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Abstract   
The uncontrolled discharge of synthetic dyes from textile and allied industries into water bodies has emerged as a 
serious environmental concern, driving the urgent need for sustainable and effective wastewater treatment strategies. 
The present study reports an environmentally friendly technique for the synthesis of zinc oxide nanoparticles (ZnO 
NPs) using aqueous leaf extract of Nyctanthes arbor-tristis (NAT) and Zinc Nitrate as a precursor. NAT serves as a 
mild, natural and biocompatible agent that facilitates both the reduction and stabilization processes in nanoparticle 
formation, eliminating the requirement for external surfactants. Moreover, compounds produced as secondary 
metabolites are key contributors to the overall synthesis mechanism. High Resolution X-Ray Diffraction (HR-XRD) 
showed hexagonal wurtzite phase, accompanied by minimal tensile strain of 1.31×10−3. GC-MS analysis confirmed 
the presence of various phytoconstituents associated with the surface of the ZnO-NAT nanoparticles. Optical and 
morphological characterization was carried out using ultraviolet-visible (UV-Vis) spectroscopy, photoluminescence 
(PL) and field-emission scanning electron microscopy (FESEM). The photocatalytic activity of Zinc oxide-
Nyctanthes arbor-tristis nanoparticles (ZnO-NAT NPs) was investigated through methylene blue (MB) degradation 
initially in dark followed by Ultravoilet (UV) irradiated conditions in order to simulate practical wastewater 
treatment processes.  
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Introduction 

The rising demand from the textile industry 
has significantly enhanced the production of natural 
and artificial dyes. Annually, these dyes are produced 
in large quantity all over the world. It has been 
reported that the global production of dye is around 
7×108 tons annually.  The dyes that are extensively 
used in clothing industries includes methylene blue 
(MB), aniline blue, toluidine blue, basic fuchsin, 
alcian blue, crystal violet, and Congo red. However, 
their substantial production has detrimental effect on 
the environment during printing, dyeing and finishing 
processes [1]. Most of these synthetic dyes are highly 
stable to temperature, water, chemical agents and 
hence, cannot be eliminated by conventional 
wastewater processes [2]. The release of untreated 
wastewater contaminate the water resources leading 
to scarcity of pure water as 1ppm of dye 
concentration in drinking water render it unsafe for 
human consumption. Moreover, the wastewater cause 
severe threat to crops and also causes carcinogenic, 
mutagenic, teratogenic effect to aquatic and other 
biotic components [3]. 

MB is a synthetic derivative that is 
considered an example of heterocyclic and aromatic 
organic chemicals. It behaves as an organic dye and 
pharmaceutical compound [4]. Its structure comprises 
benzene rings that consist of nitrogen and sulphur 
atom. This is a positively charged thiazine dye and is 
employed across various industrial sectors, such as 
food, cosmetics, and pharmaceuticals [5]. It is also 
utilized as colorants in industries such as textile, 
wool, silk, paper processing. This dye exhibits 
medicinal properties when dealt under controlled 
clinical conditions [6]. However, its uncontrolled 
exposure leads to contaminated water which is 
hazardous to ecosystem [7]. In humans, it can induce 
cardiovascular complications, cyanosis, vomiting, 
tissue necrosis, heinz body formation and jaundice 
[8]. Additionally, this dye has detrimental effects on 
plants and aquatic organisms. Therefore, the 
discharge of untreated or partially treated MB-
containing effluents represents a serious 
environmental and public health concern, 
highlighting the urgent need for efficient remediation 
strategies prior to industrial discharge [9]. 
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Various techniques have been employed for 
wastewater treatment such as ion exchange, chemical 
oxidation, adsorption, chemical precipitation and ion 
exchange [10]. Still, most of them have considerable 
drawbacks including use of harmful chemicals, need 
of elevated temperatures, significant cost 
implications, use of harmful chemicals, and 
generation of sludge [11]. Photocatalytic degradation 
is considered superior to other dye removal methods 
because it does not require additional chemicals and 
avoids formation of secondary pollutants [12]. As a 
result, it has attracted considerable attention due to 
their fascinating photocatalytic and catalytic 
reductive detoxification [13]. 

Recently, metal oxide NPs (MONPs) have 
grabbed significant insight as promising material for 
environmental remediation due to their outstanding 
photocatalytic activities [14]. MONPs allow 
photodegradation that decomposes organic pollutants 
into less toxic byproducts under ambient conditions 
[15]. Among the different types of MONPs, zinc 
oxide (ZnO) NPs have gained immense popularity 
because of band gap of 3.37 eV, due to high excitonic 
binding energy (60 meV), enhanced electron mobility 
(300 cm² V⁻¹ s⁻¹), high melting point (2248 K), and 
superior physicochemical stability [16]. Additionally, 
ZnO is considered a "generally safe" compound by 
the US Food and Drug Administration 
(21CFR182.8991), which makes it suitable for use 
not only in catalysis and environmental remediation 
but also in medical uses such as antimicrobial 
therapy, biosensing, and cancer therapy [17]. 

Numerous physicochemical techniques such 
as hydrothermal, microwave-assisted, thermal 
decomposition, plasma-assisted vapor deposition, and 
electrochemical synthesis can be used for NPs 
synthesis [18, 19]. However, these methods are 
usually energy-demanding, costly, and involve toxic 
and hazardous chemicals that produce 
environmentally hazardous by-products [20]. 
Moreover, the NPs prepared using these methods 
usually have low homogeneity and a high tendency to 
agglomerate [21]. On the other hand, green synthesis 
using biological materials such as plant extracts, 
microbes, fruits, leaves, seeds, and flowers has 
emerged as a sustainable and environmentally 
friendly method to nanoparticle synthesis [22]. In this 
approach, biological components serve as both 
stabilizer and reducing agents which facilitate the 
creation of homogenous and stable NPs [23].  

Various studies have revealed that 
biogenically synthesized NPs possess higher 
biological and photocatalytic properties compared to 
those prepared using conventional methods [24]. For 
example, an increased antibacterial and 

photocatalytic property was observed for ZnO NPs 
prepared using Azadirachta indica [25], while the 
concentration of green extract has a significant effect 
on the biological and photocatalytic properties of 
ZnO NPs [26].   

Various chemical and biogenic methods 
have been utilized for ZnO NPs synthesis.  However, 
numerous conventional techniques still rely on toxic 
chemicals, need elevated temperatures, and lack 
comprehensive analysis. Most studies stop at FTIR 
analysis, which provides functional group data but 
fails to identify the specific molecular species bound 
to the nanoparticle surface. We bridge this analytical 
gap by employing GC-MS analysis to identify 
phytoconstituents associated with the surface of 
synthesized ZnO-NAT nanoparticles. To the best of 
our knowledge, such integration of green synthesis 
via Nyctanthes arbor-tristis leaf extract with 
advanced GC-MS analysis of synthesized sample has 
not yet been reported. Furthermore, efficient biogenic 
synthesis without the need for high-temperature 
calcination along with significant degradation of MB 
dye highlights the functional potential and novelty to 
the present investigation. 

The present study focuses on eco-friendly, 
non-toxic and cost-effective approach for synthesis of 
Zinc oxide NPs encapsulated with NAT leaf extract. 
It also offer mechanistic insight into green synthesis 
through GC-MS by providing information about 
phytoconsituents present in ZnO-NAT NPs which act 
as strong capping and stabilizing agent. Moreover, 
PL, UV-Vis spectroscopy, FESEM and HR-XRD 
were also carried out for investigating optical and 
structural properties of as-synthesized NPs. The 
present work also reports ZnO-NAT NPs as a 
photocatalysts for photocatalytic degradation of MB 
dye in aqueous solution. 

1. Methodology  
1.1 Reagents and Materials 

Analytical grade chemicals such as Zinc nitrate 
hexahydrate [Zn(NO₃)₂·6H₂O; molecular weight 
297.43 g·mol⁻¹], Sodium hydroxide (NaOH), N. 
arbor-tristis (NAT) leaves, methylene Blue (MB) 
(C16H18ClN3S) and double distilled water were used 
[27, 28, 29]. 

1.2 Collection and preparation of N. arbor-tristis 
(NAT) Leaf Extract 

Fresh leaves of NAT were collected from village 
Kassar, Jhajjar, Haryana, India (28.701856° N 
latitude, 76.87511° E longitude), as per national and 
local guidelines (Fig.1 ) [30]. The washed leaves of 
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NAT were shade dried at room temp and grounded to 
uniform powder. 10 g leaf powder and double 
distilled water about 100 mL were stirred 
magnetically at 40 °C for 30 minutes. The mixture 
was centrifuged at 4000 rpm for 10 minutes, 
supernatant is the resulting aqueous NAT leaf extract 
[29, 31, 32]. 

  
Fig. 1 NAT incorporated for NPs fabrication 

1.3 Green Synthesis of ZnO-NAT NPs 

To synthesize a 0.2 M zinc precursor solution, 2.9748 
g of zinc nitrate hexahydrate [Zn(NO₃)₂·6H₂O] was 
added in 50 mL of deionized water under continuous 
magnetic stirring for 20 min (Fig.2).Subsequently, 50 
mL of freshly prepared aqueous leaf extract of NAT 
was poured gradually to the zinc nitrate solution 
under constant stirring. The pH of the reaction 
mixture was set to 11 using an appropriate base 
solution. To facilitate nanoparticle formation, the 
mixture was then maintained at 70 °C for 4 h under 
continuous stirring. A noticeable change in color of 
the solution indicated the formation of ZnO-NAT 
NPs. The suspension was centrifuged at 4000 rpm for 
10 min and then dried and ground to obtain ZnO-
NAT NPs [29, 33, 34]. 

 

Fig.2 Schematic illustration of ZnO-NAT NPs 
synthesis  
1.4 Characterization techniques 
The predicted shape structure of prepared zinc oxide 
NPs was estimated by HR-XRD on a Rigaku 
SmartLab with Temperature-Dependent Testing 
Assembly with Cu Kα radiation (λ = 1.5405 Å). 
Diffraction data were recorded from 20° to 80° (2θ) 
at a scan rate of 0.02°/s [35]. UV-Visible 
spectroscopy (Agilent Cary 5000) was utilized to 
affirm the formation of ZnO-NA NPs and study their 
optical behavior.  PL measurement was carried out on 
a luminescence spectrophotometer WiTech alpha 
300R, made in Germany (325 nm) using He-Cd laser 
with excitation wavelength at 325 nm. Surface 
morphology was detected using a Gemini SEM 500 
Field-emission scanning electron microscopy 
(FESEM). A Nicolet iS50 spectrophotometer was 
used to perform FTIR analysis in order to identify 
functional groups. These characterizations were 
carried out at the University Science Instrumentation 
Centre (USIC), University of Delhi, New Delhi. GC-
MS analysis was carried out at the Central 
Instrumentation Laboratory, Central University of 
Punjab (CUPB), Ghudda, Bathinda, using a GCMS-
TQ8040 instrument (Shimadzu, Japan). Prior to 
analysis, the synthesized ZnO-NAT nanoparticle 
powder was dispersed in methanol to facilitate the 
release and detection of nanoparticle-associated 
organic constituents. The resulting methanolic 
dispersion was subjected to GC-MS analysis. 
Separation was achieved using an RTX-5MS 
capillary column (30 m × 0.25 mm × 0.25 µm film 
thickness) with helium as the carrier gas. The 
resulting compounds were identified by comparing 
their retention indices and mass spectral patterns with 
those listed in National Institute of Standards and 
Technology (NIST14) collection [36, 37 38]. 

1.5 Dye catalytic experiment   

The photocatalytic activity of ZnO-NAT NPs was 
evaluated using methylene blue dye in an aqueous 
medium. MB dye solutions (10 mg/L) were prepared 
in deionized water and for calibration, a series of 
standard MB solutions with varying concentrations 
were prepared, and their absorbance values were 
measured using Vis spectrophotometer to obtain a 
calibration curve [39]. For the photocatalytic study, 
20 mg of ZnO-NAT NPs were dispersed in 50 mL of 
MB solution prepared from the stock. The initial 
absorbance (A₀) was recorded before light 
illumination. The mixture was then stirred in dark 
conditions for 60 minutes to establish equilibrium 
state before light exposure. Also, prior to light 
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illumination, the suspension was maintained under 
dark conditions with continuous stirring for 60 min so 
that equilibrium between the dye molecules and 
surface of catalyst can be attained. After achieving 
equilibrium, the solution was exposed to blue light 
source for 240 minutes. At regular intervals of 30 
minutes, 3 mL aliquots were withdrawn and 
centrifuged at 5000 rpm for 5 minutes to separate the 
catalyst particles.  

The collected supernatant was analyzed via 
visible spectrophotometer to obtain absorbance (Aₜ). 
Variations in absorbance were used to assess dye 
degradation rate. The role of concentration and 
exposure time on degradation was also investigated, 
and efficiency (%) was calculated using the stated 
equation (1) [39, 40]. 

Degradation	Efficiency	(%) = 	 !0"!!
!0

	× 100  (1) 
where, C0 represents the initial concentration of dye  
and Ct denotes the dye concentrations at time t, 
respectively [39]. 

2. Results 
2.1 HR-XRD Analysis  
HR-XRD was used to examine the crystal structure of 
the as-synthesised sample. The NPs were scanned 
from 20° to 80° at 2θ. The diffraction pattern 
highlighted in Fig. 3(a) confirmed the crystalline 
structure of the synthesized nanoparticles as well as 
the purity of the sample. The sharp peaks indicate the 
crystallinity of the nanoparticles. 

 

Fig. 3(a) HR-XRD profile for ZnO-NAT NPs. (b) 
shows W-H Plot  

The HR-XRD pattern exhibits peaks at (100), (002), 
(101), (102), (110), (103), (200), (112), (201) and 
(004), which align perfectly with the hexagonal 
wurtzite phase of ZnO (JCPDS Card No. 00-001-
1136) [41]. The purity of the sample was confirmed 
no secondary phases or impurity-related peaks were 
detected. The average size of the as-synthesized 

sample as determined by Debye-Scherrer equation (2) 
[40], is 20.45 nm. 
𝐷	 = 			 #$

%	'()	*
								                                    

               (2) 
D is the value of crystallite size in nanometers, β is 
the relevant plane's FWHM in radians, θ represents 
diffraction angle, K denotes Scherrer’s constant 
(typically 0.9) and λ denotes X- ray radiation's 
wavelength, which is commonly used as 0.154 nm.  
𝐷𝑖𝑠𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	 = 	 1

+2
	   

     
 (3) 
Thereafter, using equation (3) [40] the dislocation 
density of ZnO-NAT NPs is 4.33	×1015 m-2. 

2.1.1 Microstrain Evaluation using Williamson-
Hall (W-H) Plot 

The lattice strain of the NPs was assessed by utilizing 
the W-H plot method as depicted in Fig.3(b), and the 
corresponding values are summarized in Table 1. 
Both macro-strain and crystallite size influences the 
peak broadening in the HR-XRD data.   
In particular, the broadening can be divided into two 
components: βE, which is the result of deformation 
broadening, and βD, that derive from grain size 
broadening. Equation (4) [40] can be employed to 
determine βt, which represents the total peak 
broadening. 
𝛽 T =	

,λ	
D×Cosθ

		+ 	4ε × tanθ   
         
(4)  
Here, ε indicates the lattice strain. The relationship 
can be written in a linear form,  where  kλ/D 
represents the y-intercept and  ε is the slope of the 
line given by equation (5) [35, 40].  
𝛽 T × 𝐶𝑜𝑠𝜃 = 	𝜀(4𝑆𝑖𝑛𝜃) +	,λ	

+
	   

             (5)                   
Figure 3 depicts the W-H curve for ZnO-NAT NPs 
which illustrate the correlation between 4sinθ and 
βcosθ.  The data was analyzed via linear regression, 
where the slope of the fitted line provides the value 
for the lattice strain [40]. 

Table 1: Crystallographic parameters of ZnO-NAT 
NPs 

Nanoparticles ZnO-NAT 

NPs 

Crystallite Size (debye scherrer 15.19 nm 
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method) 

Dislocation Density 4.33×1015 m-2 

Crystallite Size( W-H Plot) 20.45 nm 

Strain 1.31×10−3 

The plot’s slope and intercept were found to 
be 0.0013 and 0.00678, respectively. As shown in 
Table 1, the crystallite size was 20.45 nm, and the 
corresponding tensile strain (ε) was estimated to be 
1.31 × 10−3. These observations align with previous 
findings [35, 31].    

3.3 GC-MS Analysis  
The GC-MS chromatogram of the biosynthesized 
ZnO-NAT NPs is shown in Fig. 4, while the 
identified compounds are summarized in Table 2 
[36]. The chromatogram displays distinct and well-
resolved peaks in the retention time (RT) range of 
~13-32 min, confirming the presence of diverse 
organic constituents associated with the nanoparticle 
surface. 

 
Fig.4: GC-MS chromatogram of ZnO-NAT NPs 
displayed the presence of 2,4-Di-tert-butylphenol, 
Hexadecanoic acid, methyl ester, Benzenepropanoic 
acid, 3,5-bis(1,1-dimethylethyl)-4-hydroxy-, 
Heptadecanoic acid, 16-methyl-, methyl ester, 13-
Docosenamide, (Z)- 

Table 2: GC-MS analysis of green-mediated ZnO-
NAT NPs  

Pe

ak 

N

IUPAC 

name 

RT(

min

) 

Are

a 

Are

a% 

Mole

cular 

weig

For

mula 

o. ht 

3 2,4-Di-
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butylphe

nol 

15.4

73 

127

501

6 

39.

97 

206 C14H

22O 

5 Hexadeca

noic acid, 

methyl 

ester 
 

21.6

15 

839

02 

2.6

3 

270 C17H

34O2 

6 Benzenep

ropanoic 

acid, 3,5-

bis(1,1-

dimethyl

ethyl)-4-

hydroxy- 

21.7

28 

128

421

8 

40.

26 

292 C18H

28O3 

8 Heptadec

anoic 

acid, 16-

methyl-, 

methyl 

ester 
 

24.1

68 

388

36 

1.2

2 

298 C19H

38O2 

9 13-

Docosena

mide, 

(Z)- 

31.2

00 

188

172 

5.9

0 

337 C22H

43NO 

The identified compounds are attributed to 
phytochemical constituents associated with the 
surface of ZnO-NAT nanoparticle, indicating the 



ECO-FRIENDLY SYNTHESIS OF ZINC OXIDE NANOPARTICLES ENCAPSULATED WITH AQUEOUS 
LEAF EXTRACT OF NYCTANTHES ARBOR-TRISTIS AND THEIR POTENTIAL FOR ENVIRONMENTAL 

REMEDIATION 

 IJDDT Volume 16 Issue 77s 2026 Page: 1752 

presence of organic molecules retained during the 
green synthesis process. The GC-MS analysis 
showed five major compounds associated with the 
ZnO-NAT nanoparticles (Fig. 4). The compounds 
were identified from their retention times and 
fragmentation patterns in the mass spectra. The 
results showed that benzenepropanoic acid, 3,5-
bis(1,1-dimethylethyl)-4-hydroxy- (40.26%) and 2,4-
di-tert-butylphenol (39.97%) were the main 
compounds identified in the sample. Further, fatty 
acid derivatives like hexadecanoic acid methyl ester 
(2.63%) and heptadecanoic acid methyl ester (1.22%) 
were also detected and may contribute in capping and 
stabilizing the nanoparticles. The presence of 13-
docosenamide (Z-) (5.90%) (Table 2) also supports 
the mechanism of stabilization by surface adsorption. 
The results of GC-MS agreed the previous findings 
which uncovered the presence of various 
phytochemicals associated with biosynthesized ZnO-
NAT NPs. These biomolecules facilitate the 
conversion of zinc precursor into ZnO-NAT NPs and 
prevent particle agglomeration by stabilizing the 
nanoparticle surface [29]. 

3.4 UV-Vis Spectroscopy 

UV-Vis absorption spectroscopy was utilized to 
examine the optical characteristics of semiconductor 
NPs. This technique is commonly employed to 
investigate material absorption behavior. 

 

 Fig. 5 (a) UV- visible absorbance spectrum for ZnO-
NAT NPs, (b) Band gap determination via tauc plot, 
(c) UV- visible absorption coefficient of ZnO-NAT 
NPs 

Fig.5(a) illustrates the UV-Vis absorption profile and 
(b) corresponds to Tauc plot of the synthesized ZnO-
NAT NPs, within 200-800 nm range. A prominent 
absorption peak appeared at 354 nm that confirmed 
synthesis of ZnO-NAT NPs. The measured 
wavelength is shorter than the characteristic 
absorption wavelength of bulk ZnO which is usually 
380 nm [42]. The peak position reflects a blue shift in 
excitonic absorption [43]. Similar absorbance peaks 
(λmax) had been reported by other researchers [29]. 
Fig. 5 (c) illustrates the relationship between the 
absorption coefficient (α) and photon energy (hv) for 
ZnO-NAT NPs. The absorption coefficient was 
determined using Equation (6) [40] yielding 
significant insights into the optical characteristics of 
the material.                                        

𝛼 = 2.303	/	
0

                                                                                                                           
(6)        

 The absorption coefficient is low at lower 
photon energies and increases gradually, indicating 
weak absorption due to defect states. At shorter 
wavelengths (higher energies), it rises sharply and 
reaches a maximum near the band gap region, 
demonstrating strong intrinsic absorption of ZnO-
NAT NPs in the UV region. Depending on the 
crystalline structure, band gap energy is a crucial 
factor in determining wavelengths of material. 
According to the Tauc equation provided by equation 
(7) [31], the band gap for ZnO-NAT NPs was 
estimated to be  2.81 eV by extrapolating the linear 
region of the absorption edge. In this case, A denotes 
the empirical constant, "Eg" for band gap energy, hv 
stands for photon energy, and considering zinc oxide 
as a direct band gap semiconductor, γ = ½.  

(𝛼ℎ𝜈)1/γ	 = 	𝐴	(ℎ𝜈	 − 	𝐸g)          
     (7) 

The reduction in the optical band gap may be 
attributed to phytochemical constituents originating 
from the plant extract, which cap and modify the 
nanoparticle surface, thereby introducing localized 
defect states [44]. Generally, biosynthesized 
nanoparticles exhibit enhanced reactivity compared to 
their chemically or physically synthesized 
counterparts [45, 46]. The present study shows close 
resemblance with the report [47] that indicated an 
optical band of 2.67 eV with an absorption edge near 
375 nm for zinc oxide NPs employing Eucalyptus 
globulus leaf extract. 

3.5 Photoluminescence Study 
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To investigate the optical characteristics of the 
ZnO-NAT sample, PL spectra was recorded at room 
temperature using a 325 nm excitation source is 
shown in Fig.6. The emission spectrum exhibits both 
ultraviolet and visible emission bands, indicating the 
presence of intrinsic defects and excitonic 
recombination processes. 

 

Fig.6 PL spectrum of ZnO-NAT NPs 

A low-intensity near band edge (NBE) emission peak 
appears at around 370 nm, which is responsible for 
radiative recombination of free excitons in ZnO. This 
UV emission confirms the good crystalline nature of 
the synthesized ZnO-NAT NPs. However, the 
relatively low intensity of this peak suggests that 
defect-mediated transitions dominate over direct 
band-to-band recombination. The PL spectrum 
further shows a broad and intense emission band in 
the visible region, indicating the presence of deep-
level defect states within the band gap of ZnO. The 
blue emission peak at 486 nm is attributed to intrinsic 
defects such as zinc interstitials (Zni) and oxygen 
vacancies (Vo), which create shallow donor energy 
levels below the conduction band. The radiative 
transition from these defect states to the valence band 
gives rise to the observed blue emission. The 
dominant emission peak at 589 nm, located in the 
yellow region, is associated with deep-level defects, 
mainly oxygen vacancies and oxygen interstitials. 
The strong intensity of this emission indicates a high 
concentration of oxygen-related defects in the ZnO 
lattice. These defects are introduced during the green 
synthesis process due to the interaction of 
phytochemicals present in the leaf extract.  

Visible emission in ZnO is mostly attributed to 
intrinsic point defects, including zinc interstitials, 
zinc vacancies, oxygen interstitials, and oxygen 

vacancies, which generate deep energy levels within 
the band gap. These defect states prolong the lifespan 
of charge carriers by serving as sites for trapping and 
suppressing direct recombination of photogenerated 
charge carriers. Furthermore, these defects serve as 
active sites for photocatalysis.  
Under blue light, the photogenerated electrons and 
holes under redox conditions migrate towards the 
surface of ZnO-NAT NPs and then facilitate the 
formation of oxidative species such as hydroxyl 
(•OH) and superoxide radicals (O₂•-)  radicals  [36]. 
These highly reactive intermediates greatly enhance 
photocatalytic performance by aiding in the 
degradation of organic contaminants. Therefore, the 
strong visible emission confirms the defect-rich 
nature of ZnO-NAT NPs. Thus, PL study clearly 
demonstrates that the weak UV emission corresponds 
to excitonic recombination, strong visible emission 
originates from defect-related deep levels and defect-
rich nature of ZnO-NAT NPs is highly favorable for 
photocatalytic and environmental remediation 
applications [40]. 
3.6 FTIR analysis 

Fig. 7 illustrates that FTIR characterization carried 
out to determine the functional groups responsible for 
NPs formation. The analysis was examined in the 
range of 400-4000 cm-1. The nanoparticles exhibit a 
variety of absorption peaks at 3448.1, 1492.6, 1400.1, 
1029.8, 908.3, and 871.7 cm⁻¹, along with a 
characteristic Zn–O vibration in the low-wavenumber 
region. 

 

Fig.7 FTIR spectra of ZnO-NAT NPs  

A broad absorption band observed at 3448.1 
cm⁻¹ represents O–H stretching vibrations which 
originates from phenolic compounds and alcohols 
present in the plant extract, suggests the presence of 
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surface-absorbed water and hydroxyl groups. The 
presence of these hydroxyl groups suggests the 
adsorption of phytochemical constituents on the 
nanoparticle surface. The bands at 1492.6 cm⁻¹ and 
1400.1 cm⁻¹ are assigned to C–N stretching or 
aromatic C=C vibrations, that indicates the 
involvement of proteins or amino compounds in 
nanoparticle stabilization. The absorption band at 
1029.8 cm⁻¹ and 908.3 cm⁻¹ are associated with C–O 
stretching vibrations of alcohols, ethers, or esters. 
These oxygen-containing groups improve the 
adsorption of reactant molecules on the nanoparticle 
surface, which is a crucial step in photocatalytic 
reactions. The existence of organic capping agents 
that can alter surface characteristics and improve 
catalytic interactions is further confirmed by the peak 
detected at 871.7 cm⁻¹, which corresponds to out-of-
plane bending vibrations of aromatic C–H bonds. Zn–
O stretching vibrations are responsible for a 
prominent and distinctive absorption band at 441.2 
cm⁻¹, indicating the successful production of ZnO 
nanoparticles. This band is closely linked to the 
metal-oxygen lattice, lattice and provides evidence 
for the formation of crystalline ZnO nanoparticles 
[40, 42] 

3.7 FESEM Analysis 

The micrographs for ZnO-NAT NPs revealed 
spherical to quasi- spherical morphology with 
aggregation present in some clusters of spheres, as 
described in literature. The shape and size 
distribution of the biosynthesized ZnO-NAT 
nanoparticles were analyzed using FESEM, as 
illustrated in Fig. 8. The morphology and particle size 
distribution of the biologically as-synthesized ZnO-
NAT NPs were examined using FESEM, as shown in 
Fig.8. At lower magnification, the nanoparticles are 
seen to be relatively uniformly distributed, indicating 
homogeneous nucleation and growth. With increasing 
magnification, the surface features become more 
distinct, revealing clusters of fine nanograins forming 
larger aggregated structures with rough textures. The 
corresponding particle size distribution histograms 
exhibit near-Gaussian behavior, indicating a fairly 
uniform particle size distribution with moderate 
polydispersity. The analysis was conducted at 
magnification at 50.23 KX, 75.34 KX and 100.28 KX 
had demonstrated particle sizes in the range of 
approximately 211.22-230.4 nm for ZnO-NAT NPs. 

 

Fig. 8 FESEM micrographs illustrating ZnO-NAT 
NPs at magnifications (a) 50.23 KX, (b) 75.34KX, 
(c) 100.28 KX, and their particle size distribution 
histograms 

It is clear that nanoparticles get severely aggregated 
leading to larger particle size formation. This 
agglomeration and clustering of nanoparticles may be 
attributed to the inherently high surface energy of 
ZnO nanoparticles along with the influence of 
phytochemicals acting as stabilizing agents during 
biogenic synthesis process.  The diameter of ZnO-
NAT NPs measured by FESEM is larger than the 
crystallite size determined via XRD (Scherer and W-
H calculations), that are consistent with micrographs 
reported in literature [31,48,49]. This indicates that 
the ZnO-NAT NPs are polycrystalline since each 
nanoparticle has several tens of crystallite grains with 
a diameter of about 15 nm that are consistent with 
peaks reported in literature study [48, 49].  

3.8 Photocatalytic degradation of MB dye  

The photocatalytic efficiency of ZnO-NAT NPs was 
evaluated by degradation of MB under blue light. The 
corresponding UV-Visible absorption spectra 
recorded at different irradiation times are shown in 
Fig. 9(a). MB showed an intense absorption peak at 
664 nm initially. With increasing exposure time 
showed gradual decrease in intensity on exposure to 
blue light.  
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For the control, the degradation of MB concentration 
in the dark phase showed a slight reduction in MB 
concentration due to adsorption of dye onto ZnO-
NAT NPs. After 60 min, the blue light was switched 
on and a gradual decrease in absorbance was 
recorded with increasing irradiation time, indicating 
effective photocatalytic activity. The initial 
absorbance (A₀) of MB was 1.209 corresponding to 
an initial concentration (C₀) of 10.1 mg/L. The 
concentration of MB decreased progressively from 
7.38 mg/L at 30 min to 2.03 mg/L at 240 min. The 
degradation efficiency reached 80% after 240 min of 
irradiation showed in Fig.9 confirming the 
photodegradation of MB dye [39]. 

 
Fig. 9- (a) UV-Visible absorption spectra for 

MB at different irradiation time ,(b) Photocatalytic 
degradation efficiency (%) of MB dye as a function 
of irradiation time using ZnO-NAT NPs, (c) 
Variation of C/C₀ with irradiation time, and (d) 
Pseudo-first-order kinetic plot of ln(C₀/C) versus 
irradiation time for MB degradation 
Table 3: Comparative photocatalytic performance of 
ZnO-NAT NPs synthesized via different green and 
chemical routes for MB degradation under various 
light irradiation conditions 
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To determine the reaction rate constant (k), 
the degradation data were analyzed using the pseudo-
first-order kinetic model expressed as in equation (8) 
[55], where Ct represents the concentration of MB at 
different irradiation times and C₀ represents the initial 
concentration of MB solution.  
𝑙𝑛 <𝐶( 𝐶0= > = 𝑘𝑡                                                                                                     
(8)   

The photocatalytic degradation obeys first-
order reaction kinetics, as shown by the linear 
correlation between ln(C₀/Ct) and exposure time in 
Fig. 9(c). The calculated rate constant (k) further 
confirms the efficient photocatalytic performance of 
ZnO-NAT NPs under blue light irradiation. The rate 
constant (k) for the photodegradation of MB via 
ZnO-NAT NPs was calculated to be 0.0067 min⁻¹ 
based on the slope of the linear plot [56]. 

 

Fig. 10 Schematic illustration of the photocatalytic 
process involved in the degradation of MB 

Fig.10 illustrates the mechanism of MB dye 
degradation in the presence of ZnO-NAT NPs. The 
photodegradation behavior of ZnO NPs has already 
been widely reported in earlier studies (Table 3). The 
photodegradation mechanisms that result in the 
formation of of CO2 and H2O as byproducts are 
outlined in the following equations (9 -13) based on 
previous investigations [57].  

𝑍𝑛𝑂	 + 	ℎ𝜈	 → 	𝑍𝑛𝑂(𝑒⁻	𝐶𝐵	 + 	ℎ⁺	𝑉𝐵)                                                                                   
(9) 

𝑒⁻	 + 	𝑂₂	 → 	𝑂2•⁻                                                                                                                      
(10) 

ℎ⁺	 + 	𝐻₂𝑂	 →	• 𝑂𝐻	 + 	𝐻⁺                                                                                                      
(11) 

ℎ⁺	 + 	𝑂𝐻⁻	 →	• 𝑂𝐻                                                                                                                  
(12) 

• 𝑂𝐻	/	𝑂2•⁻	 + 	𝑀𝑂	 → 	𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠	 →
	𝐶𝑂₂	 + 	𝐻₂𝑂                                         (13) 

In ZnO-NAT NPs, incident photons 
possessing energy equal to or greater than the 
bandgap, transfer of electrons from the lower-energy 
band (VB) to the higher-energy band(CB) produces 
paired charge carriers (e-/h+) [57]. The superoxide 
radicals (O2•-) are formed when photo-generated 
electrons reduce molecular oxygen adsorbed on the 
ZnO surface. The holes in the valence band produce 
hydroxyl radicals (•OH) by facilitating the oxidation 
of surface hydroxyl groups (OH-) or water molecules 
(H2O). The radicals (•OH and O2•-) breaks down the 
conjugated structure of MB that results into CO2, 
H2O, and less poisonous byproducts [57]. 
4 Conclusion 

The present work highlights the synthesis of ZnO-
NAT NPs via biogenic route. Also, its structural, 
optical and morphological characteristics are 
thoroughly evaluated. HR-XRD confirmed the 
hexagonal wurtzite structure of ZnO-NAT NPs with 
an average crystallite size of 15.19 nm. Through W-H 
Analysis, lattice strain of 1.31 × 10−3 with 4.33	×1015 
m-2 of dislocation density suggest good crystallinity 
with minimal defects. Optical studies employing UV-
Vis spectroscopy showed strong absorption peak at 
354 nm which corresponds to an estimated band gap 
of 2.81 eV. PL analysis points towards the defects 
states in ZnO-NAT NPs that effectively suppress 
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recombination rates. FESEM micrographs show 
spherical to quasi spherical shape of the particles. 
ZnO-NAT NPs acted as efficient photocatalysts as it 
degrade 80% of MB dye within 240 minutes of 
exposure to blue light. Such performance underscores 
the potential of the NPs as robust tools for 
remediating environmental pollutants. 
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