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ARTICLE INFO ABSTRACT
Keywords: This study explores the adsorption of indigo carmine dye using bio-combusted cerium oxide
Bio-combusted nanoparticles (CeO NPs). CeO, NPs were synthesized using a bio-combustion method, and then

Indigo carmine
UV-Light-driven
Manilkara zapota

subjected to structural, morphological, and optical characterization for thorough investigation.
Structural investigation was carried out using X-ray diffraction (XRD), which revealed a cubic
structure with evaluated average crystallite size of 11.55 nm. Later, the same was verified by
employing W-H plot (13.57 nm). UV-Vis spectroscopy revealed an effective band gap of 3 eV
suited for photocatalytic applications. The metal-oxygen phonon band at 986.32 em™! and
871.96 cm ™! is confirmed using Infrared Spectroscopy (FTIR). The morphological analysis was
done using Transmission and Scanning Electron Microscopy (TEM and SEM), which revealed
well-dispersed, aggregated structure enclosing spherical nanoparticles with an average size of
~14 nm. The early precursors were validated using EDAX analysis and SEM. Optical character-
istics were investigated using photoluminescence (PL), which revealed a large charge transfer
band between 360 nm and 435 nm. The dye removal efficiency of CeO, NPs was evaluated
against Indigo Carmine dye using UV light. The results showed that the significantly adsorption,
with more than 70 % removed after 150 min. Kinetic experiments revealed that the depreciation
occurred via a pseudo-first-order reaction process. Furthermore, the impacts of certain factors
such as dye dosage, pH, reusability, and scavenger on adsorption rate were explored and shown to
be effective values for the adsorption process. This study emphasizes the potential of CeO2 NPs as
excellent photocatalysts for environmental remediation, especially in dye removal applications.

1. Introduction

During the recent few years, the engineering field of nanotechnology has felt the demand of going green in the synthesis of
nanoparticles. This is in response to the demands of reducing negative impact that the traditional way presents to the environment.
Among all kinds of nanomaterials, Cerium Oxide nanoparticles (CeO2 NPs) have been identified as one of the most suitable solutions
thanks to their numerous favorable characteristics of their physical-chemical properties, wide application in various branches of
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science including catalysis, energetics, and medicine [1-3]. The synthesis of CeOy NPs using plant extract as a green synthesis pro-
cedure has attracted a lot of interest due to its environmentally friendly synthesis process and has the ability to synthesize a large
quantity of the nanoparticles [4,5].

As industries continue to expand at a rapid rate, their operations have resulted in the emission of dangerous chemicals into the
environment. This has raised serious worries about not just the environment, but also human health [6,7]. In response to the problem,
researchers have been motivated to develop long-term remedies (Table 1). One intriguing line of research has been the creation of new
materials capable of resolving these important concerns [8]. CeOy nanoparticles, well-known for their exceptional catalytic and
photocatalytic capabilities [9-11], have emerged as an effective tool in environmental rehabilitation efforts. The green production of
these nanoparticles with plant extracts is particularly interesting. This novel strategy takes advantage of phytochemicals’ inherent
reducing and stabilizing properties, providing a feasible and long-term solution to the situation at hand. Plant extracts are increasingly
being used in nanoparticle production due to their high concentration of bioactive components such as polyphenols, flavonoids, and
alkaloids [12,13]. Along with acting as reducing and stabilizing agents, these phytochemicals provide unique functional properties to
the nanoparticles generated [14]. Using green approaches to produce CeO; nanoparticles improves the environment while also
providing a cost-effective alternative to typical chemical procedures. Furthermore, the inherent biocompatibility of plant extracts
reduces the toxicity risks associated with synthetic chemicals, broadening the prospective uses of these nanoparticles in biomedical
and environmental sectors [15].

The use of CeO nanoparticles for photocatalysis has emerged as a key advance since it utilizes energy > band gap energy to break
down organic contaminants. The pervasive occurrence of dyes in industrial effluents has brought attention to the need for appropriate
remedies due to their tenacious nature and harmful ecological repercussions. CeO, nanoparticles’ distinctive bandgap structure and
adept charge transfer skills have shown to be very efficient in photocatalytic degradation, making them ideal for dealing with organic
dye contaminants. Furthermore, the green production approach enhances the attraction of these nanoparticles by encouraging
ecologically beneficial actions throughout the entire process [23-25].

Sapodilla, commonly known as chiku or Manilkara Zapota, has emerged as a vital resource in nanotechnology due to its significant
contributions to green synthesis [26-28]. This tropical fruit, high in bioactive chemicals, provides an environmentally acceptable
option for generating a variety of nanoparticles. By introducing Manilkara Zapota into the green synthesis process, we not only take
advantage of its abundance but also connect with the growing emphasis on sustainable and ecologically friendly approaches in
nanomaterial manufacturing. Nanoparticles driven by Manilkara Zapota have unique properties that make them ideal for application in
photocatalysis and antibacterial activities [29,30]. Through careful synthesis, these nanoparticles have outstanding photocatalytic
abilities, making them vital in breaking down contaminants and cleansing water supplies. The use of Manilkara Zapota in nanoparticle
synthesis not only demonstrates the adaptability of natural resources, but also helps to the development of novel and environmentally
friendly technologies with prospective applications in a variety of sectors.

The current work focuses on the photocatalytic effectiveness of bio-combusted CeOy NPs using Manilkara Zapota L. extract. The
prepared sample was analyzed for phase identification, optical characteristics, size, and form. Furthermore, its efficacy in adsorbing
Indigo Carmine (IC) dye was examined, and studies was extended to investigate the kinetics of adsorption.

2. Experimental
2.1. Materials and methods

The Manilkara zapota plant leaves were acquired from the Manasagangothri campus of University of Mysore, Mysuru, Karnataka,
India, in the month of October. Sigma (USA) supplied the precursor, cerium nitrate hydrate (Ce(NO3)3.6H20). The phase of the as-
prepared samples was determined using a MALVERN PANALYTIC X'pert®. In addition, the morphology of the surface and
elemental content of the samples were evaluated using the ZEISS FESEM. The excellently resolved JOEL JEM-2100 plus TEM was used
to determine the average particle size with more precision. To explore the band gap and perform photocatalysis, a UV-3200 Lab India A
double beam UV-visible spectrophotometer was used. Finally, the SHIMADZU IR, Xross over was used to record the FTIR spectrum.

Table 1
Biomaterial comparison in remediate pollutants.
Sl.No.  Material Green resources Pollutant Reference
1 Ag NPs Saussurea costus Root extract Methylene Blue, Phenol red, Methyl Orange, Orange G, Congo Red, and Safranin ~ [16]
)
2 ZrO, NPs water hyacinth plant extract Methyl Orange and Methylene Blue [17]
3 Ag-doped CuO Heracleum persicum Extract Erythrosine and Rhodamine B [18]
NPs
4 FeNPs Vernonia Amygdalina leaf Crystal Violet and Methylene Blue. [19]
extract
5 TiO2 NPs Rosmarinus-officinalis leaf Methylene Blue [20]
extract
6 — water hyacinth Cd(II) and Pb(II) ions [21]
7 - Ziziphus spina-christi Pb(ID), Zn(I) and Cd(1I) ions [22]
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2.2. Preparation of Manilkara zapota L. Extract

Manilkara zapota plant leaves were properly cleansed with double distilled water and placed in a 250 mL beaker with 100 mL water.
The mixture was heated for an extended period of time until 100 mL was reduced to 25 mL of leaf extract (L. extract). The combination
was then filtered, and the filtrate was stored at 4 °C for further characterization.

2.3. Bio-synthesis of CeO2 NPs employing Manilkara zapota L. Extract

A bio-mediated solution combustion synthesis (SCS) was employed in fabricating CeO3 NPs. Initially, 3.26 g of Ce(NO3)3.6H20 was
weighed stoichiometrically and taken in a combustion vessel (ceramic crucible). Into that, 5 ml of freshly prepared Manilkara zapota L.
extract was added as a fuel along with double distilled water and allowed to stir for 30 min in order to obtain the homogeneous
mixture. The same was then introduced into a pre-heated muffle furnace operated at 500 °C, where a normal combustion reaction
occurs, giving pale-yellow colored amorphous results. Furthermore, the obtained product was calcined for 2 h at 750 °C to obtained the
desired CeOy NPs. The same was subjected to characterize further for phase identification, size, shape, and optical properties.
Furthermore, the same method was utilized to chemically synthesize CeO NPs.

2.4. Adsorption of IC dye using CeO2 nanocatalyst

The ability of chemically and bio-synthesized CeO5 to adsorb IC dye reactants was investigated in an uv chamber that contained a
magnetic stirrer. An amiciVision (AV-31-UV) LED torch produced homogeneous UV light from all sides. The photocatalytic tests
involve creating four separate 5 ppm dye solutions and evaluating their adsorption against various photocatalyst dosages of 5 mg, 10
mg, 15 mg, and 20 mg. Before the adsorption began, the separate solutions containing 5 ppm dye and the appropriate concentration of
photocatalyst were swirled in darkness for 60 min to achieve adsorption-desorption equilibrium. Every 30 min, 3 mL of the stock
solution was withdrawn and centrifuged to measure absorbance using UV-visible spectroscopy until the dye was fully adsorbed. The
recovered catalyst was again utilized in evaluating the reusability. Furthermore, the same was studied vice-versa, 20 mg photocatalyst
was used to degrade dye solution of different concentration like, 5, 10, 15, and 20 ppm. Later, both the adsorption mechanism was
evaluated on calculating adsorption capacity (%D) using the relation (1),
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Fig. 1. PXRD profile of CeO, NPs well in agreement with the card #96-156-2990.



S.S. Majani et al. Heliyon 10 (2024) 35505

%D = (’%) x 100 1)

0
3. Results and discussions
3.1. Phase identification studies

X-Ray Diffraction (XRD) analysis plays a critical role in studying the phase and structural information of nanomaterials, making it a
vital tool in various applications. The fabricated CeO, NPs were also subjected to PXRD analysis for structural information. Fig. 1
shows the PXRD pattern well in alignment with the JCPDS card #96-156-2990, having a cubic phase with Fm-3m space group. The
structural parameters were found as, a = p =y = 90° with a = b = ¢ = 5.4070 A. Crystal planes at 20 = 28.76°, 33.21°, 47.60°, 56.44°,
59.16°, 69.53°, 76.85°, 79.29°, and 88.67 were assigned to (111), (200), (220), (311), (222), (400), (331), (420), and (422),
respectively. The same were utilized in evaluating the averaged crystallite size utilizing the relation 2 (Scherrer’s relation) [31].

0.9 x4

Dpg=—"—
e Praa cos 0

(2)

wherein, Dypyj; crystallite size, Bp; Full Width at Half Maximum (FWHM) of the diffraction peaks obtained, 0; diffracting angle, and A;
wavelength of the X-Rays used. 0.9 being the shape factor for spherical nanoparticles on approximating the fabricated CeO NPs to be
spherical in shape. The evaluated average crystallite size was found to be 11.55 nm. The same was verified on plotting the Williamson-
Hall (W-H) relation (3) [32] for the corresponding diffraction peaks as shown in Fig. 2. The obtained value was well in correspondence
with the evaluated crystallite size (13.57 nm) with a strain component (¢) value of 1.2 x 1072 and R? value of 0.9678.

0.91

Priq €08 0 =4 sin § + —— 3)
Dpt

3.2. Band gap studies

The ability to absorb photons for photocatalytic activities of the as-prepared CeO4 NPs, the as-prepared sample is investigated using
UV-visible spectra (Fig. 3a). The UV peak reflectance band (400 and 600 nm) is attributed to the exchange of charge between Ce>* and
0%". The same was utilized in evaluating the band gap value using Kubelka-Munk function (4) [33],

(1 - RN)Z

F(Rm): 2R

(€))

hy— 12140 (5)

R is depicted as reflectance co-efficient and A as wavelength of the UV source. The value was found to meet at exact 3.00 eV
(Fig. 3b), which can be aligned with the previously reported work [34].
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Fig. 2. W-H plot of CeO, NPs using the respective diffraction peaks.
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Fig. 3. (a) DRS spectrum of as-synthesized CeO, NPs recorded between 200 and 700 nm and (b) respective band-gap evaluation.
3.3. Infrared studies

Fig. 4 depicts the IR spectra of the as-prepared CeO,, NPs. The spectral band observed at 3710.98 cm ™! corresponds to the stretching
of O-H bonds, whereas the bands observed at 2286.12 cm ™! correspond to the stretching of C-H bonds [35]. Furthermore, the O-H
bending band was observed at 1457.18 cm™'. The sample’s bands at 986.32 cm™! and 871.96 cm ™' might indicate a metal-oxygen
phonon interaction (<1000 crn’l) (Ce-0) [36].

3.4. Morphology and purity studies

As nanomaterials reach the nanoscale, their surface morphology dynamically alters, resulting in a continual modulation of their
notable properties [37]. The so-fabricated CeOy NPs were subjected to morphological studies to know their shape and size. Fig. 5
depicts the FESEM images of CeOy NPs, showing agglomerated irregular structure at different magnifications like 2 pm and 1 pm.
furthermore, the initial precursors utilized in the synthesis process were confirmed on subjecting the sample to EDAX analysis (Fig. 6).

To have some knowledge about insight morphology, the as-prepared CeO2 NPs were subjected to TEM analysis at different
magnification as shown in Fig. 7a (500 nm), 7b (200 nm), and 7c (50 nm). the observed results affirm the morphology of crystal cluster
enclosing nanospheres. The average particle size was calculated to be ~14 nm using ImageJ software which was in well agreement
with the PXRD data. Further, to align the crystal structure obtain from PXRD analysis SAED image was taken and the crystal planes
(111), (220), and (311) were identified as marked in Fig. 7d. Also, to evaluate the lattice spacing of the obtained crystal array, HRTEM

image (Fig. 7e and f) was recorded and analyzed for selected area using ImageJ software. The spacing between crystal array was found
to be 0.311 nm.
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Fig. 4. IR spectrum confirming the metal-complex formation in as-prepared CeOz NPs.
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Fig. 5. SEM images of prepared CeO, NPs at (a) 2 pm and (b) 1 pm magnification.
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Fig. 6. EDAX spectrum affirming the precursors used in the synthesis process.

3.5. Emission spectrum

The emission spectrum is one of the most useful tools in the evaluation of dye removal process as it offers extensive information.
Accordingly, the emission spectrum of as-prepared CeO, NPs was recorded between 300 and 500 nm at 240 nm excitation (Fig. 8),
showing the characteristic CeO; band from 360 nm to 435 nm owning to the effective charge transfer band (CTB). Particularly, the
Ce*t/4f electron transfer process to the O 2p band will have a greater role in cerium-based photocatalysts. This band helps in
improving the photocatalytic activity by allowing the flow of electrons in an effective manner to degrade the dye on exposure to light
source [38].

3.6. Nanocatalyst dosage effect

Dye removal treatment by using the photocatalytic technique is described as follows: indicated photocatalyst CeO2 NPs in four
different concentrations of (5 mg, 10 mg, 15 mg and 20 mg) were dispersed all through four solutions of 5 ppm of Indigo Carmine (IC)
dye. These solutions were ultrasonically agitated for 60 min in the dark to achieve adsorption-desorption equilibrium of the photo-
catalyst/dye system. These were done by exposing the solutions to UV light while the solutions were being stirred immediately after
the adsorption and desorption equilibrium periods. At every 30-min interval, 3 mL of the stock solutions was taken. The photocatalyst
was removed from the treated solution through centrifugation, further, the UV-vis spectrum was recorded at each interval using a
spectrophotometer. The procedure was continued until there was no further adsorption of IC dye was observed.

The UV-visible absorption spectra of IC dye with photocatalyst dosage exposed to UV light for various time are presented in Fig. 9a-
d. The absorption peaks at 610 nm [39] for IC dye adsorption demonstrate that as the exposure of sunlight on solution rises the in-
tensity of peaks declines proving the adsorption of IC dye in presence of UV light. This is due to the acquired electrostatic attraction
between positively charged photocatalyst and negatively charged IC dye molecule [40,41]. The adsorption process might also be
possible due to the hydrogen bonding, - n interactions, and hydrophobic interactions between the IC dye molecule and photocatalyst
[421.

Furthermore, the effective CeO5 NPs dosage to deal a considerable amount of IC dye adsorption was found to be 20 mg, after careful
evaluation of %D depicted in Fig. 9e-h later the same was authenticated by performing kinetics involved in the respective adsorption
part using 1st order kinetic relation (7) [43].
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d=0.311 nm

Fig. 7. TEM images (a—c), SAED image (d), and d-spacing evaluation (e and f) of as-synthesized CeO, NPs.

log (AO/ A) =kt (2]

where; Ag being the absorbance at respective 0 min and A being the absorbance at respective times. Adsorption kinetics of 5 ppm IC dye
against 20 mg photocatalyst was found to be best with k value of 0.00359 and R? of 0.976. The results of photocatalyst dosage effect are
briefed in Table 2.

3.7. Dye dosage, reusability, pH, and scavenger effect on %D

It is necessary to investigate how parameters including dye dosage, pH, reusability, and the nature of scavenger impacts the
capability of adsorbing dye efficiently and sustainably. They are determining factors of the rate of degradation, cost, and ecological
effect of the treatment, thus providing adequate removal of detrimental dyes from the effluents [44]. The dye removal efficacy of the
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Fig. 8. Emission spectrum of as-prepared CeOy NPs.

20 mg CeO4 NPs sample towards different IC dye concentrations is displayed in Fig. 10a. At starting concentrations of 5, 10, 15, and 20
ppm, respectively, the adsorption efficiencies were 70.62 %, 22.30 %, 21.66 %, and 13.48 %. A 150-min reaction time and the number
of CR molecules still present were used to calculate the adsorption efficiency. The adsorption efficiency decreasing as the initial
concentration of CR increases indicating the system’s oxidation and reduction processes to be constrained by a fixed number of radical
species. Therefore, the longer it takes for the solution to totally decompose, the more IC dye molecules there are in it.

The effect of pH on dye adsorption is critical due to its substantial impact on the efficiency and pace of dye removal and the overall
environmental and treatment results. Hence, the pH effect was investigated by changing the pH of the dye solution from 1 to 11. The
result indicates the pH 4 is suitable in adsorbing IC dye to 73.21 % (Fig. 10b). Further, the photocatalyst, CeO, NPs were recovered
after the adsorption process to conduct reusability test. Fig. 10c depicts the same with a small decrement in the adsorption rate after the
4th usage showing the stability of the prepared sample.

Scavenger studies were performed to determine the species of reactive oxygen that are accountable for the photo-catalytic
breakdown of IC dyes. Minute quantities of scavenging species, such as p-benzoquinone (BQ), ethylenediaminetetraacetic acid
(EDTA), and isopropyl alcohol (IP) have been introduced to neutralize the reactive oxygen compounds (ROS) such as hydroxyl radical
*OH, superoxide radical *0?, and hole h™, generated during photocatalysis [45,46]. Fig. 10d depicts the dye removal activity of CeOy
NPs with respective scavengers introduced. Hydroxyl radicals (*OH) do not play a major role in the dye removal process, as indicated
by the fact that the medium’s adsorption efficiency did not decrease upon the addition of IP. However, adding BQ and EDTA during the
process resulted in a significant reduction in adsorption efficiency. The drop in efficiency indicates that the species of reactive oxygen
(ROS) produced mostly react with the scavengers. This finding suggests that superoxide radicals (*0?~) and holes (h™*) play a role in the
photocatalytic activity of CeO2 NPs during photocatalysis. A detail representation of IC dye adsorption is shown in Fig. 11. Further-
more, the chemically synthesized CeO, NPs were utilized in degrading the same IC dye with same catalyst (20 mg) and dye dosage (10
ppm). The results show a comparatively low adsorption rate (~19 %) as depicted in Fig. S1 against the bio-synthesized CeOy NPs. This
result affirms that the bio-synthesized CeO2 NPs is more advantages over chemically synthesized CeO5 NPs in degrading IC dye.

4. Conclusion

In conclusion, this study reveals the efficient adsorption of indigo carmine dye utilizing bio combusted cerium oxide nanoparticles
(CeOy NPs). A bio-combustion approach was successfully employed to synthesize the CeO5 NPs, and the synthesized sample was
subjected to extensive structural, morphological, and optical characterization. The cubic structure of the nanoparticles was verified by
XRD and the W-H plot, with crystallite sizes of around 11.55 nm and 13.57 nm, respectively. A suitable band gap of 3 eV was detected
by UV-Vis spectroscopy for photocatalytic applications, and the presence of typical metal-oxygen phonon bands at 986.32 cm™! and
871.96 cm ™! was confirmed by FTIR. The early precursors were subsequently validated by EDAX analysis, which also showed well-
dispersed clusters surrounding spherical nanoparticles with an average size of around 14 nm. PL investigation revealed a large
charge transfer band between 360 and 435 nm, which improved the photocatalytic activities of CeO2 NPs. The photocatalyst dosage
effect was examined first when evaluating the photocatalytic efficacy against the dye indigo carmine. The 20 mg dose had the most
noteworthy performance among the four photocatalyst dosages—5 mg, 10 mg, 15 mg, and 20 mg—against the 5-ppm dye solution,
reaching over 70 % adsorption in 150 min under UV light. A pseudo-first-order reaction mechanism was followed by the adsorption
kinetics. Furthermore, the parameter analysis demonstrated the influence of dye concentration (efficient at 5 ppm), pH (efficient at
value 4 with 73.21 %), reusability, and scavengers on the adsorption rate, all contributing to the efficient adsorption process. The
findings suggest that CeOy NPs synthesized through bio-combustion can offer a sustainable and efficient approach in addressing
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Fig. 9. (a-d) Time-dependent CeO, photocatalyst dosage effect on the absorbance spectra of IC dye, following (e-h) %D at respective time and (i-1)
kinetics involved in respective adsorption.

environmental pollution caused by industrial dyes.
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Table 2
Results of photocatalyst dosage effect on 5 ppm IC dye solution.
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Photocatalyst Dosage (mg)

%D Kinetics
k value R?
5 47.42 0.00172 0.813
10 58.44 0.00273 0.938
15 45.37 0.00172 0.991
20 70.62 0.00359 0.976
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