Proceedings of the Indian National Science Academy (2026) 92:543-553
https://doi.org/10.1007/543538-025-00433-y

RESEARCH PAPER

Accelerating photocatalytic degradation of Rhodamine B dyeby green
synthesized cobalt-oxide nanoparticles uddugeamono sperniaaf

extract

Nimisha Jadon? - Naorem Nanda Singh? - Puja Tomar' - Bilal Ahmad Bhat? - Laxmi Dubey?

Received: 11 September 2024 / Accepted: 4 April 2025 / Published online: 16 April 2025

© Indian National Science Academy 2025

Abstract

The current study aimed to synthesize green Co;0, nanoparticles using leaf extract of Butea monosperma. Different analytical
techniques like XRD, FT-IR and TEM were employed to characterize the synthesized nanoparticles. The optical properties
were determined by using UV-visible spectroscopy. The green synthesized nanoparticles were further examined for the
photocatalytic degradation of cationic Rhodamine B (RB) dye. Various operational parameters like irradiation time, initial
dye concentration, catalyst dose, and pH affecting the degradation efficiency were evaluated and optimized. The synthesized
GCo;0, NPs have shown excellent photocatalytic activity (96.2%) against RB dye at optimized conditions. The study has
followed Langmuir-Hinshelwood reactions kinetics with a rate constant of 0.018 min~!(R?=0.961). Moreover, GCo;0,
has revealed good reusability for three consecutive degradation cycles. These analyses showed that GCo;0, proved to be an
efficient, environmentally friendly and promising material for the decomposition of dye in aqueous medium.
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Introduction

Textile dyes and alternative industrial dyestuffs are one of
the most important groups of organic compounds that are
causing environmental pollution (Oller et al. 2011). Dye
containing wastewater from industries pollutes the water and
can alter the physicochemical properties of water, affecting
the aquatic biota by reducing light penetration and affecting
the rate of photosynthesis of the submerged aquatic plants
(Asahi et al. 2011; Fujishima et al. 2000; Hoffmann et al.
1995). The treatment of industrial effluents containing dye
has shown to be extremely difficult with conventional meth-
ods of wastewater treatment (Sun et al. 2009). The treat-
ment of wastewater containing harmful heavy metal ions
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and organic dye contaminants has been successfully accom-
plished using techniques like adsorption and photocatalytic
degradation (Cheng et al. 2014). Metal oxides are being cur-
rently utilized as efficient catalysts for the degradation of
pollutants in wastewater. One of the promising and emerging
materials for the effective degradation of different indus-
trial effluents is tricobalt tetra oxide (Co;0,). The cobalt
oxides can occur naturally and exist in a variety of oxidation
states, thus makes them fascinating materials. Cobalt oxide
is an amazing substance that exists in two stable phases:
(i) spinel-structured Co;0,, which is cubic in shape and
has a valence state of Co®* and Co>*, and (ii) cobalt oxide.
Co;0, exhibits p-type conductivity and is more stable than
the other well-known cobalt oxide (Albargi et al. 2021). Fur-
thermore, transition metal oxide nanoparticles with spinel
structure have remarkable optical, electrical, and structural
properties. The prospective uses of Co;0, nanoparticles as
photo-catalysts, fuel cells, energy storage, selective gas sen-
sors, photo-thermal conversion, and random-access memory
have generated a lot of interest. They are inexpensive, long-
lasting, very active, and easily available. Materials based on
cobalt are used as catalysts due to their significant surface
active sites, electrical conductivity, and advantageous selec-
tivity (Soni et al. 2021; Piriyadharsini et al. 2023). Biogenic
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methods of nanoparticle synthesis often referred to as ‘green
synthesis’ provides a viable substitute owing to non-toxicity,
milder reaction conditions, and less energy utilization (Pai
et al. 2022; Sodhani et al. 2022; Vinayagam et al. 2022).
These methods either use plant extracts as metal ion absorb-
ing, reducing, and capping agents, resulting in the forma-
tion of metal oxide nanoparticles (Sharma et al. 2023), or
they involve the synthesis of nanoparticles using bacterial or
fungal systems (Kaur et al. 2022). Few of the latest reports
on cobalt oxide NPs synthesis using plant leaf extracts
include Sageretia thea (Khalil et al. 2020), Vitis rotundifolia
(Samuel et al. 2020), Convolvulus arvensis (Rasheed et al.
2018), Helianthus annuus (Saeed et al. 2019), and Celosia
argentea (Shahzadi et al. 2019). However, to the best of our
knowledge, no research has been published on the synthe-
sis of cobalt oxide NPs utilizing the leaf extract of Butea
monosperma which is native to India. Due to the presence
of triterpenes, flavonoids, butein, butin, stigmasterol, i—caro-
tene, i-sitosterol, myristic, palmitic, stearic, oleic and lino-
lenic acids, glucoside etc., its leaf extract has wide range of
potential in reducing the metals to metal oxides (Singh et al.
2015; Chaturvedi and Verma 2015).

The majority of previous studies on the use of cobalt oxide
for the treatment of dyes were focused on methylene blue
(MB) dye (Warang et al. 2013). In this study, Rhodamine B
has been chosen as model dye pollutant. This dye is mostly
utilized in textile industries, food industries as colorant, and
in paper, pharmaceutical, and cosmetic sectors (Dhas et al.
2015). Intake of these dyes can cause irritation to skin, eyes
and respiratory tract in human beings as well as animals
(Jain et al. 2007; Amalina et al. 2022) and also results in
carcinogenicity because they contain aromatic amines,
which are known to cause cancer. For this reason, before
releasing these dangerous substances into the environment,
industries must comply with environmental regulations
and remove them from contaminated industrial discharge
(Srivind et al. 2020; Oladoye et al. 2022; Abdelrahman
and Al-Farraj 2022). Many techniques, such as biological
degradation, flocculation, electrolysis, membrane filtration,
photocatalysis, adsorption, and ion exchange can be used to
remove azo dyes from wastewater (Silva et al. 2016; Bhat
et al. 2024a; Wan et al. 2021; Sarvalkar et al. 2023).

Among the aforementioned approaches, photocatalysis
provide various benefits over other methods. One of
the many advantages of photocatalysis over traditional
techniques is the complete removal of contaminants and the
absence of secondary pollutants (Biradar et al. 2021; Haleem
et al. 2023). Due to its low cost, high retention potential,
ease of use, and regeneration efficiency, photocatalysis is
thought to be the most effective technology for addressing
water pollution. Therefore, one of the primary goals of
the current study was to synthesize GCo;0,-NPs utilizing
extract of Butea monosperma leaves. Further, the green

@ Springer

synthesized nanoparticles were used for the application of
dye degradation from an aqueous medium using Rhodamine
B (RB) as model dye pollutant. Various reaction parameters
affecting the degradation process such as irradiation time,
catalyst dose, initial dye concentration and pH were also
investigated.

Experimental
Reagents & instrumentation

Rhodamine B dye was purchased from Loba Chemie Pvt.
Ltd., cobaltous chloride hexahydrate, ethanol 99.9%, 0.1 M
NaOH and 0.1 M HCI and all the other chemicals used
were of analytical grade. Double distilled water was used
throughout the study. The characterization of synthesized
GCo030,-NPs was performed at the Central Instrumentation
Facility, Jiwaji University, Gwalior, India. Powder X-ray
diffraction was done using Rigaku (Modal no Mini Flex
600) to investigate the crystallinity of the sample. Fourier
transform infrared spectroscopy in the 4000-400 cm™!
range was employed to determine the functional groups
of synthesized sample (Perkin Elmer, Modal no.
Spectrum,Serial no.105627 FT-IR). Transmission electron
microscopy was done using JEOL 1230 and a multipurpose
UV-visible Spectrophotometer (Shimadzu UV-1280) was
used to study the optical properties and photocatalytic
degradation of Rhodamine B dye.

Preparation of the plant leaf extract

The fresh leaves of Butea monosperma were collected
from the garden of the University campus (Lat: 26.20°N
and Long: 78.19°E; Altitude: 702.5 ft). After that, the fresh
leaves were washed under tap water 2-3 times and finally
with double distilled water. Then leaves were spread and
dried under the sunlight until they become dried so that
they can be easily blended to powder by using an electric
grinder. The dried leaves were blended to fine powder. After
that, an amount of 10 gm of leaf powder of B.monosperma
was added in 500 mL of distilled water and the solution
was heated at 60 °C for 30 min under continuous stirring
so that the biomolecules like glucoside, kino-oil containing
oleic and linoleic, palmitic and lignoceric acid in the leaves
are properly mixed with the water (Sharma et al. 2021).
The solution was allowed to cool to room temperature and
filtered. Then the filtrate (brown color) was collected and
stored in a refrigerator at 4 °C and used for the synthesis of
GCo5;0,-NPs.



Proceedings of the Indian National Science Academy (2026) 92:543-553

545

Synthesis of GC0o;0,-NPs

100 mL of cobaltous chloride hexahydrate (1 M) was mixed
in 100 mL of freshly prepared leaf extract with the help
of a magnetic stirrer. After mixing, the solution mixture
was cooled and kept overnight in a desiccator to get a
dense precipitate. The precipitate was properly collected
by centrifuging the solution. The precipitate was washed
thrice with distilled water and absolute ethanol to remove
unreacted particles and impurities. Then the precipitate was
dried in an oven at 70 °C for 9 h. The dried precipitate was
ground to fine powder by using a mortar and pestle. The
sample was stored in glass vial for characterization and
application.

Photocatalytic degradation of Rhodamine B dye

GCo;0,-NPs were used as photocatalyst to investigate
the photocatalytic efficiency for the Rhodamine B dye.
Experimental operational parameters such as effect of
contact time, catalyst dose, concentration, and pH were
investigated in this study. For all samples, 100 mL of
aqueous dye solution was prepared and exposed to a UV
lamp (6 Watt) while placed 15 cm above the solution. Before
exposure to UV light illumination, the sample solution was
agitated for 40 min to obtain the adsorption/desorption
equilibrium. A UV-vis spectrophotometer was used to
measure the absorption intensity of dye solution at regular
intervals of 20 min. The color, which had been vivid, turned
colorless as the dye decomposed. The following Eq. (1) has
been used to calculate the percentage of dye degradation
(Sarvalkar et al. 2024; Bhat et al. 2024b).
. . AO At
Degradation Efficiency = - 100 (1)
0

where, A indicates the absorbance of the dye solution at
time t=0 min and A, denotes the absorbance of the dye
solution at the time ‘t’.

Results and discussion
Characterization

We have used Cobaltous chloride hexahydrate (CoCl,
6H,0) as a precursor salt to prepare the Co;0,-NPs. For
the synthesis of GCo;0,-NPs, 100 mL of 1 M Cobaltous
chloride hexahydrate and 100 mL of fresh leaf extract was
mixed in a beaker and kept on a magnetic stirrer to form
homogenous mixture. To obtain a thick precipitate, the
solution combination was cooled and left in a desiccator

overnight after mixing. The solution was centrifuged in
order to effectively collect the precipitate. The precipitate
was washed three times using distilled water and pure
ethanol to eliminate impurities and unreacted particles.
The resulting precipitate was dried for 9 h at 70 °C in
an oven. After that, the as-synthesized cobalt oxide's
structural characteristics and morphological characteristics
were carefully investigated.

The XRD diffraction of the synthesized GCo;0,4-NPs
revealed that the sample is crystalline in nature
(Supplementary Fig. 1a). The XRD diffraction spectrum
showed prominent peaks at 2 theta 18.98°, 32.3°, 37.84°,
38.56° and 59.51° which corresponds to (111), (220),
(311) (222) and (511) planes of face centered cubic
(FCC) spinel crystalline phase of Co;0,, respectively.
The peaks are well matched with the values of JCPDS
card no 073-1701 (Saeed et al. 2019). The XRD results
are in consistent with previous literature (Belles et al.
2021; Liu et al. 2018). The average crystallite size of the
GCo0;0,-NPs was calculated for the most intense peaks by
using the Debye Scherrer’s formula (Eq. 2) and was found
to be about 41.02 nm.

KA
= BCoso @)

where, D is the crystallite size, K is a crystallite shape
factor, A is the wavelength of X-ray, f is the full width at
half maximum of the X-ray diffraction peak and 0 is the
Bragg’s angle.

The FTIR analysis of the synthesized material was
done at the room temperature in the wave number range
of 450 to 4000 cm~!. A plot of the FT-IR spectra of
biosynthesized Co;0, NPs is shown in Supplementary
Fig. 1(bl). Details on the different vibrational patterns
found in the nanoparticle were provided by this spectrum.
It was observed that the sample indicated prominent
peaks at 3638.76 cm™!, 3440.80 cm™', 2932.08 cm™!,
1622.02 cm™', 1381.41 cm™', 1117.25 cm™', and
1006.04 cm™! which were indicative of -OH stretching
(Free), -OH stretching (H bonded), -OH broad stretching,
NH, scissoring, -OH bending, C-O stretching (Salavati-
Niasari et al. 2009; Amanullah et al. 2023) and peak
at~569.12 cm™!' was assigned to Co—O stretching
vibration metal oxide bond (Karvekar et al. 2022a). The
FTIR spectra of leaf extract is shown in supplementary
Fig. 1(b2) and has shown bands at different wave
numbers. The wide band at 3329.68 cm™! can be ascribed
to the hydroxyl groups (OH) of phenolic compounds
and N-H stretching vibration of group NH,. The two
peaks at 2910.73 cm™' and 2847.69 cm™! are caused
by the symmetric and asymmetric stretching of alkene
molecules by -CH,.The prominent peak that was observed
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To establish the role of hydroxyl radicals in the degradation
of dye, isopropanol (IPA) was selected as scavenger to
capture the'OH radicals. Figure 4b depicts that addition of
IPA caused a decrease in the photodegradation efficiency of
RB dye, signifying that‘OH radical play significant role in
the photocatalytic process (ul Haq et al. 2024).

Comparative evaluation of the photocatalytic
performance of GG, catalyst

The results of photocatalytic degradation of RB dye using
GCo50, catalyst is compared with other metal oxide
photocatalysts as mentioned in Table 1. The degradation
efficiency of the synthesized GCo;0, catalyst used in this
work reveals a high potential for RB dye degradation.

To summarize, GCo;0,-NPs were successfully synthe-
sized through a green route approach using leaf extract
of Butea monosperma. The synthesized cobalt oxide
NPs were characterized by XRD, FTIR and TEM ana-
lytical techniques. The X-ray diffraction characterizations
revealed that the synthesized material was crystalline in
nature with crystallite size < 50 nm. The green synthesized
GCo;0, catalyst was used for photocatalytic dye degrada-
tion. Rhodamine B dye was used as a model dye pollutant
for the photocatalytic process. Various operational param-
eters were used to determine the degradation efficiency
of the catalyst. The results of this study revealed that
operational parameters have influenced the degradation
efficiency of photocatalyst. The findings of this work have
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