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ABSTRACT 

This research work utilized an environmentally friendly and sustainable method to produce zinc oxide nanoparticles 
(ZnO NPs) using zinc nitrate as a precursor and the leaf extract of Swertia chirayita. The resulting nanoparticles were 
characterized using various analytical techniques, including UV-vis spectroscopy, X-ray diffraction (XRD), Fourier 
transform infrared (FTIR) spectroscopy, field emission scanning electron microscopy (FESEM), and energy-
dispersive spectroscopy (EDS). The ZnO nanoparticles were found to have a well-defined crystalline structure, with 
their average crystallite size measured at around 10.88 nm. Agar well diffusion was used to study the antimicrobial 
activity, revealing notable antibacterial and antifungal properties, indicating broad-spectrum antimicrobial potential. A 
degradation efficiency of 95.73 % was achieved for methylene blue (MB) dye by photocatalysis under sunlight within 
210 minutes. These findings demonstrate that ZnO NPs synthesized using Swertia chirayita exhibit excellent 
antimicrobial and photocatalytic properties, making them promising candidates for environmental remediation and 
biomedicine. This study underscores the potential of green synthesis approaches for developing sustainable 
nanomaterials. 
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INTRODUCTION 
Nanotechnology has made substantial advances in many 
fields, including medicine, environmental remediation, 
energy storage etc., owing to its capability to manipulate 
materials at the nanoscale (Abdol Aziz et al., 2019). With 
this technological advancement, new nanomaterials with 
unique properties have been developed that are 
revolutionizing industries and applications (Rahman et 
al., 2022). ZnO NPs are highly advantageous due to their 
large surface area, excellent photocatalytic activity, and 
notable antimicrobial properties, making them ideal for 
diverse applications (Muhammad et al., 2019; J. Singh et 
al., 2019). These characteristics make ZnO NPs highly 
suitable for uses like antimicrobial and antifungal 
activities (Dadi et al., 2019), wastewater treatments and 
the degradation of environmental pollutants (Alharbi et 
al., 2023; Mousa et al., 2021). 
 
The rising level of environmental pollution, as well as the 
emergence of antibiotic-resistant microorganisms, pose 
significant global challenges. In particular, water 
pollution due to industrial dye contaminants remains a 
major concern. Numerous industries, including paper, 
printing, leather, textiles, and pharmaceuticals, heavily 
rely on dyes. Textile dyeing and finishing processes 
produce up to 200,000 tonnes of dye waste per year 
through effluent (Abdullah et al., 2022). These large-scale 

dyes such as methylene blue (MB)   pollute water 
supplies and pose health risks to humans and the 
environment (Batra et al., 2022). Effluent dyes must be 
removed before discharge to protect water bodies. 
Photocatalytic degradation, particularly using 
nanomaterials such as ZnO NPs, has demonstrated 
significant potential for dye removal (López-López et al., 
2021). While ZnO NPs have many potential 
applications, conventional methods for synthesizing 
them often involve toxic chemicals and consume a lot of 
energy, which can negatively affect the environment and 
hinder sustainability (Herlekar et al., 2014). In response 
to the environmental concerns associated with 
traditional nanoparticle synthesis methods, there has 
been a growing emphasis on green approaches 
(Weldegebrieal, 2020). One such method employs 
natural plant extracts rich in bioactive compounds like 
alkaloids, polyphenols, proteins, flavonoids, sugars, and 
terpenoids to reduce the metal precursor and stabilize 
resulting nanoparticles (Barzinjy & Azeez, 2020). This 
innovative approach leverages the potential of plant-
based compounds to mitigate the use of hazardous 
chemicals and enhance the performance of 
nanoparticles. Past research has explored the versatility 
of plant-mediated synthesis in producing ZnO NPs with 
diverse characteristics (Abomuti et al., 2021). 
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This research emphasizes the eco-friendly synthesis of 
ZnO nanoparticles using zinc nitrate hexahydrate and 
the aqueous leaf extract of the plant Swertia chirayita. This 
plant is a member of the Gentianaceae family and is 
noted for its abundant phytochemicals, such as 
phenolics, flavonoids, and terpenoids (Swati et al., 2023). 
These bioactive compounds act as natural agents for 
reduction and stabilization, promoting the eco-friendly 
synthesis of ZnO NPs and also enhancing their 
biocompatibility and potential for therapeutic 
applications.  (K. Singh et al., 2019). Additionally, Swertia 
chirayita has been widely utilized in traditional medicinal 
practices, which suggests its potential for producing 
biologically active nanoparticles with enhanced 
therapeutic properties. Unlike many other plant extracts, 
Swertia chirayita has been less explored for nanoparticle 
synthesis, offering a unique and eco-friendly 
methodology. Furthermore, the green synthesis method 
employed in this study avoids using noxious chemicals, 
aligning with the principles of green chemistry and 
providing an environmentally sustainable and cost-
efficient alternative to conventional synthesis methods. 
This study aids the growing body of research on plant-
mediated nanoparticle synthesis by highlighting the 
potential of Swertia chirayita for producing nanoparticles 
with applications in antimicrobial and environmental 
fields. This study aims to characterize the synthesized 
ZnO NPs. Their antimicrobial efficacy against strains of 
bacteria and fungi is evaluated. Additionally, the 
photocatalytic efficiency in degrading methylene 
blue(MB) dye under sunlight irradiation is assessed. By 
providing a sustainable alternative to conventional 
synthesis methods, this study seeks to address global 
challenges such as water pollution and antimicrobial 
resistance. 
 
MATERIALS AND METHOD 
Materials  
This study utilized high-purity chemicals throughout the 
experiments. Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 
99.5% purity) was obtained from Loba Chemical Pvt. 
Ltd. (Mumbai, India). Sodium hydroxide (NaOH, 97% 

purity) and methylene blue (C₁₆H₁₈ClN₃S) were 
purchased from Thermo Fisher Scientific India Pvt. Ltd. 
(India). Ethanol (99.9% purity) was obtained from RCP 
Distilleries India Pvt. Ltd. (Meerut, India). Double 
distilled water was employed as the solvent for all 
solution preparations. 
 
Plant Extract Preparation 
Fresh Swertia chirayita leaves were collected from 
Shadananda Municipality - 9, Bhojpur, Nepal. After 
thorough cleaning and 14 days of shade drying, the 
leaves were thoroughly crushed into a fine powder using 
a grinder. The resulting powder was subsequently stored 
in a sealed container to maintain its integrity and prevent 
contamination. ZnO nanoparticles were synthesized 
using 2 % aqueous extract prepared by stirring at 60°C 
for 1 hour, followed by filtration. The extract was stored 
at 4°C for subsequent use in various applications. 

Synthesis of ZnO Nanoparticles 
The synthesis of ZnO NPs was carried out with slight 
modifications to the procedure outlined by Barzinjy & 
Azeez (Barzinjy & Azeez, 2020). 4 g of Zn(NO3)2.6H2O 
was dissolved in 100 mL of aqueous extract maintaining 
pH 10 with 0.1 NaOH and the mixture was subjected to 
continuous stirring for two hours at 60°C. The obtained 
precipitate was collected via centrifugation, rinsed 
thoroughly with ethyl alcohol and distilled water, and 
later dried at 80°C. Two hours of calcination at 400°C 
produced ZnO NPs. The synthesized nanoparticles were 
stored in an airtight container for subsequent analysis. 
 
Phytochemical Analysis 
A crude extract of Swertia chirayita was analysed 
qualitatively to detect the presence of various secondary 
metabolites, following established standard protocols 
(Aiyegoro & Okoh, 2010; Harborne, 1998). 
 
Characterization of ZnO NPs  
Several techniques were used to characterize ZnO 
nanoparticles synthesized. In order to examine the 
optical properties, a UV-visible spectrophotometer 
(SPECORD 200 PLUS, Analytik Jena, Germany) was 
used, with measurements taken across the wavelength 
range of 300–800 nm. 
 
FTIR spectroscopy was performed to analyze and detect 
the functional groups present in the samples and 
understand their role in nanoparticle synthesis. The 
spectra were recorded using (IRTrazer-100, 
SHIMADZU) across a wavenumber range of 4000–500 

cm−1. 
 
The crystal structure of the synthesized ZnO 
nanoparticles was examined using an X-ray 
diffractometer (D2 Phaser, Bruker) with Cu Kα 
radiation, scanning a 2θ range from 20° to 80°. The 
average crystallite size (D) was determined using the 
Debye-Scherrer equation (Patterson, 1939), expressed 
as:  
 

D = 
k λ

β cos 
                                                   (1) 

In which, D represents crystallite size in nanometers, K 
is Scherrer constant (0.9), λ is the Wavelength of an 
incident X-ray (1.5406 Å), β is Full width at half 
maximum of peak (FWHM) in radians and θ  is 
diffraction angle (radians).  
 
The sample's surface morphology and elemental 
composition were examined using a JEOL JSM-6701F 
field emission scanning electron microscope (FESEM) 
coupled with energy-dispersive X-ray spectroscopy 
(EDS) and performed at the JBNU CURF EM 
Laboratory in Korea. 
 
Photocatalytic Degradation Study 
The photocatalytic effectiveness of produced ZnO NPs 
was assessed by studying the degradation of methylene 
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blue (MB) dye under specific conditions. Following the 
procedure outlined by Khadka et al., the MB solution 
with a calculated amount of ZnO NPs was exposed to 
direct sunlight. The photocatalysis experiment involved 
adding 5 mg of ZnO NPs to 50 mL of a 4 ppm MB dye 
solution (Khadka et al., 2024). For 30 minutes under dark 
conditions, the solution was agitated to assurance that 
the nanoparticles were well distributed and that MB was 
adsorbed onto their surface. The solution was left 
undisturbed for 30 minutes to achieve adsorption-
desorption equilibrium. It was then exposed to direct 
sunlight from 11 AM to 3 PM. The reaction progress was 
monitored by periodically withdrawing a 3 mL aliquot. 
These samples were centrifuged for three minutes at 
12,000 rpm. The residual dye concentration was analyzed 
with a UV-visible spectrophotometer, measuring 
absorbance in the 550–750 nm wavelength range. The 
dye degradation percentage was calculated using the 
following formula: 
 

Percentage  of degradation = 
(A0-At)

A0

  100                     (2) 

 
Where A0 represents the initial absorbance of the 
methylene blue (MB) dye solution, and At denotes the 
absorbance after a specific time interval t. 
 
Antimicrobial Activity Study 
To evaluate antimicrobial activity, the agar well diffusion 
method was employed against two bacterial strains, 
Escherichia coli (Gram-negative), Staphylococcus aureus 
(Gram-positive), and one fungus strain, Candida albicans. 

Using a sterile cotton swab, 150 µL of each bacterial 
culture that had been cultivated in liquid broth (LB) 
media was spread out on the sterilized Mueller-Hinton 
Agar (MHA) plates. ZnO NPs sample plates (one dish 
per well) and a kanamycin standard (5 mg/mL, 10 µL) 
were added to wells. The zones of inhibition were 
evaluated to assess the antimicrobial efficacy following a 
24-hour incubation period at 37°C. 
 
RESULTS AND DISCUSSION 
Phytochemical Screening 
The phytochemical screening of the Swertia chirayita leaf 
extract was conducted to identify the presence of 
bioactive compounds that may play a role in the ZnO 
NPs production. These compounds consist of alkaloids, 
flavonoids, tannins, phenols, saponins, terpenoids etc. as 
shown in Table 1. These phytochemicals, particularly 
phenols and flavonoids, can act as natural reducing and 
stabilizing agents during the green synthesis of 
nanoparticles (Ahmad et al., 2019). Additionally, these 
phytochemicals may contribute to the enhanced 
biological and catalytic properties of the synthesized 
nanoparticles. Flavonoids and tannins possess inherent 
antimicrobial properties, which, could enhance the 
bactericidal efficacy of ZnO NPs in targeting pathogenic 
microorganisms (Yagoub et al., 2022). Additionally, these 
phytochemicals contribute significantly to enhancing the 
photocatalytic activity of the synthesized ZnO 
nanoparticles (Mousa et al., 2024). Their presence 
contributes to the overall efficiency and functionality of 
the nanoparticles in photocatalytic applications.

 
Table 1. Phytochemical analysis of Swertia chirayita extract 

Phytochemical constituents Tests Results  

Flavonoids NaOH and acid test 
Mg ribbon test 

+ 
+ 

Alkaloids Mayer test 
Wagner test 

+ 
+ 

Saponins Froth Test + 
Terpenoids Salkowaski test + 
Quinone 5% NaOH test - 
Tannins Lead acetate test + 
Phenolic FeCl3 test + 

* + indicates the presence and – indicates the absence 

 
 
Synthesis of ZnO NPs 
The formation of ZnO NPs was evidenced by a visual 
colour change in solution, attributed to the surface 
plasmon resonance (SPR) phenomenon which is 
characteristic of nanoparticles. The suspension was 
centrifuged, washed with distilled water and ethanol, 
dried, and calcined at 400°C to obtain the ZnO NPs. The 
calcination at 400°C ensures the complete 
decomposition of organic residues from the leaf extract 
and promotes the crystallization of ZnO NPs. This step 
is crucial for enhancing the purity, crystallinity, and 
stability of the nanoparticles, all of which are important 

for their functional characteristics in various 
applications. 
 
The exact mechanism behind the green synthesis of 
ZnO NPs using plant extracts is not fully understood. 
One possible mechanism suggests that phytochemicals 
reduce Zn2+ ions to zinc atoms (Zn0), which 
subsequently react with dissolved oxygen in the solution 
to create ZnO nuclei. Furthermore, these 
phytochemicals may serve as capping and stabilizing 
agents, helping to maintain the stability of the 
nanoparticles (Baral et al., 2025; Fouda et al., 2023). 
Another proposed mechanism involves the formation of 
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metal-coordinated complexes between the 
phytochemicals and zinc ions. When subjected to 
thermal treatment, these complexes decompose, 
promoting the formation of ZnO NPs that are stabilized 
and capped by the phytochemicals from the extract 
(Fouda et al., 2023; Mongy & Shalaby, 2024). 
 
UV-visible Spectroscopic Analysis  
Using UV-visible spectroscopy, the optical properties 
were examined. The absorption spectrum (Figure 2a) 
showed a prominent absorption peak centred at 376 nm. 
This peak, which represents ZnO's band gap absorption, 
indicates that ZnO NPs were successfully synthesized. 
According to Aldalbahi et al. this peak results from the 
transfer of electrons from O-2p orbitals to Zn-3d orbital 
(Aldalbahi et al., 2020). The band gap energy (Eg) was 
determined using the Tauc plot technique. 
 

(h)1/ = A (h − Eg)   (3) 

where α = absorption coefficient, h = Planck’s constant, 

ν = photon frequency,  A = constant and  = 1/2 for 
direct band gap semiconductors (Viezbicke et al., 2015).  
 

For ZnO NPs, it can be measured by plotting  (αh)2 

against h and extrapolating the linear region of the plot 
to the x-axis (Vindhya et al., 2023). The obtained band 
gap value was 2.92 eV (Figure 2b) which is suitable for 
visible light absorption. This underscores the ability of 
the synthesized ZnO nanoparticles to efficiently degrade 
dyes through photocatalysis. The calculated band gap 
energy aligns well with values reported in earlier studies 
(MuthuKathija et al., 2023) confirming the consistency 
and reliability of the results. This may be due to defect 
states introduced by the phytochemicals present in leaf 
extract and their role in controlling nanoparticle size 
during formation (Shaba et al., 2021; Sharma et al., 2022). 
The purity of synthesized nanoparticles is indicated by 
the sharp, intense peak without any additional peaks in 
the absorption spectrum.

 
 
 

 
Figure 1. Proposed mechanism of green synthesis of ZnO NPs using Swerita chirayita aqueous leaf extract 

 
 
To clarify the molecular interactions between the leaf 
extract and the ZnO NPs, FTIR analysis was carried out. 
The functional groups detected are likely responsible for 
capping and stabilizing the nanoparticles, playing a 
crucial role in maintaining their structure and preventing 
aggregation. The resulting FTIR spectra of the ZnO NPs 
and leaf extract are shown in Fig. 3.  It displays distinct 
absorption bands at wavenumbers 698, 877, 1083, 1171, 

1427, 2878 and 3375 cm−1 for the ZnO NPs, and, 1042, 

1405, 1589, 2878 and 3360 cm−1 for the leaf extract. The 

broad absorption peaks around 3360 cm−1 (extract) and 

3375 cm−1 (ZnO NPs) are likely attributed to O-H 
stretching vibrations, suggesting the presence of 
biomolecules like flavonoids, terpenoids, and 

polyphenols (Hamza et al., 2022; Jamdagni et al., 2018). 

The minor peak at 2878 cm−1 in both spectra is attributed 
to C-H stretching vibrations of alkanes (El-Khawaga et 
al., 2023). 
 

The band at 1042 cm−1 is characteristic of the C-O 
stretching vibration of alcohol or phenol groups. The 
presence of these groups suggests the involvement of 
hydroxyl-rich compounds in the extract (Jamdagni et al., 

2018). The band at 1405 cm−1 signifies C-H bending and 

the 1589 cm−1 band corresponds to C=C stretching 
vibrations in aromatics, indicating polyphenolic 
compounds (Rahman et al., 2022). The intense peak at 

1427 cm−1 in the ZnO NPs spectrum, absent in the plant 
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extract, suggests that it is associated with nanoparticle 
formation. This peak is likely due to C-O stretching 
vibrations, which may arise from phenolic or other 
organic compounds in the plant extract interacting with 
the ZnO surface. The intensity changes and peak 
position shifts observed in the FTIR spectra suggest 
significant interactions between biomolecules’ 
functional groups and the surface of the ZnO 
nanoparticles. These interactions likely facilitate the 
capping and stabilization of nanoparticles during green 
synthesis, as commonly observed in biosynthesized 
nanomaterials (Abdullahi Ari et al., 2023). Additionally, 

the minor peaks between 500 to 700 cm−1 are ascribed 
to out-of-plane bending vibrations of C-H bonds, 
typically associated with aromatic compounds, which are 

prevalent in plant extracts (Kalaba et al., 2024; Yashni et 

al., 2021). The distinct peak at 877 cm−1 is attributed to 
C-O-S stretching (Coates, 2006; Fouda et al., 2023). The 

appearance of characteristic peaks in the 450-700 cm−1 
range, corresponding to the stretching vibrations of Zn-
O bonds, confirms the successful synthesis of ZnO 
nanoparticles. These peaks are absent in the spectrum of 
the leaf extract, indicating that they are specific to the 
ZnO nanostructure (Muhammad et al., 2019; Naseer et 
al., 2020). These results suggest that organic functional 
groups played a key role in stabilizing and capping the 
ZnO nanoparticles, likely improving their properties.

 
 

 
Figure 2. (a) Absorbance spectrum (b) Tauc plot with a band gap of ZnO NPs FTIR analysis 
 
 

 
 Figure 3. FTIR spectra of extract of Swertia chirayita and ZnO NPs  

 
XRD Analysis 

(a) (b) 
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XRD patterns of ZnO NPs are presented in Figure 4. 
XRD analysis determined their phase purity, crystallite 
size, and lattice parameters. The presence of intense and 
sharp peaks confirms its highly crystalline nature. The 

synthesized ZnO NPs exhibited diffraction peaks at 2 

values of 31.49, 34.08, 35.92, 47.27, 56.41, 62.59, 

66.03, 67.62, 68.76, 72.28 and 77.70 corresponding 
to the lattice planes (h, k, l) of (100), (002), (101), (102), 
(110), (103), (200), (112), (201), (004), and (202) 
respectively. 
 
The detected diffraction peaks correspond to the 
hexagonal wurtzite structure of ZnO (JCPDS card no. 
00-036-1451), indicating the high crystallinity and phase 
purity of the synthesized nanoparticles (K. Singh et al., 
2019). These results closely match previously 
documented results (Azizi et al., 2016; Faisal et al., 2021; 
Maheo et al., 2023). The average crystallite size, 
determined based on the broadening of the (101) peak, 

was found to be 10.88 nm. No additional peaks confirm 
their high purity. 
 
Morphological and Elemental Characterization: 
SEM and EDS Analysis 
This scanning electron microscopy (SEM) image 
provides structural and morphological details of the 
sample under analysis. Figure 5 (a) revealed well-
dispersed nanoparticles with predominantly spherical or 
quasi-spherical particles with some degree of 
agglomeration.  The particle size distribution was 
analyzed using Image J software, resulting in the 
histogram displayed in Figure 5 (b). The results show an 
average nanoparticle size of 21.89 nm with a relatively 
narrow distribution. Minor variations in size may be due 
to differences in nucleation and growth rates during the 
green synthesis process. Such a morphology could 
indicate a nanoparticle network or a material with a high 
surface area, potentially suitable for applications like 
photocatalysis (Sachin et al., 2023).

  

 
Figure 4. XRD patterns of ZnO NPs 

 

 
Figure 5. (a) SEM image of ZnO NPs at a magnification of 82.58 K  (b) histogram showing average particle size 

distribution 

(a) (b) 
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The EDS analysis of the synthesized ZnO NPs provides 
crucial insights into the elemental composition. The 
EDS spectrum is presented in Figure 6. This spectrum 
confirmed the elemental composition, comprising a 
weight % of 58.05%  zinc (Zn), 26.65% oxygen (O), and 
15.30% carbon (C), with an atomic % of 26.77% (Zn), 
43.40% (O), and 29.83% (C) respectively.  The peak at 
around 1 keV corresponds to Zn Lα, and the peak at 
around 0.5 keV and 0.3 keV corresponds to O Kα and 
C Kα respectively confirming the presence of these 
elements (Alharbi et al., 2023). The high zinc and oxygen 
content indicates the successful synthesis of ZnO NPs.  
 

 
Figure 6. EDS map sum spectrum of ZnO NPs with a 
table showing elemental composition (in inset) 

 
The higher zinc content compared to the ideal 
stoichiometric ratio suggests a zinc-rich composition, 
which may indicate the presence of oxygen vacancies or 
a deviation from the expected ZnO stoichiometry. This 
could contribute to enhanced photocatalytic properties 
of the nanoparticles, as oxygen vacancies are known to 

influence the electronic structure and reactivity of ZnO. 
The presence of carbon may be ascribed to the organic 
residues from the leaf extract or from the carbon tape 
normally used to prepare the SEM samples. 
 
To further support this, the FTIR results indicate the 
presence of aromatic phenolic and other functional 
groups associated with organic compounds from the leaf 
extract. These findings align with the existence of carbon 
and confirm the role of phytochemicals in the synthesis 
and stabilization of the nanoparticles. The XRD analysis 
supports these results. No additional peaks indicate the 
purity, with no significant contamination from other 
elements and successful synthesis of ZnO NPs. 

 
Photocatalytic Degradation Activity  
The photocatalytic activity of synthesized ZnO NPs was 
assessed by monitoring MB dye degradation under 
sunlight exposure at various time intervals, without 
continuous stirring. Figure 7(a) shows the absorption 
spectra of MB degradation, with the absorbance 
decreasing over time. A significant reduction of 
absorbance peak at 664 nm indicates the breakdown of 
MB dye as exposure time increases. The results showed 
a gradual increase in degradation efficiency, reaching 
approximately 95.73% after 210 minutes of irradiation, 
as illustrated in Figure 7(b). 
 
These findings highlight the excellent photocatalytic 
activity of Swertia chirayita-mediated ZnO NPs. The 
phytochemicals act as capping agents, improving the 
dispersion and stability of the NPs, which increases the 
active surface area available for photocatalytic reactions. 
Additionally, they may contribute to bandgap 
modulation, enabling better absorption of visible light 
(Shaba et al., 2021). 
 

 
Figure 7. (a) Photodegradation of MB under sunlight irradiation (b) Percentage degradation of MB with time 

 
This process involves light-induced photoexcitation of 
electrons in ZnO NPs, generating electron-hole pairs 
that drive redox reactions for organic pollutant 

degradation. These electron-hole pairs interact with H2O 
and O2 molecules, producing highly reactive oxygen 
species (ROS) such as hydroxyl radicals (OH•) and 

(a) (b) 
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superoxide anions (O₂•⁻), which are responsible for the 
oxidative breakdown of MB molecules (Zong et al., 
2014). This process effectively converts MB into water, 
carbon dioxide, and minerals (Hanif et al., 2019; Zong et 
al., 2014). 
 

ZnO  +  h →  ZnO(e−CB  +  h+
VB) 

h+  +  H2O →  H+  +  OH• 

e− +  O2 →  O2
•− 

H+  + O2
•− →   HO2

• 

HO2
• + H+ + O2

•− →   H2O2  +  O2 

H2O2   +  e− →  OH− +  OH• 

MB +  OH•  →   Degradation product 

MB  +  h+  →   Oxidation product  
 
The kinetics of MB degradation using synthesized ZnO 
NPs under photocatalytic conditions was studied. The 
degradation kinetics were assessed by plotting ln(C0/Ct) 
against time, as shown in Figure 8. The linear 
relationship is indicative of pseudo-first-order kinetics, 
expressed as:    
  
 ln(C0/Ct) = kt                         (4) 
 
Here, C0 represents the initial concentration, Ct denotes 
the concentration at time t, and k is the rate constant. 
The slope of the plot of ln(C0/Ct) against the time gives 
a rate constant, k. The linearity of the plot (R2 = 0.9839) 
validates the suitability of the pseudo-first-order model 
for describing MB degradation under the given 
experimental conditions as shown in Figure 8. The 

calculated rate constant (k) was 0.0085 min⁻¹. 
 

 
Figure 8. Pseudo-first-order kinetic plot for MB 

degradation 

The use of Swertia chirayita for ZnO nanoparticle 
synthesis offers notable economic and environmental 
benefits. This green synthesis technique offers a 
sustainable and economical alternative to conventional 
chemical methods by minimizing the use of toxic 
reagents and energy consumption. Swertia chirayita, a 
widely available medicinal plant, supports biodiversity 
utilization and reduces the overall cost of nanoparticle 
production. 
 
From an environmental perspective, plant-mediated 
synthesis minimizes hazardous byproducts, aligns with 
green chemistry principles, and supports eco-friendly 
applications, especially in wastewater treatment. The 
biodegradable nature of plant-based stabilizing agents 
further enhances the sustainability of the process. 
Additionally, the ZnO NPs synthesized using Swertia 
chirayita exhibit strong photocatalytic activity, particularly 
in the degradation of organic dyes like MB. This 
photocatalytic capability not only highlights the potential 
of these nanoparticles in environmental remediation but 
also underscores their application in water purification, 
making this approach highly beneficial for sustainable, 
eco-friendly solutions. 
 
Antimicrobial Activity Study 
The antimicrobial activity was evaluated against aqueous 
leaf extract of the Swertia chirayita and the standard 
antibiotic kanamycin. The results, presented in Figure 9 
and Table 2, display the zones of inhibition (ZOI) 
indicating antimicrobial efficacy. ZnO NPs 
demonstrated considerable antimicrobial efficacy against 
all tested strains. The observed inhibition zones were 
larger than those produced by the extract, indicating 
enhanced antimicrobial activity of the synthesized ZnO 
NPs. All tested strains showed clear zones of inhibition, 
indicating the broad-spectrum potential of ZnO NPs. 
The negative control (50 % Dimethyl sulphoxide, 
DMSO) showed no inhibition, confirming that the 
observed effects were due to the antimicrobial agents 
tested.  This may be due to the adsorption of biologically 
active phytochemicals from the Swertia chirayita onto the 
surface of ZnO NPs, which, together with the 
nanoparticles,  inhibited the growth of the tested strains.  
The antibacterial activity is mainly attributed to their 
capability to generate reactive oxygen species (ROS), 
which cause oxidative stress in bacterial cells. This stress 
can lead to membrane disruption, protein denaturation, 
and DNA fragmentation (Jalal et al., 2010), Additionally, 

the release of Zn²⁺ ions (Li et al., 2011) and the direct 
interaction of nanoparticles with bacterial cell walls 
causes loss of cell integrity (Zhang et al., 2007).
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Figure 9. Antimicrobial activity of ZnO NPs against (a) Escherichia coli (b) Staphylococcus aureus (c) Candida 

albicans 

 
Table 2. Zones of inhibition of ZnO NPs, plant extract, and positive control against tested bacterial and fungal strains 

 
 
 
 
 
 
 
 
 
 
 

 
 
CONCLUSIONS 
This study demonstrates the successful green synthesis 
of ZnO NPs involving Swertia chirayita leaf extract. They 
were characterized using UV-vis, XRD, FTIR, and 
FESEM with EDS spectroscopy. XRD confirmed their 
crystalline nature with a hexagonal wurtzite structure and 
an average crystallite size of 10.88 nm. A strong 
absorption peak at 376 nm in the UV-vis spectrum 
evidences the formation of ZnO NPs. FTIR analysis 
identified functional groups in the leaf extract that aided 
in nanoparticle synthesis and stabilization. The FESEM-
EDS analysis confirmed the well-dispersed nanoparticles 
with predominantly spherical morphology and a high 
weight percentage of zinc and oxygen. The synthesized 
nanoparticles exhibited significant antimicrobial activity 
against both bacterial and fungal pathogens. 
Furthermore, they demonstrated high photocatalytic 
efficiency (95.73%)  in degrading MB dye under sunlight 
irradiation within 210 minutes. These findings show the 
promise of Swertia chirayita-mediated ZnO NPs for 
antimicrobial and environmental remediation 
applications. For scalability, future research should focus 
on optimizing synthesis and degradation parameters, 
evaluating the long-term stability and reusability of these 
nanoparticles for industrial-scale applications in 
wastewater treatment and antimicrobial fields assessing 
the commercial feasibility of Swertia chirayita for the large-

scale production of nanoparticles, including scalability, 
cost-effectiveness, and sustainable cultivation practices. 
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Strain Reference 
culture 

Type Positive 
control (c+) 
(mm) 

ZnO 
NPS 
(mm) 

Extract 
(mm) 

Escherichia coli ATCC 8739 Gram -ve 26 18 12 

Staphylococcus aureus ATCC 6538P  Gram +ve 23 17 12 

Candida albicans ATCC 2091 Fungi 25 17 12 

(a) (b) (c) 
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