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Water contamination due to organic pollutants is a challenging issue around the globe, and several attempts
have been made to deal with this issue. Out of which, the semiconductor-based photocatalytic process had
gained much attention and proved to be an efficient, easy, and economical process for the removal of
organic dyes from aqueous solutions. For this purpose, the
nanocomposite (Fe,Oz—2ZrO, NC) was prepared via a simple mechanochemical process using a mortar

iron oxide-zirconium dioxide

and pestle, followed by a calcination process at 300, 600, and 900 °C. Different physicochemical
analyses were carried out in order to investigate the successful synthesis of Fe,O3z-ZrO, NC and the
effect of temperature on the crystallinity, surface area, pore size, phase composition, sample
morphology, and particle/crystallite size. The Fe,Oz-ZrO, NCs were subjected to a photocatalytic test
under solar light irradiation against fluorescein dye in an aqueous medium, and the photocatalytic
performance was examined under the influence of calcination temperatures, pH, catalyst dose, and
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1. Introduction

The occurrence of environmental pollution is marked by harm
to natural elements due to the presence of detrimental synthetic
substances. These substances have the potential to disturb
ecosystem balance and pose diverse health risks to both
animals and humans. Environmental pollution is triggered by
the introduction of harmful materials, such as gaseous pollut-
ants, toxic metals, and particulate matter (PM) into the
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atmosphere; sewage, industrial effluents, agricultural runoffs,
and electronic wastes into water bodies; and activities such as
mining, deforestation, landfills, and illegal dumping of refuse
that cause soil pollution." Nowadays, water pollution has
emerged as a widespread global issue.” Organic dyes present an
environmental challenge for aquatic ecosystems.® The principal
diseases linked to water pollution are acute and chronic
gastrointestinal diseases, most importantly diarrheal diseases
(70% of deaths attributed to water pollution), typhoid fever
(8%), paratyphoid fever (20%), and lower respiratory tract
infections (2%).* Fluorescein (C,,H;,05) is an organic dye with
low solubility in both water and other organic solvents. When
dissolved, it exhibits strong fluorescence under UV light. This
dye is employed in various applications such as fluid tracing,
marker highlighting, fluorescent toys, and leakage detection.
The toxicity of fluorescein presents a significant danger, often
resulting in anaphylaxis marked by symptoms such as hypo-
tension, tachycardia, bronchospasm, hives, and itching.?
Water containing organic dyes poses various health risks,
depending on dye properties and concentrations. Potential
effects include toxicity; carcinogenicity, allergic reactions,
endocrine disruption, headaches, and dizziness. Numerous
techniques have been identified for eliminating organic dyes
from wastewater. These methods encompass equalization,
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sedimentation, and various biological approaches such as
bacteria-assisted, algae-assisted, fungi-assisted, yeast-assisted,
and enzyme-assisted biodegradations. Additionally, chemical
processes, including advanced oxidation processes (AOPs),
coagulation-flocculation, and electrochemical treatments like
electrocoagulation (EC), electro-fenton (EF), and anodic oxida-
tion (AO), are employed. Physical processes, such as adsorption,
membrane filtration, microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), reverse osmosis (RO), ion exchange, and
hybrid treatments like PMR and MBR hybrid technologies, are
also utilized for this purpose.® Various methods exist for
removing organic dyes from wastewater but these treatment
approaches may encounter inefficiencies at times, attributed to
the varied spectrum of dyes, high costs, significant sludge
production, slow reaction rates, and inherent self-
decomposition.”

Transition metal oxide nanoparticles as semiconductors
exhibit notable characteristics, such as heightened chemical
stability, environmentally friendly properties, a diverse range of
band gap energies, efficient catalytic activity, and a significant
surface area.® These features render them suitable for applica-
tions in heterogeneous photocatalysis.” The hematite (Fe,O3)
possess a band gap of 2.1-2.2 eV." Zirconium oxide (ZrO,) has
band gap in the 5-7 eV range." ZrO, holds significant impor-
tance as an oxide and has found widespread application in
heterogeneous catalytic reactions.> Zirconia finds extensive
applications in various fields, including bio-sensors, solid oxide
fuel cells, oxygen sensors, and materials for storing H, gas.*
Iron oxide nanoparticles play a significant role in diverse
applications, including magnetic and electrochemical applica-
tions, gas sensing, energy storage, cancer therapy, magnetic
storage, and biomedical treatments." The Fe,03;-ZrO, NC had
attracted significant interest due to their synergistic proper-
ties."* The Fe,O; offer high electrical conductivity and photo-
catalytic activity, while ZrO, contribute excellent thermal
stability, chemical resistance, and oxygen storage capacity.
When combined at the nanoscale, these composites can exhibit
enhanced electrical conductivity, improved photocatalytic
performance for pollutant degradation or hydrogen generation,
and potentially tunable magnetic properties.®* Consequently,
they have been fabricated employing various methods. IUPAC
has recognized mechanochemistry as one of the ten technolo-
gies that can change the world.” Mechanochemistry provides
direct reaction pathways and technologies that are solvent-free
and operate at low temperatures.'® Recently, there has been
significant interest in utilizing mechanochemical synthesis to
facilitate the production of technologically essential complex
oxides.

This investigation was designed to fabricate a Fe,O3-ZrO,
nanocomposite through a straightforward mechanochemical
process using a mortar and pestle, followed by calcination at
various temperatures for the resulting product. The impact of
calcination temperature on structural changes was analyzed
using XRD, SEM, EDX, FTIR, DRS and N, adsorption tech-
niques. Subsequently, the Fe,O;-ZrO, samples were employed
as photocatalysts for degrading fluorescein, and the impact of
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calcination temperature, initial dye concentration, catalyst dose
and pH was investigated.

2. Materials and methods
2.1 Reagents

To synthesize Fe,03;-ZrO, NCs through mechanochemical
means, iron(u) hydroxide and zirconium(wv) hydroxide were
utilized. These chemicals of general-purpose grade were ob-
tained from Fisher Scientific. The hydroxides were ground with
a mortar and pestle to produce the necessary metal oxides.
Distilled water was employed to clean the mortar and pestle and
was also used as solvent for the preparation of Fluorescein
solutions.

2.2 Synthesis of Fe,0;-ZrO, NCs

Initially, an equal amount (1 g) of each metal hydroxide
precursor was taken and ground using a mortar and pestle
following standard procedures. The grinding process continued
for six hours, during which all physical transformations were
closely observed. The initial product exhibited a granular
appearance, and with extended grinding time, it transitioned
into a powdered form. Three hours into the process, the sample
developed a sticky consistency, which was attributed to the
breakdown of hydroxide bonds and the presence of moisture. As
the six-hour mark approached, the product transitioned back
into a powdered form, accompanied by the formation of metal
oxides.”” The resulting powder was then stored in a tightly
sealed sample bottle. The experiment was conducted several
times to gain required quantity of the sample and also to
examine how the duration of grinding influenced the progres-
sion of the reaction. Physical characteristics, such as melting
point and solubility, were also examined. Finally, the finished
product underwent calcination in a muffle furnace at temper-
atures of 300, 600, and 900 °C.

2.3 Instrumentation

Various physico-chemical techniques were employed to char-
acterize the synthesized Fe,0;-ZrO, NCs. The crystalline char-
acteristics were evaluated using X-ray diffraction (XRD) analysis
with the Philips X'Pert model. The Debye-Scherrer equation was
utilized to ascertain the crystallite size of the synthesized
nanostructures. A field emission scanning electron microscope
(SEM), specifically the JEOL JSM-5600LV model from Tokyo,
Japan was employed to investigate the microstructure and
surface topology. EDX (model INCA-200 (UK)) was employed to
verify the elemental composition of the sample. The N,
adsorption experiment was conducted using the Gemini
instrument model 2390 t at a standard pressure of 760.00
mmHg, and the BET equation was utilized to assess the surface
area and pore size distribution. UV-DRS analysis was employed
to investigate the light absorbance characteristics of the
samples, and the band gap energy was determined using Tauc
plot. The analysis of surface functional moieties was conducted
through FTIR, spanning the range of 4000 to 400 cm . The
decrease in the A-max of fluorescein dye during photocatalytic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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process was examined through UV-visible spectrophotometer
(1601 SHIMADZU).

2.4 Photocatalytic assay

The photocatalytic efficiency of all the samples of prepared
nanocomposite ie. Fe,03;-ZrO,, utilizing mechanochemical
method, including both uncalcined and those calcined at 300,
600, and 900 °C, was assessed in the context of the photo-
catalytic degradation of fluorescein dye. Initially, a 15 ppm
stock solution of fluorescein dye was prepared in distilled water.
100 ml of this solution was transferred into a reaction vessel, to
which 25 mg of the synthesized samples were added. To achieve
adsorption-desorption equilibrium, the reaction mixture was
stirred in the dark for 30 min. Following exposure of the solu-
tion to simulated solar radiation for a specific duration, a thor-
ough assessment of the sample was conducted using a double-
beam spectrophotometer, and the reduction in absorbance
maxima was monitored over time.

3. Results and discussion
3.1 XRD analysis

The XRD patterns displayed in Fig. 1, shows three sets of cor-
responding to Fe,0;, ZrO, and Fe,0;-ZrO,. The diffraction
bands appeared at 27.17, 40.54, 49.05, 53.92, 71.79 and 75.02
positions corresponding to (012), (113), (024), (116), (10 10) and
(217). All these peaks are found similar to those reported in
JCPDS card 01-079-1741 attributed to the rhombohedral crystal
system with space group of R3¢ and space number of 167. The
length of two a and b coordinates are same (5.0342 A), ¢ is equal
to 13.7460 A, the interfacial angles alpha and beta is equal to
90.00° whereas gamma is of 120.00°. The density and volume of
unit cell is found to be 5.27 g cm™® and 301.69 x 10° pm?
respectively. The second set of diffraction peaks appeared at
31.24, 34.01, 35.27, 38.50, 44.46, 49.99, 53.94, and 55.18 due to
the diffraction of X-ray from the Akl planes (111), (020), (002),
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Fig. 1 The XRD patterns of Fe,0O3—ZrO, NCs (uncalcined and those
calcined at 300, 600 and 900 °C).
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(021), (211), (220), (221), and (300). These peaks are matched
with those reported in reference card 96-900-5835 and assigned
to the orthorhombic geometry of ZrO, crystal system having
space group of Phcm and space number 57. The length of a,
b and ¢ coordinates are 5.0050, 5.2350 and 50.10 A respectively
and degree of interfacial angles alpha, beta and gamma are
90.00. The density and volume of unit cell 6.18 g cm > and
132.34 x 10° pm® respectively. The diffraction peaks along the
hkl planes at 27.95 (111) and 46.36 (112) is assigned to the
monoclinic geometry of ZrO,, which is in accordance to the
reported literature.*®

The XRD analysis of the Fe,0;-ZrO, NCs calcined at different
temperatures reveals the influence of thermal treatment on the
phase composition, crystallinity and crystallite size. With
increasing calcination temperature, no new peak was emerge in
the diffractogram confirmed that no phase transformation
occurred. The increased intensity of the peaks suggest that the
crystallinity of the sample increases and the Fe,O3;-ZrO, NC
calcined at 900 °C has the highest degree of crystallinity.
Therefore, the observed changes in the peaks intensities with
increasing calcination temperature suggests that higher
temperatures promote the formation of more ordered and
stable crystalline Fe,03-ZrO, NC.

3.2 SEM analysis

SEM is a powerful imaging technique offering high-resolution,
three-dimensional views of material surfaces in the micro-
and nanoscale. Under low magnification, the SEM image of the
uncalcined Fe,0;-ZrO, NCs highlighted differences in both size
and shape, revealing a rough morphology (Fig. 2(a)). Various
aggregates and agglomerates with diverse morphologies were
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Fig. 2 Low magnification SEM images of Fe,O3-ZrO, NCs (uncal-
cined (a) and calcined at 300 (b), 600 (c) and 900 (d) °C).
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visible, some with clear boundaries. These structures, along
with individual particles, were randomly dispersed, with larger
spacing among them. Overall, their surfaces displayed a non-
smooth appearance. After calcination at 300 °C (Fig. 2(b)), the
SEM examination revealed significant variations in size and
shape, emphasizing the influence of calcination temperature.
There was a distinct increase in agglomeration, especially
noticeable at specific points, maintaining a non-smooth surface
appearance. The spacing among some agglomerates became
more prominent at certain points. Following calcination at
600 °C, the SEM analysis (Fig. 2(c)) exhibited notable disparities
in sizes and shapes, with a substantial increase in agglomera-
tion. The agglomerates, with non-smooth surfaces, appeared
scattered and displayed mixed morphologies. Post-calcination
at 900 °C (Fig. 2(d)), pronounced agglomeration reduced
spacing, presenting non-smooth surfaces with cavities visible
only at few points. The resulting agglomerates showcased
diverse morphologies.

It was employed to explore the impact of calcination
temperature on the morphology of Fe,0;-ZrO, NCs, with
results presented in Fig. 3(a-d). Under high magnification, the
SEM analysis of uncalcined Fe,03;-ZrO, NCs revealed variations
in sizes and shapes, indicating a rough morphology and non-
uniformity. The presence of agglomerates with diverse shapes,
small dispersed particles, and irregularly placed smaller nano-
composites on larger agglomerates was observed. Despite
a smooth surface, uneven distribution led to cavities. The rough
morphology was attributed to variations in nucleation and
growth. Calcination of Fe,03;-ZrO, NC at 300 °C showed
significant variations, increasing agglomeration, and reducing
cavities due to fusion of particles and agglomerates. Larger

s
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Fig. 3 High magnification SEM images of Fe,Oz-ZrO, NCs (uncal-
cined (a) and calcined at 300 (b), 600 (c) and 900 (d) °C).
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agglomerate distribution increased, with elevated scattering of
small nanocomposites. At 600 °C, pronounced agglomeration,
reduced cavities, and increased scattering were noted. Calci-
nation at 900 °C led to extensive agglomeration, fusion of
particles, reduced cavities, and indistinct boundaries, present-
ing a smooth appearance with mixed morphologies. Along with
morphological changes, calcination temperature has also effect
particles size and the average size for Fe,03;-ZrO, NCs are found
to be 38.60, 42.97, 55.21 and 61.78 nm for the uncalcined, and
those calcined at 300, 600 and 900 °C respectively. The heat
treatment at higher temperature led to the diffusion and coa-
lescence of the adjacent particles results into the formation of
larger particles. Moreover, the elevated temperature promote
the particles growth and agglomerations compared to nucle-
ation process led to the formation of larger particles that
influence the surface area and reactivity of the sample.

3.3 Surface area and pore size analysis

The BET equation was applied to N, adsorption data to examine
the surface area and pore size of Fe,O3;-ZrO, NCs. The BET plots
are shown in Fig. 4(a-d), and the low 1/[Q(p°/p — 1)] value in the
BET plot shows that the larger quantity of N, was adsorbed at
a lower relative pressure (0.5 p/p°). A gradual decrease was seen
in the adsorption of N,, with increasing relative pressure
attributable to surface/pore saturation and gas-gas interaction.
If we compared the BET plots for all the Fe,0;-ZrO, samples,
a significant increase occurred in the 1/[Q(p°/p — 1)] values with
the increasing calcination process, which suggests a clear
decrease in the adsorption of N, into the Fe,0;-ZrO, surface.
This decrease is due to the calcination temperature-induced
morphology changes that occurred in the Fe,03-ZrO,
samples, including agglomeration, fusion of particles, and
reduced pore size. The N, adsorption isotherms of the Fe,O3-
ZrO, NCs are shown in Fig. 5, which found similar with type IV
isotherm according to IUPAC classification. The type of
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Fig. 4 BET plots showing the adsorption of N, on the Fe,O3-ZrO,
NCs; uncalcined (a), cal. at 300 °C (b), cal. at 600 °C (c), and cal. at
900 °C (d).
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isotherms suggest the presence of mesopores in the samples.
The pore distribution plots are shown in the inset in Fig. 4
shows that the size pores decreases with increasing calcination
temperature. The data listed in Table 1 which shows that the
uncalcined Fe,0;-ZrO, NC exhibits the highest surface area as
compared to the calcined analogues. A gradual decrease in the
surface area of the samples is seen with increasing calcination
temperature, which might be due to increasing crystallite or
particle sizes, agglomeration, and other morphological
changes. Similarly, the pore sizes and pore volume of the Fe,0;—
ZrO, NCs are also decreased with increasing calcination
temperature. The decrease in pore parameters is attributed to
the agglomeration process, an increase in particle size, and the
rearrangement of the particles that led to the collapse or
blockage of pores.*

Surface area is one of the main factors that determines the
photocatalytic efficacy of the materials, and the photocatalytic
reaction occurs at the active sites that are present on the surface
of the catalyst. Thus, catalysts with a higher surface area exhibit
more active sites that facilitate the photocatalytic process.
Furthermore, the catalyst with a larger surface area has a larger
number of atoms on the surface, which enhances the absorp-
tion of incident light and results in the efficient generation of
electron-hole pairs that initiate the redox process.*

3.4 DRS analysis

The light absorption phenomena of the Fe,0;-ZrO, NCs
(uncalcined and calcined at 300, 600 and 900 °C) was studied by
DRS (inset: Fig. 6(a)) and all the samples shows maximum
absorption in the UV region, which is a distinctive feature of
many metal oxides including Fe,O; and ZrO, due to their
specific electronic band structure. A slight red shift was
observed in the absorbance edge of the samples is attribute to
an increase in the crystallinity with increasing calcination
temperature. As the larger particles have a lower band gap,
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Table 1 Texture parameters surface area, pore size and pore volume
of the Fe,O3-ZrO, NCs (both uncalcined and calcined at different
temperature)

Texture parameters

Pore volume

Samples Sper (M* g™ 1) Pore size (A) (em®g™)
Uncalcined 92 66.28 0.0377
Cal. 300 °C 64 17.23 0.0285
Cal. 600 °C 21 15.97 0.0109
Cal. 900 °C 2 15.17 0.0002

where quantum confinement effect become less dominant as
the particle size increases.

The shift toward longer wavelength may also be due to the
redistribution of surface defects i.e. vacancies/interstitials
within the crystal, they can also act as a charge carrier and
disturbed the electronic band structures.** This shift is attrib-
uted a decrease in the band gap energy. The band gap energies
for direct (Fig. 6(a)) and indirect (Fig. 5(b)) transitions of the
Fe,0;-ZrO, NCs were determined through the eqn (1) and (2)
respectively; where the « is absorption coefficient, 4 is plank's
constant, v photon frequency, A4 is proportionality constant and
E, is the band gap energy.” The calculated band gap energies
are listed in Table 2, showing a gradual decreasing trend with
increasing calcination. This decrease in the band gap energy is
might be due to the increase in the crystallinity and particle size
at elevated calcination temperature.”® The calculated band gap
energies, they are found to be less than those reported previ-
ously.* The difference in the band gap energies for both direct
and indirect transitions attributed to the variation particle/
crystallite size, which is in accordance with reported literature.>

ahv = A(hv — Eg)* (1)

ahv = A(hy — Eg)'”? (2)

3.5 EDX analysis

An EDX spectrum identifies and quantifies elements in
a sample by measuring characteristic X-ray emissions, enabling
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Fig. 6 Tauc's plots for direct (a) and indirect (b) transition (inset: DRS
spectra) of the Fe,Oz—-ZrO, NCs both uncalcined and those calcined
at different temperature.
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Table 2 Band gap energies for direct and indirect transition in Fe,Oz-ZrO, NCs
Fe,03-ZrO, NCs

Cal. 300 Cal. 600 Cal. 900
Band gap (eV) Uncalcined °C °C °C
Direct band gap 3.52 3.45 3.40 3.35
Indirect band gap 3.12 3.08 3.04 3.01
Direct spectrum band gap (=1240/ 3.25 3.19 3.14 3.10

)

elemental analysis, spatial mapping, and material character-
ization. For Fe,O3-ZrO, NCs, both uncalcined and calcined at
various temperatures (300, 600, and 900 °C), the EDX spectrum
unveiled the elements’ presence and their relative abundance in
the sample (Fig. 7(a)). The signal observed at 0.2 keV indicated
the existence of oxygen. This peak was probably linked to the
oxide constituents present in the nanocomposites.

The peaks at 0.3, 6.2, and 6.5 keV unequivocally represented
characteristic X-ray signals indicative of the presence of iron
whereas the peaks observed at 2 and 2.2 keV suggested the
presence of zirconium. Elevating the calcination temperature
induces diverse effects on the EDX spectra of Fe,O3;-ZrO,. In
Fig. 7(b-d). The EDX spectra revealed an increase in the peak
intensities of Fe and Zr with increasing calcination tempera-
ture. This variation in peak intensities for the same elements
can be ascribed to multiple factors, including sample inhomo-
geneity, variations in sample preparation, differential absorp-
tion, surface contamination, matrix effects, crystal structure
changes, detector sensitivity, and beam damage. These factors
collectively contribute to the complexity of the interaction
between the electron beam and the sample, resulting in fluc-
tuations in X-ray emissions and subsequent peak intensities.

Studies additionally propose that the phase composition,
morphology, and properties of materials are influenced by the
calcination temperature.

[Full Scale 359 cts Cursor: 0.000 keV]|Full Scale 448 cts Cursor: 0.000

Spectrum 1

0 2 4
[Full Scale 316 cts Cursor. 0.000

keV|Full Scale 448 cts Cursor: 0.000

Fig.7 EDX spectra of the Fe,O3-ZrO, NCs both uncalcined and those
calcined at different temperature.
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In the Fe,03-ZrO, system, solubility of Fe,O; in the ZrO,
lattice undergoes significant changes at different calcination
temperatures, exhibiting lower solubility at higher tempera-
tures. Furthermore, calcination temperature impacts the crys-
talline behavior, enhancing the crystallinity of ZrO, NPs as the
temperature increases. Moreover, peak intensities of elements
in EDX spectra can increase with higher calcination tempera-
tures due to various factors, including crystallite size, phase
transformation, enhanced crystallinity, coarsening of nano-
particles, and higher phase purity. Notably, different phases or
crystal structures manifest distinct characteristics in terms of X-
ray emissions in EDX spectra, owing to the unique atomic
composition and arrangement within each phase. Each element
emits specific X-rays based on energy differences between
electron shells, resulting in characteristic X-ray lines in the
spectra. Additionally, variations in lattice arrangements and
crystal structures contribute to different diffraction patterns,
influencing the shape and position of X-ray peaks in the EDX
spectra. These diverse factors collectively contribute to the
observed spectra.

3.6 FTIR analysis

The FTIR spectra of Fe,03;-ZrO, NCs shown in Fig. 8, exhibits
peaks aligned with specific wavenumbers (cm ™), signifying the
points where the transmission of infrared radiation took place.

40 - Uncalcined
Cal. 300 °C 32.42
361——cal. 600 °c| 109110
——Cal. 900 °C| 1219.15
30
25 1738.71
20

154

% Transmittance

T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 8 FTIR spectra of the Fe,Os-ZrO, NCs both uncalcined and
those calcined at different temperature.
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The broad band centered at 3466 cm ' was assigned to the
stretching collision of H-O-H and hydroxyl absorption.>® Peak
at 1738.71 cm™ " was attributed to the Zr-OH functional group.”
A midrange band at 1639.39 cm ™" was noted, possibly origi-
nating from the bending of H-O-H coordinated H,O mole-
cule.”® Peak at 1379.79 cm™ ' was ascribed to the presence of
surface ~-OH groups in M-OH (either Fe(OH), or Zr(OH),).>* An
additional peak emerged at 1219.15 cm ™', which may also be
attributed to the vibrations of M-OH (either Fe(OH), or
Zr(OH),).* A weak band emerged at 1091.10 cm™" possibly
arising due to terminal metal hydroxide(s).** Peak at
1034.47 cm ' might also has happened due to the different
modes of bending vibration of the M-O bond (either Fe-O or Zr-
0).** At 912.17 ecm™ ', a sharp peak was identified as the result of
O-M-O vibrations (can be Fe-O-Fe, Fe-O-Zr, or Zr-O-Zr).*> A
midrange band at 732.42 cm " occutred due to the Zr-O-Zr
asymmetric stretching modes.*® A sharp band was obvious at
534.61 cm ™" due to the Fe-O functional group.?” These peaks
consistently appeared within the identical range throughout the
spectra of all samples. For the samples that were calcined at
300, 600, and 900 °C, there was a progressive decline in the
strength of the band in the 3466 cm ™" range. In the calcined
samples, there was a noticeable drop in the band's strength in
the 1738.71 cm ™' range suggest the condensation of Zr(OH), to
ZrO,. In the 1639.39 cm™ " range, the peaks showed the same
decline. A sharp drop was seen in the intensities of the peaks at
1639.39 cm ™' and 1379.79 cm ™ also suggest the dehydration of
the samples at elevated temperature. The increase/decrease
along with a minor shift in the intensity of the bands at
1219.15 cm ™%, 1091.10 em ™}, 1034.47 cm ™%, 912.17 em ™!, and
732.42 cm™' attributed to the calcination temperature
promoted rearrangement of the unit cell in the crystal struc-
ture.>* The band at 534.61 cm ' seemed to begin merging
together in calcined samples; this merging effect became more
noticeable at higher calcination temperatures, when it began to
transform into a broad band. The reduction happened as
a result of a condensation reaction that evaporated water
molecules and turned metal hydroxides into metal oxides.**** It
was also ascribed to the generation of metal oxides and the
increasing concentration of metal oxides, the intensity of the
bands in this region was on the rise.*

3.7 Photocatalytic activity

The photocatalytic efficiency of Fe,0;-ZrO, NCs, synthesized
via the mechanochemical method, was evaluated for both
uncalcined samples and those exposed to different calcination
temperatures against fluorescein dye. The assessment took
place outdoors, amid natural sunlight, spanning June 15 to 30,
and occurred between 11 a.m. and 3 p.m. The diminishing
greenish-yellow hue over time signified the decolorization of the
reaction mixture. Following the UV-visible analysis conducted
using a double-beam spectrophotometer, there was an initial
noticeable decline noted in the absorbance maxima at 475 nm.
This suggested the degradation of the chromophore respon-
sible for light absorption at that particular wavelength. The
degradation profile shown in Fig. 9(a) demonstrated a gradual
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diminution in the absorbance maximum with the rise in calci-
nation temperature. During the initial 20 min, especially in the
uncalcined sample in comparison to those subjected to various
calcination temperatures, there was a noticeable and sharp
decline in the absorbance maxima. Afterward, the rate of
reduction decelerated in all samples. The most significant
decline in the absorbance maxima was evident in the uncal-
cined sample.’**

The degradation percentage of Fluorescein was computed
using eqn (1),%” and the results are illustrated in Fig. 9(b) for
different Fe,O;-ZrO, NCs. This included both the uncalcined
sample and samples exposed to different calcination tempera-
tures, namely 300, 600, and 900 °C. The uncalcined sample
showed a fluorescein degradation of 83.73%, whereas the
samples subjected to calcination at 300, 600, and 900 °C
showcased degradation percentages of 78.09%, 56.86%, and
43.13%, respectively. The most photocatalytically active
prepared sample was the one that was left uncalcined, whereas
the sample that was calcined at the maximum temperature i.e.
900 °C showed the lowest level of activity. The rate of the
photochemical reaction was depicted by the rate constant
values, which were calculated using eqn (2) and displayed in
Fig. 9(c).*” The photocatalytic processes carried out in the
presence of uncalcined NCs and those calcined at 300, 600, and
900 °C were found to that 0.0198, 0.0133, 0.0083, and 0.0055
quantity of dye was degraded per min, respectively, based on the
obtained results. These results represented the relative photo-
catalytic effectiveness of each prepared sample in boosting
fluorescein degradation in the specified reaction conditions.*®**

A greater rate constant denoted a faster rate of degradation,
indicating increased photocatalytic activity in the Fe,O0;-ZrO,
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Fig. 9 The photocatalytic activity of Fe,Oz-ZrO, NC against fluo-
rescein: (a) degradation profile in the presence of both light and
catalyst, (b) percentage degradation, (c) rate constant, and (d) effect of
calcination temperature.
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that was produced. With a value of 0.0198 per min, the uncal-
cined NCs showed the highest rate constant among the exam-
ined samples, according to the results. Additionally, the results
suggested that uncalcined NCs might be more effective in
promoting the targeted compound's degradation.

C, — C;

o

In (C%,) = —kt (4)

The process of photodegradation for fluorescein, facilitated
by a Fe,0;-ZrO, catalyst under solar light, comprises
a sequence of steps orchestrated by the interplay among the
catalyst, sunlight, and the dye molecule Fig. 10. The catalyst
absorbs photons from solar light, initiating the formation of
electron-hole pairs (e"/h") within the catalyst material. Under
these conditions, Fe,0;-ZrO, acted as a semiconductor;
photons that were absorbed raised electrons in the catalyst's
valence band (VB) to the conduction band (CB), which led to the
creation of electron-hole pairs. The VB of ZrO, was where the
positive holes congregated, while the VB of Fe,O; contained the
excited electrons. These charge carriers were essential to the
succeeding redox processes. Water molecules reacted with
photogenerated holes to form hydroxyl radicals (‘OH), whereas
oxygen molecules were reduced by photogenerated electrons to
become superoxide radicals (‘O27), which then reacted with
hydrogen to produce hydroxyl radicals. The highly reactive
hydroxyl radicals ("OH) attacked the adsorbed fluorescein
molecules, causing the dye's chemical bonds to dissolve and the
dye to mineralize into carbon dioxide and water.*

% Degradation = x 100 (3)

3.8 Determinants of photocatalytic activity

3.8.1 Effect of pH on % degradation. The pH of the fluo-
rescein solution was modified with 0.1 M HCIl and 0.1 M NaOH.
The influence of pH fluctuations on the percentage of dye

Fig. 10 Proposed photocatalytic mechanism showing the electron—
hole generation and subsequent photocatalytic reactions.

15092 | RSC Adv, 2024, 14, 15085-15094

View Article Online

Paper

degradation was closely observed (Fig. 11(a)). Under acidic
conditions (pH < 6.63), ZrO, carries a positive charge, while in
alkaline environments (pH > 7.0), it bears a negative charge.**
Moreover, fluorescein is found in the pH range of 4.3 to 6.4 in its
monoanionic form, which changes to its dianionic form at 6.4.
The results showed that 62.18, 72.31, 80.01, 83.73, and 76.29
percent of fluorescein was degraded at pH 4, 5, 6, 7 and 8 in
100 min respectively.

The data suggested that within an acidic environment, the
forces of attraction between the dye and catalyst were conducive
to the dye being adsorbed onto the surface of the photo-
catalysts. The inclination toward adsorption was ascribed to the
dye being in an anionic form under acidic conditions, while the
catalyst was in a cationic form. This fostered a significant
interaction between them, ultimately resulting in the adsorp-
tion of the dye and consequently causing a higher percentage of
degradation, reaching its optimum at a pH of 6. Furthermore,
the surface of Fe,O3;-ZrO, was found to become negatively
charged at high pH values, which resulted in repulsive forces
that inhibited adsorption. In other words, when the pH of the
solution was raised above 7, a large proportion of the adsorbed
dye molecules were not in direct contact with the photocatalysts
surface, which lowered the rates of degradation.*?

3.8.2 Effect of dose on % degradation. The degradation of
fluorescein was carried out with multiple catalyst doses (10, 15,
20, 25, and 30 mg). The results showed a direct increase in
percent degradation as the catalyst dose increased (Fig. 11(b)). It
is found that when the concentration of the catalyst increases,
the rate of degradation for the dye's breakdown increases.*
Peak activity for the degradation of fluorescein dye in the Fe,O3—
ZrO, NC was detected at a catalyst dosage of 25 mg, indicating
an ideal concentration for the photocatalytic process.
Increasing the dose of Fe,03-ZrO, NC from 10 to 25 mg resulted
in a rise in fluorescein degradation percentage from 43.69% to
83.73%, whereas at 30 mg, it fell to 70.86%. This was due to the
NC's increased total surface area, which improved the active
sites that interacted with dye.** Production of reactive radical
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Fig. 11 The factors that affect the photocatalytic activity of Fe,Oz—
ZrO, NCs against fluorescein: (a) effect of pH, (b) effect of catalyst
dose, (c) effect initial concentration, and (d) recycling of the catalyst.
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rises with the number of active sites on NCs which improves
degradation. However, the development of intermediate
byproducts was indicated by the decrease in dye degradation at
higher doses, specifically at 30 mg. Furthermore, aggregation of
NCs may happen at greater doses, potentially leading to
decreased degradation. This could be caused by the catalyst
absorbing light less effectively or by photons not interacting
with the catalyst surface in a useful way.*

3.8.3 Effect of initial concentration on % degradation.
Different initial concentrations (5, 10, 15, 20, and 25 ppm) were
used for the photocatalytic degradation of fluorescein, yielding
degradation percentages of 45.21, 68.14, 83.73, 75.22, and
58.05, respectively as shown in Fig. 11(c). As the initial dye
concentration increased to 15 ppm, a rise in the percentage of
dye degradation was noted. On the other hand, the % degra-
dation was shown to decrease as the original concentration was
increased further. At an initial concentration of 15 ppm, the
maximum degradation efficiency (83.73%) was obtained, sug-
gesting that this is the ideal concentration for increased pho-
tocatalytic activity.

The proportion of degradation decreased as the concentra-
tion of Fe,O3-ZrO, NCs increased because their active sites were
fully occupied and saturated. Increased concentrations may
interfere with light-catalyst surface interaction, which could
lead to reduced hydroxyl ion production and a subsequent
reduction in photocatalytic degradation efficiency. Moreover,
reactive radicals and the production of degradation byproducts,
which rival fluorescein for the few active sites on the NC surface,
may be contributing factors to this decrease.*®

3.8.4 Effect of recycling on % degradation. One important
factor to take into account was how long the Fe,0;-ZrO, catalyst
could withstand photocatalytic conditions. The Fe,0;-ZrO,
catalyst was subjected to five successive reuse cycles in order to
evaluate its stability; the percentage deterioration for cycles 1
through 5 was 83.73%, 78.24%, 69.91%, 57.26%, and 44.19%,
respectively (Fig. 11(d)). The catalyst was probably in its pristine
state, with the best possible active sites readily available, which
explained the catalyst's initial high degrading efficiency of
83.73%. The ensuing slow decrease in efficiency could be
attributed to surface impurities, small structural changes, or
early catalyst deactivation.

Due to the dye that is absorbed on the surface of the pho-
tocatalysts during the recycling process as well as the catalysts'
mass loss, the degradation efficiency of the catalyst may
somewhat decrease.” Additionally, if the catalyst surface is
reused, impurities from the reaction environment may collect
on it and reduce its catalytic activity. A number of reasons,
including agglomeration, leaching of active species, or struc-
tural changes, may cause catalyst deactivation over the course of
numerous cycles, hence decreasing the number of active sites
accessible for the photocatalytic reaction.*®

4. Conclusions

In this study, Fe,0;-ZrO, NCs have been prepared through
a mechanochemical process, which is a method of treating
solids and couples mechanical and chemical events at the

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

molecular level. Given that this procedure is more efficient,
quicker, and simpler than traditional approaches, it is a better
strategy for the preparation of these NCs. The physicochemical
analysis shows that the crystallinity and particle size increase
with increasing calcination temperature, which leads to a clear
reduction in the surface area and band gap energies of the
calcined analogues. As the surface area governs the photo-
catalytic efficiency of the nanocatalysts, and with its decreasing
trend, the photocatalytic performance of the Fe,0;-ZrO, NCs
decreased at elevated temperatures. The photocatalytic test was
carried out under optimized conditions, and the results of the
optimization process show that the calcination temperature,
pH, catalyst dose, and initial concentration of dye have a great
influence on the photocatalytic behavior of Fe,03;-ZrO, NCs.
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