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	        ABSTRACT
The discharge of synthetic azo dyes from textile industries poses serious environmental and 
health risks because of their genotoxic, mutagenic, and carcinogenic nature. In the present 
study, eco-friendly iron oxide (Fe₂O₃) nanoparticles were biosynthesized using Pseudomonas 
stutzeri and ferric chloride as a precursor under ambient conditions and were applied for the 
degradation of the textile dye Reactive Orange ME2RL. The synthesized nanoparticles were 
characterized using UV–Visible spectroscopy, FTIR, SEM, HRTEM, and DLS, confirming the 
formation of stable nanoscale Fe₂O₃ particles. The nanoparticles exhibited efficient catalytic 
activity, achieving nearly 80% degradation of Reactive Orange ME2RL within 45 min. The 
degradation pathway and the formation of intermediate metabolites were confirmed using 
UV–Visible spectroscopy, FTIR, HPLC, and GC–MS analyses. Furthermore, phytotoxicity 
and fish toxicity assays indicated reduced toxicity of the degradation products. These 
results demonstrate that biosynthesized Fe₂O₃ nanoparticles offer a rapid, efficient, and 
environmentally sustainable approach for the remediation of azo dye-contaminated textile 
wastewater.

1. INTRODUCTION

Textile sectors occupy a significant position in the Indian economy by contributing 
to industrial production, exports, and employment (Chavan 2001). However, the 
use of synthetic dyes has made textile effluents a persistent source of environmental 
pollution because of their adverse effects on the environment and living organisms 
(Banat et al. 1997). Textile wastewater is typically characterized by intense color, 
high chemical oxygen demand (COD), high total dissolved solids (TDS), and 
the presence of recalcitrant aromatic compounds, making conventional treatment 
highly challenging. The persistence of these dyes in aquatic ecosystems reduces 
light penetration, inhibits photosynthesis, and contributes to long-term ecological 
imbalance (Patel & Bhatt 2022, Haroon et al. 2023).

Scientists are increasingly interested in metal nanoparticles because of their 
remarkable chemical, electrical, and optical properties. The green synthesis of such 
nanoparticles is simple, environmentally friendly, and provides a rapid approach 
to meeting the growing global demand for safe, non-toxic, and biocompatible 
nanoparticles (Khan et al. 2019). Researchers have shown particular interest in the 
green synthesis of nanoparticles using microbes because of their ease of handling, 
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environmentally safe disposal, and relatively simple 
downstream processing (Annamalai et al. 2021). Among 
microorganisms, bacteria possess the innate ability to reduce 
metal ions and synthesize metal nanoparticles (Srivastava & 
Constanti 2012). Microbial synthesis not only avoids the use 
of toxic reducing agents employed in conventional chemical 
methods but also enables precise control over nanoparticle 
morphology through enzymatic and metabolic pathways. 
Consequently, microbial nanotechnology has emerged as a 
promising tool for sustainable environmental remediation 
(Annamalai et al. 2021).

Because of their genetic diversity and adaptable metabolic 
systems, microorganisms are considered a preferred choice 
for the biological remediation of dye pollution (Banat et al. 
1997, Shakoor et al. 2025). In addition, biological treatment 
requires fewer reagents and produces less sludge than many 
physicochemical methods, making it a more economical 
and environmentally friendly alternative. It can also result 
in the complete mineralization of dyes and is considered a 
cost-effective treatment strategy (Pandey et al. 2007). Iron 
nanoparticles (FeNPs) have shown considerable potential 
for reducing environmental pollution.

The phylum Proteobacteria includes Pseudomonas 

stutzeri, which is classified under group I of Palleroni’s 
DNA–rRNA homology groups (Palleroni et al. 1973, Palleroni 
1984). It is currently recognized as a member of the class 
Gammaproteobacteria. P. stutzeri is a widely distributed, 
non-fluorescent denitrifying bacterium that has also been 
identified as an opportunistic human pathogen (Rossello et 
al. 1991). Over the past few decades, the taxonomy of this 
diverse species has been clarified, and its unique metabolic 
properties have attracted considerable attention. Some strains 
are capable of fixing dinitrogen and have served as model 
organisms for studies on denitrification. Other strains degrade 
environmental contaminants or interact with toxic metals, 
while several exhibit natural transformation capabilities, 
making them valuable for studies of environmental gene 
transfer (Palleroni et al. 1970). Importantly, P. stutzeri has been 
reported to tolerate and transform a wide range of xenobiotics, 
making it a promising candidate for bio-nanotechnological 
applications, including microbial nanoparticle synthesis and 
dye biodegradation (Shahriarinour et al. 2021).

The textile, food, leather, cosmetic, plastic, and paper 
industries use a wide variety of organic dyes for aesthetic 
purposes, many of which are hazardous and pose serious 
environmental threats (Forgacs et al. 2004). The treatment 
and removal of organic dyes from textile effluents remain 
major challenges for both industry and environmental 
scientists. Although several physicochemical techniques 
are available, they are often inefficient and may generate 

secondary pollutants that require additional treatment. 
Techniques such as ozonation, coagulation-flocculation, 
adsorption, and membrane filtration may achieve partial 
color removal but frequently fail to completely degrade 
dye molecules, resulting in secondary pollution and high 
operational costs (Periyasamy 2024).

In recent years, interest in advanced nanocatalyst-based 
technologies for the removal of dyes and other organic 
pollutants has increased significantly (Naz et al. 2021). A 
simple and sustainable approach involves treating dyes in the 
presence of biocompatible and environmentally safe catalysts 
without the use of organic solvents. Reactive Orange ME2RL 
is a diazo dye widely used in the textile industry for coloring 
wool, silk, leather, paper, and polyamide fibers. Considerable 
attention has been directed towards the degradation of this 
dye because its complex aromatic backbone and multiple 
azo linkages make it resistant to conventional biological 
degradation, highlighting the need for integrated nano-
biotechnological approaches for efficient treatment (Joshi 
et al. 2015).

In this study, Pseudomonas stutzeri, a bacterium known 
for degrading diazo dyes containing two –N=N– azo bonds 
(Joshi et al. 2020), was evaluated for its bioremediation 
potential. The biodegradation of the common textile 
diazo dye Reactive Orange ME2RL was investigated 
using iron nanoparticles synthesized by an isolated strain 
of Pseudomonas stutzeri. The combined application of 
microbially synthesized FeNPs and dye-degrading bacteria 
provides a synergistic strategy that enhances both catalytic 
activity and biodegradation efficiency, thereby offering a 
sustainable, cost-effective, and environmentally friendly 
approach for treating textile effluents.

In the present study, we focused on the degradation 
of the textile dye Reactive Orange ME2RL using Fe₂O₃ 
nanoparticles synthesized by Pseudomonas stutzeri. Reactive 
Orange ME2RL is known to damage the eyes, mucous 
membranes, and upper respiratory tract and has also been 
reported to be carcinogenic (Gupta et al. 2006). In addition, 
it increases biological oxygen demand by reducing light 
penetration and oxygen availability in aquatic ecosystems, 
thereby adversely affecting aquatic life. Therefore, this dye 
should be removed from wastewater before its discharge  
into natural water bodies because of its harmful effects on 
human health and its long-term environmental impacts (Ali 
2010).

2. MATERIALS AND METHODS

2.1. Materials

The nutrient agar, 99% pure FeCl3, and nutrient broth used 
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nanoparticles was assessed using Reactive Orange ME2RL 
dye. A 1 mM concentration of FeNPs was added to 100 mL 
of dye solution (10 mg L⁻¹), and the mixture was stirred at 
120 rpm for 30 min (Al-Musawi et al. 2022). At regular inter-
vals, 2 mL samples were taken, and their absorbance at 494 
nm was measured to determine the degradation percentage 
using Equation 1.

	 Degradation (%) = �0��1
�0

× 100   

Percent Fold Increase = ���
�

  

% Mortality = �����r o� d�ad �i��
��itial �����r o� �to���d �i��

× 100  

	 …(1)

Where,

D₀ = initial absorbance

D₁ = final absorbance

2.3. Study of Metabolites of the Degraded Dye

2.3.1. UV–Visible Spectroscopy
The spectral changes of control and treated dye samples 
(400–800 nm) were analyzed to confirm biodegradation 
rather than superficial decolorization (Wu et al. 2022).

2.3.2. Fourier Transform Infrared Spectroscopy (FTIR)
FTIR analysis was performed to understand functional group 
alterations during degradation and nanoparticle interaction 
(Katata-Seru et al. 2018).

2.3.3. High-Performance Liquid Chromatography (HPLC)
HPLC analysis was conducted using a C18 column (4.6 × 
250 mm) with methanol as the mobile phase at a flow rate 
of 1 mL min⁻¹. A UV detector monitored dye metabolites at 
their maximum absorption wavelengths (Ferreira et al. 2020). 
Supernatants from degradation experiments (0–45 min) were 
analyzed, with metabolites extracted using ethyl acetate, 
dried over anhydrous Na₂SO₄, evaporated, and reconstituted 
in HPLC-grade methanol (Apine et al. 2023).

2.3.4. Gas Chromatography–Mass Spectrometry (GC–MS)
Extracted metabolites were subjected to GC–MS analysis 
after solvent evaporation and reconstitution. This process 
followed standard extraction protocols for dye degradation 
metabolites (Castro et al. 2020).

2.3.5. Antibacterial Activity of Iron Nanoparticles
The antibacterial properties of FeNPs were evaluated 
using the agar well diffusion method. Test organisms 
included Proteus vulgaris (NCIM-2813), Salmonella typhi 
(NCIM-2501), Staphylococcus aureus (NCIM-2654), and 
Pseudomonas aeruginosa (NCIM-5032). Solutions of 
antibiotics, FeNPs, and their combinations were placed into 
agar wells and incubated at 37°C for 24 h. The zones of 
inhibition were measured in millimeters, and the percentage 
increase in antibacterial activity was calculated using 
Equation 2 (Mane et al. 2008).

in this study were all sourced from Himedia Laboratories 
Pvt. Ltd., an Indian company. Materials such as Reactive 
Orange ME2RL, ethyl acetate, FeCl3, and methanol were 
obtained from Sigma-Aldrich in India. All ingredients were 
of analytical reagent grade.

2.2. Methods

2.2.1. Iron Nanoparticle Biosynthesis
The bacterial strain Pseudomonas stutzeri was isolated from 
a soil sample collected at Kaas Pathar in Satara, Maharashtra, 
India. Its molecular identification was conducted via 16S 
rRNA sequencing at NCMR, Pune (Mukherjee & Dutta 
2019). The pure culture was inoculated into sterile nutrient 
broth and incubated at 28°C for 24 h with shaking at 120 
rpm. After harvesting and washing the bacterial biomass, it 
was suspended in sterile distilled water and agitated at 120 
rpm for 24 h at 28°C. The cell-free extract (CFE), obtained 
after centrifugation, was used for nanoparticle synthesis. To 
initiate nanoparticle formation, 1 mM FeCl₃ was added to 
the CFE in an equal volume, and the mixture was stirred at 
120 rpm at 28°C. A control sample consisted of 1 mM FeCl₃ 
solution without CFE. The formation of iron nanoparticles 
was monitored visually and by UV–visible spectroscopy at 
regular intervals. The capacity of P. stutzeri to synthesize 
iron nanoparticles aligns with previous reports of microbial 
nanoparticle production by Pseudomonas spp. (Vasantharaj 
et al. 2019).

2.2.2. Characterization of Iron Nanoparticles
The excitation spectra of biosynthesized iron nanoparticles 
were recorded using a UV–Visible spectrophotometer 
(Systronics AU-270I) (Velusamy et al. 2016). Crystallinity 
was analyzed by X-ray diffraction (XRD, Bruker D8 
Advance) within a 2θ range of 20°–80°, operating at 40 kV 
and 40 mA (Giuli et al. 2015). XRD is a common technique 
to determine the crystal structure and phase composition 
of nanoparticles (Holzwarth & Gibson 2011). Scanning 
electron microscopy (SEM) was employed to observe the 
morphology of the iron nanoparticles. High-resolution 
transmission electron microscopy (HRTEM) using an FEI 
Tecnai G2 U-Twin provided data on particle size and shape. 
Dynamic light scattering (DLS) analysis with a Nicomp 388 
ZLS system assessed the hydrodynamic size distribution 
(Chicea et al. 2012). Fourier transform infrared (FTIR) 
spectroscopy (Shimadzu FTIR-8400), covering 400–4000 
cm⁻¹, was conducted to identify biomolecules involved in 
nanoparticle reduction and stabilization (Zhao et al. 2016).

2.2.3. Degradation of Reactive Orange ME2RL Using Iron 
Nanoparticles
The catalytic degradation capacity of biosynthesized iron 
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Degradation (%) = �0��1
�0

× 100   

Percent Fold Increase = ���
�

  

% Mortality = �����r o� d�ad �i��
��itial �����r o� �to���d �i��

× 100  

	 …(2)

Where

A = inhibition zone of antibiotic

B = inhibition zone of antibiotic + FeNPs

2.4. Phytotoxicity Studies

The phytotoxic effects of the parent dye and its degradation 
metabolites were evaluated on four types of agricultural 
seeds: Vigna radiata (green gram), Triticum aestivum 
(wheat), Vigna unguiculata (cowpea), and Pisum sativum 
(pea). Seeds were exposed to dye and metabolite solutions at 
concentrations up to 400 ppm, following published protocols 
(Aly et al. 2025). Distilled water was used as a control. After 
seven days, parameters such as germination rate and plumule 
and radicle lengths were measured as described previously 
(Ameur et al. 2012).

2.5. Fish Toxicity Studies

Glass aquaria were sterilized with 0.1% potassium 
permanganate to prevent fungal contamination (Hanafi & 
Sapawe 2020). Fish were acclimated before being exposed 
to different concentrations of Reactive Orange ME2RL dye. 
The LC₅₀ values were calculated after 96 h of exposure. 
Histological examinations were performed on the treated 
fish to evaluate tissue alterations (Islam et al. 2021).

2.6. Determination of LC₅₀ and Percent Mortality

A straightforward method for assessing a substance’s 
toxicity is through LC₅₀ determination. Well-acclimated 
fish from the stock were divided into seven groups, each 
consisting of ten healthy individuals representing different 
dye treatments. These groups were then transferred to glass 
aquariums containing varying dye concentrations (1.25, 2.5, 
3.75, 5.00, 6.25, 7.5, and 8.75 ppm). The fish were exposed 
to their respective concentrations for a specified duration, 
and mortality was recorded over 96 h. Dead fish were 
counted at 24, 48, 72, and 96 h for each concentration. To 
ensure accuracy, the experiments were repeated three times 
to confirm the mortality rates and determine the LC₅₀ value 
(Islam et al. 2021). Mortality percentages were calculated 
using the following formula:

Degradation (%) = �0��1
�0

× 100   

Percent Fold Increase = ���
�

  

% Mortality = �����r o� d�ad �i��
��itial �����r o� �to���d �i��

× 100  	 …(3)

3. RESULTS AND DISCUSSION

3.1. Overview

In the present study, the bacterial strain Pseudomonas stutzeri 
was employed for the biosynthesis of iron nanoparticles. 

These biosynthesized nanoparticles exhibited remarkable 
catalytic efficiency in degrading Reactive Orange ME2RL. 
The rapid degradation underscored the enhanced reactivity 
and surface properties conferred by the green synthesis 
approach. Instrumental analysis confirmed the conversion of 
the parent azo dye into less complex, non-toxic metabolites, 
demonstrating complete breakdown of chromophoric groups. 
Beyond dye degradation, the nanoparticles also demonstrated 
excellent antibacterial activity against pathogenic bacterial 
strains, with an additive effect observed when combined with 
conventional antibiotics. Toxicity assays on phytotoxicity 
and fish toxicity confirmed that the degradation products 
were non-toxic, supporting the environmental safety of the 
process. Overall, the combined characterization, catalytic 
performance, and toxicity assessments highlight the potential 
of Pseudomonas stutzeri-derived iron nanoparticles as an 
efficient, eco-friendly solution for textile dye bioremediation.

3.1.1. Biosynthesis of Iron Nanoparticles
The biosynthesis of iron nanoparticles (Fe NPs) using 
isolated Pseudomonas stutzeri was confirmed by visual 
changes that occurred during the bioreduction of ferric ions.

Upon adding FeCl₃ solution to CFE, the reaction mixture 
gradually changed color from pale yellow to a distinct 
reddish-brown within 24 h, further intensifying over the next 
48 h (Fig. 1). This color transition was caused by NADH-
dependent reductases that drove the redox process, while 
proteins and polysaccharides acted as capping agents by 
binding to nanoparticle surfaces through functional groups 
such as amide, hydroxyl, and carboxyl (Acharya et al. 2025). 
This chromatic shift is a recognized marker of nanoparticle 
formation and is attributed to surface plasmon resonance 
(SPR) excitation, which occurs when iron nuclei nucleate 
and cluster at the nanoscale (Jana et al. 2016).

3.2. Characterization of Nanoparticles

3.2.1. UV-Visible Spectroscopy
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Apart from visual confirmation, UV spectroscopy further 
validated the biosynthesis of the nanoparticles by sensitively 
monitoring nucleation and growth processes in metal 
nanostructures. The initial CFE showed no significant 
absorbance in the visible spectrum, confirming the absence 
of pre-existing nanoparticles. Upon addition of FeCl₃, a 
distinct absorption band appeared at 370 nm, corresponding 
to the characteristic surface plasmon resonance of biogenic 
iron nanoparticles (Fig. 2). The presence of the 370 nm peak 
aligns with previous studies on microbial and plant-based 
iron nanoparticles, validating successful synthesis under 
ambient conditions (Ganachari et al. 2012, Nurbas et al. 2017). 
Variations in peak sharpness and intensity provide mechanistic 
insights: the moderate bandwidth suggests a relatively narrow 
size distribution, supported by TEM and DLS results. The 
stability of the peak without significant red-shifting implies 
controlled growth and effective capping by biomolecules in the 
CFE, which prevent particle aggregation. Overall, UV–visible 
analysis not only confirms nanoparticle formation but also 
offers insights into the kinetics and stabilization mechanisms 
of biogenic synthesis, demonstrating the efficiency of P. 

stutzeri-mediated Fe nanoparticle production.

The stability of the synthesized Fe₂O₃ nanoparticles was 
assessed by tracking their UV–visible absorption spectra 
over a span of 12 h to 12 months (Fig. 2). The consistent 
spectral profile indicates that the Fe₂O₃ nanoparticles 
maintain their structural and optical integrity for up to 12 
months under storage conditions, demonstrating excellent 
colloidal stability.

3.2.2. FTIR
FTIR measurements of iron nanoparticles helped to reveal 
information about chemical changes in functional groups 
complexed in the reduction process of iron ions to iron 
nanoparticles (Giuli et al. 2015).

Fig. 3 displays five distinct peaks at 3344 cm⁻¹, 2925 
cm⁻¹, 1631 cm⁻¹, 1022 cm⁻¹, and 538 cm⁻¹, characteristic 
of Fe2O3 NPs. These peaks correspond to the asymmetric 
stretching of C–H bonds, C–O stretching, and O–H stretching 
vibrations (alcoholic or phenolic), indicating the presence 
of functional groups that play a key role in stabilizing and 
capping the iron nanoparticles. The emergence of a new 
peak at 538 cm⁻¹ confirms the formation of Fe–O bonds, 
demonstrating successful synthesis and biomolecular  
capping.

3.2.3. XRD
To gain a deeper understanding of the formation and 
crystallinity of the synthesized iron nanoparticles, XRD 
analysis was performed (Holzwarth & Gibson 2011). The 
XRD pattern, illustrated in Fig. 4, displays prominent 
diffraction peaks at 31.94°, 45.5°, 56.6°, 66.33°, and 75.38°, 
corresponding to the crystal planes 220, 400, 511, 440, 
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and 533, respectively. The peaks are closely aligned with 
γ-Fe2O3, consistent with JCPDS card 39-1346. The strong 
diffraction peaks confirm the crystalline structure and phase 
of the iron nanoparticles, indicating the formation of Fe2O3 
nanoparticles. The estimated nanoparticle size, calculated 
using the Debye–Scherrer equation, is approximately 32 
nm, suggesting a high surface area–to–volume ratio. The 
crystallite size was determined employing the Debye–
Scherrer formula (Chicea et al. 2012).

3.2.4. DLS
DLS was used to analyze the particle size distribution of 
the synthesized nanoparticles (Javidparvar et al. 2016). 
The particle size distribution revealed the hydrodynamic 
size of the nanoparticles. Most particles ranged from 50 
to 100 nm, with an average particle size of 50 nm (Fig. 5). 
The hydrodynamic size closely resembled the particle size 
determined by SEM analysis, although DLS often reports 
larger particle sizes because of agglomeration. The DLS 
analysis showed that the iron nanoparticles had particle 
sizes ranging from 50 to 100 nm. The hydrodynamic size 
includes both the metallic core and the coating material. 

DLS measures the hydrodynamic diameter of nanoparticles 
dispersed in a liquid medium, which includes not only the 
nanoparticle core but also the surrounding solvation layer, 
surface-bound biomolecules, and possible agglomeration 
in the suspension. Consequently, the measured particle size 
appears larger (Bhattacharjee 2016).

3.2.5. SEM
Surface morphology of iron nanoparticles was examined 
using SEM (Saha & Bhunia 2020), as illustrated in Fig. 6. The 
SEM images revealed monodispersed FeNPs ranging from 
20 to 50 nm in size. The particles exhibited smooth surfaces 
and a high degree of crystallinity. The micrographs displayed 
well-defined borders, with an average particle size of 33 nm.

3.2.6. HRTEM
The optimized nanoparticles’ size and morphology were 
examined using HRTEM, confirming the presence of nearly 
spherical iron nanoparticles (Fig. 7). Their sizes range 
from approximately 20 to 50 nm. Similar results have been 
documented in previous research (Katata-Seru et al. 2018, 
Sekar et al. 2012).

3.3. Catalytic Degradation of Reactive Orange ME2RL 
Using Biogenic Iron Nanoparticles

Upon adding iron nanoparticles (10 mg L⁻¹) to the dye 
solution, a gradual degradation occurred under visible light. 
The solution’s color shifted from orange to colorless within 
45 min (Fig. 8). These results align with previous reports 
(Joshi et al. 2015).

The characteristic absorption peak at 494 nm was used 
to assess the catalytic activity of iron nanoparticles. The 
reduction process was evidenced by a consistent decrease in 
the maximum absorbance (kmax) at 494 nm, with minimal 
shifts in λmax. The peak at 494 nm diminished over 45 min, 
indicating that Reactive Orange ME2RL was undergoing 
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determined employing the Debye–Scherrer formula (Chicea et al. 2012). 

3.2.4. DLS 

 

Fig. 5: Hydrodynamic particle size measurement using the DLS (volume-weighted) method. 

DLS was used to analyze the particle size distribution of the synthesized nanoparticles (Javidparvar et al. 
2016). The particle size distribution revealed the hydrodynamic size of the nanoparticles. Most particles ranged 
from 50 to 100 nm, with an average particle size of 50 nm (Fig. 5). The hydrodynamic size closely resembled the 
particle size determined by SEM analysis, although DLS often reports larger particle sizes because of 
agglomeration. The DLS analysis showed that the iron nanoparticles had particle sizes ranging from 50 to 100 nm. 
The hydrodynamic size includes both the metallic core and the coating material. DLS measures the hydrodynamic 
diameter of nanoparticles dispersed in a liquid medium, which includes not only the nanoparticle core but also the 
surrounding solvation layer, surface-bound biomolecules, and possible agglomeration in the suspension. 
Consequently, the measured particle size appears larger (Bhattacharjee 2016). 
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nanoparticles maintain their structural and optical integrity for up to 12 months under storage conditions, 

demonstrating excellent colloidal stability. 

3.2.2. FTIR 

FTIR measurements of iron nanoparticles helped to reveal information about chemical changes in 
functional groups complexed in the reduction process of iron ions to iron nanoparticles (Giuli et al. 2015). 

 

Fig. 3: FTIR of iron nanoparticles. 
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To gain a deeper understanding of the formation and crystallinity of the synthesized iron nanoparticles, 
XRD analysis was performed (Holzwarth & Gibson 2011). The XRD pattern, illustrated in Fig. 4, displays 
prominent diffraction peaks at 31.94°, 45.5°, 56.6°, 66.33°, and 75.38°, corresponding to the crystal planes 220, 
400, 511, 440, and 533, respectively. The peaks are closely aligned with γ-Fe2O3, consistent with JCPDS card 39-
1346. The strong diffraction peaks confirm the crystalline structure and phase of the iron nanoparticles, indicating 
the formation of Fe2O3 nanoparticles. The estimated nanoparticle size, calculated using the Debye–Scherrer 
equation, is approximately 32 nm, suggesting a high surface area–to–volume ratio. The crystallite size was 
determined employing the Debye–Scherrer formula (Chicea et al. 2012). 
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diameter of nanoparticles dispersed in a liquid medium, which includes not only the nanoparticle core but also the 
surrounding solvation layer, surface-bound biomolecules, and possible agglomeration in the suspension. 
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Fig. 6: SEM images of iron nanoparticles.
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Fig. 6: SEM images of iron nanoparticles. 

Surface morphology of iron nanoparticles was examined using SEM (Saha & Bhunia 2020), as illustrated 
in Fig. 6. The SEM images revealed monodispersed FeNPs ranging from 20 to 50 nm in size. The particles exhibited 
smooth surfaces and a high degree of crystallinity. The micrographs displayed well-defined borders, with an 
average particle size of 33 nm. 

3.2.6. HRTEM 

 

 

Fig. 7: HRTEM images of iron nanoparticles. 

The optimized nanoparticles' size and morphology were examined using HRTEM, confirming the presence 
of nearly spherical iron nanoparticles (Fig. 7). Their sizes range from approximately 20 to 50 nm. Similar results 
have been documented in previous research (Katata-Seru et al. 2018, Sekar et al. 2012). 

3.3. Catalytic Degradation of Reactive Orange ME2RL Using Biogenic Iron Nanoparticles 

 

 

Fig. 8: Gradual color changes from orange to colorless after the addition of iron. 
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degradation (Fig. 9). Additionally, small peaks and a broad 
band between 600–750 nm suggested the formation of 
intermediate by-products (Forgacs et al. 2004).

The degradation experiments were conducted under 
ambient laboratory lighting conditions, which suggests 
that the observed dye removal may be partly due to the 
photocatalytic activity of Fe₂O₃ nanoparticles. During 
photodegradation, the formation of highly reactive hydroxyl 
radicals (•OH) is triggered by the generation of electron–hole 
(e⁻/h⁺) pairs on the surface of the photoactivated catalyst. As 
shown in Fig. 10, a simplified mechanism illustrates how 
free radicals (•OH) are formed and how they facilitate the 
photocatalytic breakdown of Orange ME2RL dye. When 
exposed to light, electrons are excited from the valence band 
to the conduction band, creating electron–hole pairs (Eq. (4)). 
The electrons in the conduction band can then migrate to the 
hematite surface, reducing Fe³⁺ ions (Eq. (5)), or react with 
hydrogen peroxide molecules to produce reactive radical 
species (Eq. (6)). Concurrently, the generated holes react 

with surface-adsorbed water (Eq. (7)) and HO⁻ ions (Eq. 
(8)). Additionally, Fe²⁺ on the surface can be oxidized back 
to Fe³⁺ in the presence of adsorbed H₂O₂ (Eq. (9)), which 
further promotes the formation of •OH radicals. These 
radicals are the primary oxidants responsible for degrading 
the dye, as supported by existing studies (Vu et al. 2019, 
Huang et al. 2015).

	 Fe2O3 + hv → e− + h+ 	 ...(4) 

	 Fe2O3 + e− → Fe2+ 	 ...(5) 

	 e− + H2O2 → •OH + HO− 	 ...(6) 

	 h+ + H2O → H+ + •OH 	 ...(7) 

	 HO− + h+ → •OH + H+ 	 ...(8) 

	 Fe2+ + H2O2 → Fe3+ + •OH + HO− 	 ...(9) 

Additionally, it is important to consider that •OH radicals 
can be formed by direct photolysis as follows: 

	 H2O2 + hv → 2 •OH 	 ...(10)
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The degradation experiments were performed at 
an initial dye concentration of 10 mg L⁻¹ to assess the 
fundamental catalytic performance of the biosynthesized 
Fe₂O₃ nanoparticles under controlled laboratory conditions. 
In practical scenarios, such as textile effluents, dye 
concentrations often exceed 100 mg L⁻¹, which may lead to 
reduced degradation efficiency due to saturation of active 

catalytic sites and mass transfer limitations. Therefore, 
additional studies at higher dye concentrations are necessary 
to evaluate the system’s real-world applicability. Figs. 9(a), 
9(b), and 9(c) illustrate the degradation kinetics of Reactive 
Orange ME2RL in the presence of biosynthesized Fe₂O₃, 
analyzed using a pseudo-first-order model. Kinetic analysis 
involved plotting ln(Ct/Co) against reaction time, where C₀ 
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Upon adding iron nanoparticles (10 mg L⁻¹) to the dye solution, a gradual degradation occurred under 
visible light. The solution's color shifted from orange to colorless within 45 min (Fig. 8). These results align with 
previous reports (Joshi et al. 2015). 

  

 

Fig. 9: (a) UV–visible absorption spectra of Orange ME2RL dye using Fe₂O₃ nanoparticles at various time intervals; 
(b) degradation (%) of Orange ME2RL dye with time in the presence of Fe₂O₃ nanomaterial; (c) ln(Cₜ/C₀) versus 
degradation time plot for finding the reaction rate constant (kapp). 
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Fig. 9: (a) UV–visible absorption spectra of Orange ME2RL dye using Fe₂O₃ nanoparticles at various time intervals; (b) degradation (%) of Orange 
ME2RL dye with time in the presence of Fe₂O₃ nanomaterial; (c) ln(Cₜ/C₀) versus degradation time plot for finding the reaction rate constant (kapp).
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(6)). Concurrently, the generated holes react with surface-adsorbed water (Eq. (7)) and HO⁻ ions (Eq. (8)). 
Additionally, Fe²⁺ on the surface can be oxidized back to Fe³⁺ in the presence of adsorbed H₂O₂ (Eq. (9)), which 
further promotes the formation of •OH radicals. These radicals are the primary oxidants responsible for degrading 
the dye, as supported by existing studies (Vu et al. 2019, Huang et al. 2015). 
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HO− + h+ → •OH + H+        ...(8)  

Fe2+ + H2O2 → Fe3+ + •OH + HO−      ...(9)  

Additionally, it is important to consider that •OH radicals can be formed by direct photolysis as follows:  

H2O2 + hv → 2 •OH (10) 

 

 

Fig. 10:  Photodegradation mechanism of Orange ME2RL dye in the presence of Fe₂O₃ nanoparticles. 

The degradation experiments were performed at an initial dye concentration of 10 mg L⁻¹ to assess the 
fundamental catalytic performance of the biosynthesized Fe₂O₃ nanoparticles under controlled laboratory 
conditions. In practical scenarios, such as textile effluents, dye concentrations often exceed 100 mg L⁻¹, which may 
lead to reduced degradation efficiency due to saturation of active catalytic sites and mass transfer limitations. 
Therefore, additional studies at higher dye concentrations are necessary to evaluate the system's real-world 
applicability. Figs. 9(a), 9(b), and 9(c) illustrate the degradation kinetics of Reactive Orange ME2RL in the 
presence of biosynthesized Fe₂O₃, analyzed using a pseudo-first-order model. Kinetic analysis involved plotting 
ln(Ct/Co) against reaction time, where C₀ is the initial dye concentration, and Cₜ is the concentration at time t. The 
linearity of the plot confirmed that the degradation follows pseudo-first-order kinetics. The rate constant (k) was 
derived from the slope and found to be 0.036 min⁻¹, with an R² value of 0.915, indicating a strong correlation 

Fig. 10:  Photodegradation mechanism of Orange ME2RL dye in the presence of Fe₂O₃ nanoparticles.
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between the model and experimental data. These kinetics imply that the degradation rate mainly depends on the 
dye concentration, with the catalyst's quantity remaining effectively constant throughout the process. This behavior 
is typical in heterogeneous catalytic degradation, where dye molecules adsorb onto the nanoparticle surface before 
oxidative breakdown. 

3.4. Analysis of Degraded Dye Products 

For the analytical characterization of degradation, an untreated Orange ME2RL dye solution was used as 
a control in UV–Vis, HPLC, and GC–MS analyses. This untreated dye served as a reference to compare spectral 
changes and identify degradation products following nanoparticle treatment. 

3.4.1. FTIR of Orange ME2RL Degradation 

 

Fig. 11: FTIR of Orange ME2RL dye upon degradation: (a) pure dye; (b) after 15 min; (c) after 30 min; (d) after 45 
min. 

Fig. 11 illustrates a broad band around 3410–3430 cm⁻¹, corresponding to –OH/–NH stretching vibrations, 
signifying hydroxylated intermediates formed during dye degradation (Silverstein et al. 2014). Peaks near 2920–
2930 cm⁻¹ are associated with aromatic or aliphatic C–H stretching vibrations (Stuart 2004). The gradual diminution 
and disappearance of the azo (–N=N–) bond vibration confirm cleavage of the dye chromophore, a key indicator 
of azo dye degradation (Saratale et al. 2011, Forgacs et al. 2004). The weakening of S=O and C–N stretching bands 
between 1200–1000 cm⁻¹ further indicates the breakdown of sulfonated dye structures. The appearance of new low-
frequency peaks below 700 cm⁻¹ suggests the formation of low-molecular-weight inorganic or mineralized products 
after extended degradation (Roy et al. 2022). 

3.4.2. HPLC Analysis 

Fig. 11: FTIR of Orange ME2RL dye upon degradation: (a) pure dye; (b) after 15 min; (c) after 30 min; (d) after 45 min.

is the initial dye concentration, and Cₜ is the concentration at 
time t. The linearity of the plot confirmed that the degradation 
follows pseudo-first-order kinetics. The rate constant (k) 
was derived from the slope and found to be 0.036 min⁻¹, 
with an R² value of 0.915, indicating a strong correlation 
between the model and experimental data. These kinetics 
imply that the degradation rate mainly depends on the 
dye concentration, with the catalyst’s quantity remaining 
effectively constant throughout the process. This behavior 
is typical in heterogeneous catalytic degradation, where 
dye molecules adsorb onto the nanoparticle surface before 
oxidative breakdown.

3.4. Analysis of Degraded Dye Products

For the analytical characterization of degradation, an 
untreated Orange ME2RL dye solution was used as a control 
in UV–Vis, HPLC, and GC–MS analyses. This untreated 
dye served as a reference to compare spectral changes 
and identify degradation products following nanoparticle 
treatment.

3.4.1. FTIR of Orange ME2RL Degradation
Fig. 11 illustrates a broad band around 3410–3430 cm⁻¹, 
corresponding to –OH/–NH stretching vibrations, signifying 
hydroxylated intermediates formed during dye degradation 
(Silverstein et al. 2014). Peaks near 2920–2930 cm⁻¹ 
are associated with aromatic or aliphatic C–H stretching 
vibrations (Stuart 2004). The gradual diminution and 
disappearance of the azo (–N=N–) bond vibration confirm 
cleavage of the dye chromophore, a key indicator of azo dye 
degradation (Saratale et al. 2011, Forgacs et al. 2004). The 
weakening of S=O and C–N stretching bands between 1200–
1000 cm⁻¹ further indicates the breakdown of sulfonated 
dye structures. The appearance of new low-frequency peaks 
below 700 cm⁻¹ suggests the formation of low-molecular-

weight inorganic or mineralized products after extended 
degradation (Roy et al. 2022).

3.4.2. HPLC Analysis
The HPLC chromatogram of Reactive Orange ME2RL 
showed distinct retention peaks. After degradation, the 
standard peak disappeared, and new peaks appeared at 
retention times of 8.572, 10.699, 13.044, 14.572, 4.017, 
and 16.780 min, confirming catalytic degradation of the dye 
(Gottlieb 2003) (Figs. 12–13).

3.4.3. GC–MS Analysis
Degradation of Orange ME2RL dye was performed using 
Fe2O3 nanoparticles. This process produced eight distinct 
compounds. The mass spectra of both the untreated dye 
and its degraded metabolites, collected at 15-minute 
intervals and shown in Fig. 14(a), Fig. 14(b), Fig. 14(c), and  
Fig. 14(d), illustrate the biodegradation pathway. During 
catalytic degradation, the aromatic ring of Orange ME2RL dye 
was cleaved, leading to the formation of several metabolites, 
including Sodium 6-amino-5-sulfonatonapthalen-1-yl-
sulfite (1), Sodium 3-amino-7-[(4-chloro-1,3,5-triazin-2-yl)
amino]-4-hydroxynaphthalene-2-sulphonate (2), Sodium 
4-aminobenzene-1-sulphonate (3), Naphthalen-2-amine 
(4), 2-aminonaphthalen-1-ol (5), Aniline (6), Naphthalene-
1-ol (7), and Benzene (8). GC–MS analysis confirmed 
that biosynthesized Fe₂O₃ nanoparticles serve as effective 
catalysts, promoting the breakdown of Orange ME2RL into 
low-molecular-weight compounds. The metabolites identified 
via GC–MS were tentatively matched with the NIST mass 
spectral library. The proposed degradation pathway was 
constructed based on these intermediates and supported by 
previously reported mechanisms of azo dye degradation.

3.5. Proposed Degradation Mechanism

The degradation of Reactive Orange ME2RL by Pseudomonas 
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Fig. 12: HPLC chromatogram of Reactive Orange ME2RL upon degradation: (a) pure dye; (b) after 15 min; (c) 
after 30 min; (d) after 45 min. 
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Fig. 13: Structure of the dye Reactive Orange ME2RL. 

The HPLC chromatogram of Reactive Orange ME2RL showed distinct retention peaks. After degradation, the 
standard peak disappeared, and new peaks appeared at retention times of 8.572, 10.699, 13.044, 14.572, 4.017, and 
16.780 min, confirming catalytic degradation of the dye (Gottlieb 2003) (Figs. 12–13). 

3.4.3. GC–MS Analysis 

Fig. 13: Structure of the dye Reactive Orange ME2RL.



11

Nature Environment and Pollution Technology • Vol. 25, No. 4, 2026

www.neptjournal.com

NCIM-2654, 20 mm for S. typhi NCIM-2501, 15 mm 
for  P. vulgaris NCIM-2813, and 11.66 mm for P. 

aeruginosa NCIM-5032. The reported zones of inhibition are  
expressed as means ± standard deviation from triplicate 
experiments.

Additionally, a combination of Fe nanoparticles with 
the antibiotic cefuroxime was tested, resulting in zones of 
inhibition measuring 28 mm for S. aureus NCIM-2654, 
27 mm for S. typhi NCIM-2501, 26 mm for P. vulgaris 
NCIM-2813, and 25 mm for P. aeruginosa NCIM-5032  
(Fig. 16). This combination exhibited enhanced antimicrobial 
activity, increasing effectiveness by 0.15, 0.16, 0.39, and 
0.56 fold, respectively. The antibacterial efficacy varied 
between Gram-negative and Gram-positive bacteria due 
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Fig. 14: GC–MS analysis of Reactive Orange ME2RL: (a) control dye (before degradation); (b) degradation after 15 
min; (c) degradation after 30 min; (d) degradation after 45 min. 
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Fig. 14: GC–MS analysis of Reactive Orange ME2RL: (a) control dye (before degradation); (b) degradation after 15 min; (c) degradation after 30 min; 
(d) degradation after 45 min.

stutzeri–mediated Fe2O3 nanoparticles occurs through 
an adsorption–oxidation mechanism that differs from the 
pathway previously proposed for Orange ME2RL (Castro et 
al. 2020). The formation of intermediate ions similar to m/z 
347, 390, and 159 confirms a process involving sequential 
azo bond cleavage, aromatic ring opening, and oxidative 
mineralization, as shown in Fig. 15.

3.6. Antibacterial Activity

The antibacterial efficacy of iron nanoparticles was  
evaluated against various pathogenic bacteria. Zones of 
inhibition were measured and recorded. As shown in Fig. 16 
and Table 1, Fe2O3 NPs demonstrated notable antimicrobial 
activity, with inhibition zones of 25 mm for S. aureus  
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Fig. 15: Proposed degradation pathway of Reactive Orange ME2RL dye based on GC–MS analysis. 

3.5. Proposed Degradation Mechanism 

The degradation of Reactive Orange ME2RL by Pseudomonas stutzeri–mediated Fe2O3 nanoparticles 
occurs through an adsorption–oxidation mechanism that differs from the pathway previously proposed for Orange 
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3.6. Antibacterial Activity 

Fig. 15: Proposed degradation pathway of Reactive Orange ME2RL dye based on GC–MS analysis.

Table 1: Antibacterial activity in terms of zone of inhibition (mm) in the presence of nanoparticles and standard antibiotics.

Test organism Diameter of zone of inhibition [mm] Nanoparticles Std antibiotic Std antibiotic + nanoparticles
Staphylococcus aureus 25 ± 1 27 ± 0.57 28 ± 0.57
Pseudomonas aeruginosa 11.66 ± 0.57 20.33 ± 0.57 24.66 ± 0.57
Proteus vulgaris 15 ± 2.64 21 ± 1 25.66 ± 0.57
Salmonella typhi 20.66 ± 0.57 24.66 ± 0.57 26.33 ± 1.15
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to differences in their cell wall structures (Zambare et al. 
2023). Biosynthesized iron nanoparticles (Fe NPs) combat 
bacteria through multiple mechanisms that damage both 
Gram-positive and Gram-negative organisms. First, Fe NPs 
attach to negatively charged bacterial surfaces, disrupting 
membrane integrity and increasing permeability. This 
allows nanoparticles to enter the cells, where Fe²⁺ and 
Fe³⁺ ions initiate Fenton-like reactions, producing reactive 
oxygen species (ROS) such as hydroxyl and superoxide 
radicals. These ROS cause oxidative stress, damaging 
lipids, proteins, and DNA, leading to membrane leakage, 
enzyme malfunction, and genetic fragmentation. In Gram-
negative bacteria, Fe NPs penetrate the outer membrane 
and periplasmic space, while in Gram-positive bacteria, the 
thick peptidoglycan layer traps the nanoparticles, sustaining 
ROS production. When combined with cefuroxime, 
Fe NPs potentiate antibiotic activity by weakening cell 
membranes, facilitating antibiotic entry, and impairing 
bacterial defence mechanisms such as efflux pumps and 

β-lactam enzymes. Overall, Fe₂O₃ NPs exert antibacterial 
effects through membrane disruption, ROS generation, 
interference with metal ion metabolism, and enhancement of 
antibiotic efficacy, showing strong potential for controlling 
multidrug-resistant bacteria (Hosseinzadeh 2025). Rather 
than a synergistic effect, Fe₂O₃ nanoparticles with standard 
antibiotics demonstrate an improved antibacterial effect.

3.7. Phytotoxicity

Seeds germinated in the degradation products showed 
significant differences compared to those germinated in 
Reactive Orange ME2RL, with a significance level of 
P < 0.05, as determined by the Tukey–Kramer multiple 
comparison test. The degradation of dyes does not always 
produce benign by-products; instead, it may generate 
compounds that are more harmful than the parent dye. 
Previous studies demonstrated that the treatment of azo 
dyes could result in the formation of aromatic amines that 
are more toxic than the original dyes (Gottlieb et al. 2003). 
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Fig. 16: Antibacterial activity of iron nanoparticles against S. aureus NCIM-2654, P. aeruginosa NCIM-5032, P. 
vulgaris NCIM-2813, and S. typhi NCIM-2501. 
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membrane leakage, enzyme malfunction, and genetic fragmentation. In Gram-negative bacteria, Fe NPs penetrate 
the outer membrane and periplasmic space, while in Gram-positive bacteria, the thick peptidoglycan layer traps the 
nanoparticles, sustaining ROS production. When combined with cefuroxime, Fe NPs potentiate antibiotic activity 
by weakening cell membranes, facilitating antibiotic entry, and impairing bacterial defence mechanisms such as 
efflux pumps and β-lactam enzymes. Overall, Fe₂O₃ NPs exert antibacterial effects through membrane disruption, 
ROS generation, interference with metal ion metabolism, and enhancement of antibiotic efficacy, showing strong 

Staphylococcus aureus Pseudomonas 
aeruginosa 

Proteus 
vulgaris 

Salmonella 
typhi  

Fig. 16: Antibacterial activity of iron nanoparticles against S. aureus NCIM-2654, P. aeruginosa NCIM-5032, P. vulgaris NCIM-2813, and S. typhi 
NCIM-2501.
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Consequently, a phytotoxicity assessment was undertaken 
to evaluate the potential harmful effects of the degraded 
metabolites on the seeds of green gram, Triticum aestivum, 
Vigna unguiculata, and Pisum sativum. All seeds were 
exposed to Reactive Orange ME2RL and its degraded 
metabolites at a concentration of 100 ppm.

The findings, presented in Table 2 and Fig. 17, showed the 
germination rate, as well as the radicle and plumule lengths, 

across all plant species tested. The degraded metabolites 
resulted in a notable increase in both root and shoot lengths 
in all plant species. In contrast, the untreated dye produced 
significantly lower seed germination rates and stunted root 
and shoot growth in all four plant species compared to the 
degraded metabolites. Based on these results, it appears 
that the degradation products not only eliminated toxicity 
but also promoted seed growth (Survase & Kanase 2022). 
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Table 2: Phytotoxicity analysis of pure dye Reactive Orange ME2RL and its metabolites using seeds of green gram, Triticum aestivum, Vigna unguiculata, 
and Pisum sativum.

Parameters studied Water Orange ME2RL Degraded metabolites

Vigna radiata

Radicle [cm] 2.1 ± 0.1 1.16 ± 0.057 2.5 ± 0.1

Plumule [cm] 4.13 ± 0.11 0.23 ± 0.1 10.33 ± 0.57

Germination [%] 100 28.33 ± 2.88 100

Triticum aestivum

Radicle [cm] 1.86 ± 0.057 0.16 ± 0.057 3.1 ± 0.1

Plumule [cm] 9.1 ± 0.1 0.23 ± 0.057 12.1 ± 0.1

Germination [%] 100 5 100

Vigna unguiculata

Radicle [cm] 14.1 ± 0.1 0.13 ± 0.057 8.03 ± 0.20

Plumule [cm] 12.1 ± 0.1 0.26 ± 0.057 10.5 ± 0.1

Germination [%] 100 20 100

Pisum sativum

Radicle [cm] 3.9 ± 0.1 0.13 ± 0.057 3.76 ± 0.05

Plumule [cm] 4.46 ± 0.057 2.5 ± 0.1 4.86 ± 0.05

Germination [%] 100 30 100
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The improved growth parameters observed in Vigna radiata 
treated with the degraded dye metabolites, compared with 
the water control, may indicate not only detoxification 
but also possible nutrient enrichment effects. During the 
degradation process, complex dye molecules are broken 
down into smaller organic intermediates and inorganic ions, 
which may serve as additional nutrient sources for plant 
growth. These metabolites may enhance seed germination 
and seedling development by providing readily available 
carbon or nitrogen sources.

3.8. Fish Toxicity

To determine the lethal concentration of pure dye, fish were 
exposed to different concentrations of pure dye for 24, 48, 

72, and 96 h. The percent mortality for pure dye at 96 h was 
calculated as shown in Table 3.

The acute toxicity test showed that fish mortality 
increased with increasing concentrations of the test sample. 
No mortality was observed at 1.25 ppm after 96 h of 
exposure, whereas complete mortality (100%) occurred 
at 8.75 ppm (Table 3). Approximately 50% mortality was 
observed at 5 ppm, indicating that the 96 h LC₅₀ value was 
close to this concentration.

The observed LC₅₀ value was 5 ppm (5 µL L⁻¹), whereas 
the statistically calculated LC₅₀ value obtained from probit 
analysis was 4.8 ppm (≈4.5 µL L⁻¹). The close agreement 
between the observed and calculated LC₅₀ values indicates 
good consistency and reliability of the experimental data. 

Table 3: Effect of Orange ME2RL on mortality of Cirrhinus mrigala during a 96 h exposure period.

No. of fishes  Concentration [ppm] Exposure period [h] % mortality

24 48 72 96

10 1.25 0 0 0 0 0

10 2.50 0 0 0 1 10

10 3.75 0 0 1 2 30

10 5.00 0 1 2 2 50

10 6.25 1 1 2 3 70

10 7.5 1 2 3 3 90

10 8.75 6 4 -  -  100
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These results suggest that the test compound exhibits 
significant toxic effects on fish even at relatively low 
concentrations.

3.8.1. Histological Observations of Liver
The histological structure of the liver in control fish is 
depicted in the photomicrograph in Fig. 18. These H&E-
stained liver slices reveal hepatic cells situated within the 
bile canaliculi network. The hepatic cells feature spherical, 
blue-stained nuclei located centrally, with a morphology 
ranging from round to polygonal. Glycogen granules are 
plentiful within these cells. The hepatic cell cords, which 
form cord-like structures surrounding the sinusoids, are 
not distinct; each cord contains a centrally positioned bile 
canaliculus. Hepatocytes are oriented with their bases facing 
the sinusoids and their apices directed toward the wall of the 
bile canaliculi. The arrangement of blood vessels and the bile 
duct appears irregular, and there is no clear separation of 
hepatic cells within the lobules. Lipid droplets are observed 
inside rounded or elongated Ito (fat-storing) cells. Kupffer 
cells are occasionally seen lining the sinusoids, containing a 
significant amount of cytoplasm. The portal vein is present, 
surrounded by pancreatic acini, collectively forming the 
hepatopancreas. The hepatic arteries have narrow lumens 
enclosed by a dense layer of endothelial cells. Within each 
hepatic lobule, an intralobular central vein can be seen, 
containing blood cells in its lumen.

The liver is a primary target for toxicants due to its 
extensive blood supply. Numerous toxicants have been 
studied for their harmful effects on the liver, as it is 
considered the main organ for bioaccumulation (van Dyk et 
al. 2007). When fish were exposed to a pure dye, significant 
degenerative changes were observed in their livers compared 
to the control group (Fig. 18). These histological alterations 
included disorganization of hepatic cords, widespread 
dilation of sinusoids throughout the tissue, and increased 
sinusoidal spaces around the portal vein. There was also 
complete degeneration of hepatocytes with severe necrotic 
patches, along with cytoplasmic degeneration, vacuolation 
within hepatocytes, and evidence of karyolysis. Some regions 
showed elongation of blood vessels, and the hepatopancreas 
exhibited degeneration.

Fig. 18(c) and Fig. 18(d) depict the treated dye and the 
liver alterations induced by exposure to nanoparticles. Mild 
degenerative changes were observed in fish exposed to the 
nanoparticles, although these changes were less pronounced 
than those observed in the control group. These alterations 
included disorganization of the hepatic cords, the onset of 
sinusoidal space expansion, cytoplasmic vacuolation, cellular 
swelling, and pyknotic nuclei in some cells. Although mild 
degeneration was observed, no significant alterations were 

detected in the livers of fish exposed to the nanoparticles 
compared with those exposed to the pure dye.

3.8.2. Histological Observations of Gills
The histological structure of the gills in Cirrhinus mrigala 
closely resembles that of most freshwater teleosts. An 
operculum protects each gill, and there are four pairs of gills. 
These gills are supported by curved bony gill arches covered 
with multilayered epithelium. Each gill arch bears two rows 
of primary gill lamellae, which are located on one side only. 
These lamellae are wider at the base and taper toward the 
tip. They consist of a central vascular core surrounded by a 
wall made of three to four epithelial layers, with connective 
tissue interposed. The primary gill lamellae rest on a central 
cartilaginous matrix that encompasses chondrocytes. 
The epithelial cells at the tips of the lamellae are mainly 
oval to flat, with centrally located nuclei and basophilic, 
homogeneous cytoplasm.

Additionally, each primary gill lamella features two 
rows of delicate filamentous structures known as secondary 
gill lamellae or secondary gill filaments (Fig. 19(a)), 
oriented perpendicular to the primary lamellae’s axis. These 
secondary lamellae develop as outward extensions from 
the primary lamellae and are composed of a single layer of 
epithelial cells, which are oval to cuboidal, with basophilic 
cytoplasm and centrally located oval nuclei. Internally, the 
secondary lamellae contain a central core of blood sinuses 
lined by large oval to rounded pillar cells. These pillar cells 
have homogeneous, basophilic cytoplasm and round nuclei 
positioned centrally.

Following 96 h of exposure to pure dye, degenerative 
alterations were noted in the gill structure. Tilting and 
congestion were observed at the tips of the primary gill 
lamellae (refer to Fig. 19(b)). Additionally, detachment of 
the epithelium from the central supporting material of the 
primary gill lamellae was evident. Significant enlargement 
of the central supporting material of the primary gill lamellae 
was also observed. Furthermore, progressive hyperplasia and 
thickening of the epithelium at the interlamellar region were 
observed. Shortening and fusion of adjacent secondary gill 
lamellae were noted in a certain region, as shown in Fig. 19b.

Mild histopathological changes were observed in 
the gills after exposure to degraded dye, as shown in  
Fig. 19(c). A slight enlargement of the tips of the primary gill 
lamellae was noted, with these dilated tips filled with blood 
cells. An increased number of mucous cells, particularly 
at the tips of the primary gill lamellae, was also observed  
(Fig. 19(c)). Additionally, the secondary gill lamellae 
appeared curved with dilated tips filled with blood cells. There 
was slight desquamation of the epithelial lining from the 
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central supporting cartilage upon exposure to nanoparticles  
(Fig. 19(d)). These changes were less pronounced than those 
seen following exposure to pure dye.

4. CONCLUSIONS

This study presents the eco-friendly biosynthesis of Fe₂O₃ 
nanoparticles using Pseudomonas stutzeri. Characterization 
by UV–Visible spectroscopy, SEM, FTIR, XRD, HRTEM, 
and DLS confirmed the formation of predominantly spherical 
nanoparticles with sizes ranging from 30 to 50 nm. The 
nanoparticles demonstrated strong catalytic activity in 
degrading Reactive Orange ME2RL dye, and the degradation 
metabolites were identified using FTIR, HPLC, and GC–MS 
analyses. They also exhibited antibacterial activity against 
Staphylococcus aureus, Salmonella typhi, Proteus vulgaris, 
and Pseudomonas aeruginosa, with greater inhibition 
observed when combined with antibiotics. Phytotoxicity and 
fish toxicity assays revealed that the degraded dye products 
were less toxic than the original dye. The synthesized Fe₂O₃ 
nanoparticles showed high degradation efficiency towards 
Reactive Orange ME2RL, indicating their suitability for 
the treatment of dye-containing industrial effluents. Fe₂O₃ 
nanoparticles possess inherent magnetic properties that 
enable the easy separation and potential reuse of the catalyst 
from treated wastewater using an external magnetic field. 
Therefore, this study provides a sustainable and efficient 
approach for the remediation of textile dye pollutants 
and demonstrates potential applicability in large-scale 
industrial wastewater treatment processes. Further studies 
are required to evaluate the reusability and long-term 
stability of the synthesized Fe₂O₃ nanoparticles over multiple 
degradation cycles to assess their practical applicability in 

wastewater treatment. Owing to the magnetic nature of Fe₂O₃ 
nanoparticles, their recovery and reuse may be feasible and 
will be explored in future studies.
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