and reactive properties of ZnO nanoparticles. In par-

ticular, they enhance chemical reactivity and contribute to an-

timicrobial activity through increased generation of reactive 

oxygen species (ROS) [23]. 

 
Figure 9. Photoluminescence spectrum of ZnO nanoparticles show-

ing near band edge and defect-related emissions. 

3.3. Antimicrobial Activity of ZnO 

Nanoparticles 

The antimicrobial activity of the green synthesized ZnO na-

noparticles was evaluated using the agar disc diffusion method 

against selected Gram-positive, Gram-negative, and fungal 

microorganisms, namely Staphylococcus aureus, Escherichia 

coli, Pseudomonas aeruginosa, and Candida albicans. The 

ZnO nanoparticles exhibited significant inhibitory effects 

against all tested organisms, as evidenced by the formation of 

clear zones of inhibition around the discs. 

The antimicrobial activity results, including replicate meas-

urements and mean values, are summarized in Table 2. Values 

are expressed as mean ± standard deviation (n = 3). Amoxicil-

lin and fluconazole were used as positive controls for bacterial 

and fungal strains, respectively. 

Table 2. Zones of inhibition (mm) of ZnO nanoparticles against selected microorganisms. 

Microorganism Replicate 1 Replicate 2 Replicate 3 Mean ± SD (mm) Positive Control 

Escherichia coli 17 20 19 18.67 ± 1.25 11 (Amoxicillin) 

Staphylococcus aureus 18 20 21 19.67 ± 1.25 20 (Amoxicillin) 

Pseudomonas aeruginosa 20 22 18 20.00 ± 1.63 12 (Amoxicillin) 

Candida albicans 20 22 24 22.00 ± 1.63 14 (Fluconazole) 
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Figure 10. Zones of inhibition produced by ZnO nanoparticles and positive control agents against (i) Pseudomonas aeruginosa treated with 

ZnO nanoparticles, (ii) Pseudomonas aeruginosa treated with amoxicillin, (iii) Candida albicans treated with ZnO nanoparticles, (iv) Candida 

albicans treated with fluconazole, (v) Escherichia coli treated with ZnO nanoparticles, (vi) Escherichia coli treated with amoxicillin, (vii) 

Staphylococcus aureus treated with ZnO nanoparticles, and (viii) Staphylococcus aureus treated with amoxicillin. 

The synthesized ZnO nanoparticles demonstrated strong in-

hibitory effects against all tested microorganisms, with the 

highest antimicrobial activity observed against Candida albi-

cans, followed by Pseudomonas aeruginosa, Staphylococcus 

aureus, and Escherichia coli. These results indicate the 

broad-spectrum antimicrobial activity of the nanoparticles. 

The variation in antimicrobial activity among the tested or-

ganisms may be attributed to differences in cell wall structure 

and composition. Gram-negative bacteria such as E. coli and 

P. aeruginosa possess an outer membrane that can influence 

nanoparticle penetration, whereas Gram-positive bacteria 

such as S. aureus have a thicker peptidoglycan layer. The rel-

atively higher susceptibility of Candida albicans suggests en-

hanced interaction between ZnO nanoparticles and fungal cell 

membranes [2]. 

When compared with the positive controls, amoxicillin for 

bacteria and fluconazole for fungi, the synthesized ZnO nano-

particles exhibited comparable and, in some cases, superior 

antimicrobial activity, particularly against Pseudomonas ae-

ruginosa and Candida albicans. The negative control (deion-

ized water) showed no inhibitory effect, confirming that the 

observed antimicrobial activity was solely attributed to the 

ZnO nanoparticles. 

The antimicrobial action of ZnO nanoparticles is attributed 

to several synergistic mechanisms. These include the genera-

tion of reactive oxygen species (ROS), which induce oxidative 

stress and damage cellular components such as lipids, proteins, 

and DNA, as well as direct interaction with microbial cell 

membranes, leading to increased permeability, membrane dis-

ruption, and eventual cell lysis [2, 3]. 

Furthermore, the nanoscale crystallite size (~29.70 nm) and 

defect structures identified through XRD and photolumines-

cence analyses enhance surface reactivity and promote ROS 

generation, thereby improving antimicrobial efficiency. 

Statistical evaluation using one-way ANOVA indicated a 

p-value greater than 0.05, demonstrating that there was no sta-

tistically significant difference in antimicrobial activity 

among the tested microorganisms. This suggests that the syn-

thesized ZnO nanoparticles exhibit consistent and effective 

antimicrobial activity against both bacterial and fungal species. 

4. Conclusions 

The present study successfully demonstrated the green syn-

thesis of ZnO nanoparticles using aqueous leaf extract of Zan-

thoxylum gilletii as both a reducing and stabilizing agent. The 

synthesis parameters were optimized, with optimal conditions 

identified as a precursor concentration of 0.7 M, pH 10, and a 

reaction temperature of 60°C, resulting in well-defined and 

stable nanoparticles. 

Characterization results confirmed the successful formation 

of ZnO nanoparticles with desirable physicochemical proper-

ties. UV–Visible analysis revealed a characteristic absorption 

peak corresponding to a band gap energy of 3.12 eV, while 

FTIR analysis confirmed Zn–O bond formation and the pres-

ence of functional groups involved in nanoparticle stabiliza-

tion. XRD analysis established a hexagonal wurtzite crystal-

line structure with an average crystallite size of 29.70 nm, and 

photoluminescence studies indicated defect states associated 

with enhanced surface reactivity. The synthesized ZnO nano-

particles exhibited significant broad-spectrum antimicrobial 
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activity against both bacterial (Escherichia coli, Staphylococ-

cus aureus, Pseudomonas aeruginosa) and fungal (Candida 

albicans) pathogens, with inhibition zones comparable to, and 

in some cases exceeding, those of standard antimicrobial 

agents. This activity is attributed to their nanoscale size, high 

surface area, structural defects, and the generation of reactive 

oxygen species. 

Overall, the findings demonstrate that Zanthoxylum gilletii-

mediated ZnO nanoparticles provide an eco-friendly, cost-ef-

fective, and efficient approach for producing potent antimicro-

bial agents, with promising potential for applications in bio-

medical and environmental fields. 

Future research should focus on evaluating the long-term 

toxicity and biocompatibility of the synthesized ZnO nano-

particles for safe biomedical applications. Additionally, fur-

ther studies may explore large-scale synthesis, detailed 

mechanistic investigations of antimicrobial activity, and the 

integration of these nanoparticles into practical applications 

such as water treatment, drug delivery systems, and antimi-

crobial coatings. 

Abbreviations 
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