-
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Zircon-Type CaCrO, Chromite Nanoparticles: Synthesis,
Characterization, and Photocatalytic Application for Sunlight-
Induced Degradation of Rhodamine B

Naeem Akbar, Muhammad Javed,® Ayaz Arif Khan,* Asad Masood, Naeem Ahmed,
Raja Yasir Mehmood, Said Nasir Khisro, Muhammed Ali Shaikh Abdul,
Muhammad Aniq Shazni Mohammad Haniff,* and Attaullah Shah

I: I Read Online

Ll Metrics & More |

Cite This: ACS Omega 2023, 8, 30095-30108

ACCESS |

ABSTRACT: The degradation of organic dye pollutants is a critical
environmental issue that has garnered significant attention in recent years. t
To address this problem, we investigated the potential of CaCrO, chromite
(CCO) as a photocatalyst for the degradation of cationic and anionic dye
solutions under sunlight irradiation. CaCrO, was synthesized via a sol—gel
auto-combustion route and sintered at 900 °C. The Rietveld refined XRD
profile confirmed the zircon-type structure of CaCrO, crystallized in the :
tetragonal unit cell with I41/amd space group symmetry. The surface
morphology of the sample was investigated by field emission scanning
electron microscopy (FESEM), which revealed the polyhedral texture of
the grains. Energy-dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS) studies were carried out to analyze
the elemental composition and chemical states of the ions present in the
compound. Fourier transform infrared (FT-IR) spectroscopy analysis revealed the vibrational modes corresponding to the
tetrahedral and dodecahedral metal oxide bonds. The optical band gap was approximated to be in the range of 1.928 eV by using the
Tauc relation. The CaCrO, catalyst with different contents (S, 20, 35, and SO mg) was investigated for its photocatalytic
performance for the degradation of RhB dye solution under sunlight irradiation using a UV—Vis spectrometer over the experimental
wavelength range of 450—600 nm. The degradation efficacy increased from 70.630 to 93.550% for S—35 mg and then decreased to
68.720% for S0 mg in 140 min under visible light illumination. The comparative study demonstrates that a higher degradation rate
was achieved for cationic than anionic dyes in the order RhB > MB > MO. The highest deterioration (93.80%) was achieved for the
RhB dye in 140 min. Equilibrium and kinetic studies showed that the adsorption process followed the Langmuir isotherm and
pseudo-second-order models, respectively. The maximum adsorption capacity of 21.125 mg/g was observed for the catalyst
concentration of 35 mg. From the cyclic test, it has been observed that the synthesized photocatalyst is structurally and
morphologically stable and reusable. The radical trapping experiment demonstrated that superoxide and hydroxyl radicals were the
primary species engaged in the photodegradation process. A possible mechanism for the degradation of RhB has been proposed.
Hence, we conclude that CaCrO, can be used as an efficient photocatalyst for the remediation of organic dye pollutants from the
environment.
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1. INTRODUCTION

Environmental problems have become more prominent
globally due to rapid population growth, industrialization,
and ongoing technological developments that have significantly
increased the number of organic pollutants exhibiting
carcinogenic effects on natural resources, aquatic life, and
human beings.'~* Synthetic dyes are a significant environ-
mental concern due to their high solubility, high chemical
stability, and their toxic nature and most of the dyes contain
aromatic rings, which cause carcinogenic and mutagenic
effects.” Specifically, the amount of organic synthetic dyes
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discharged into the environment is increasing yearly from

various industries such as leather goods, colored paper,
. .6 .

cosmetics, and consumer food manufacturing.” Dumping

these dyes into water not only changes their color but also
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disrupts the oxygen level. Therefore, the removal of organic
pollutants from natural resources is a signiﬁcant task, and
developing an effective approach is critical.

In the last few decades, many efforts have been devoted to
removing organic dye pollutants from environmental resour-
ces. One of the most significant environmental concerns is
wastewater purification, which remains a significant challenge
in reducing health risks.”” From a public health and
environmental perspective, it is essential to remove the organic
dye pollutants by employing various technologies. Many
physical and chemical methods for wastewater treatment
have been reported, including electrochemical, oxidation,
reduction, flocculation, adsorption, and precipitation, among
others. However, these techniques exhibit various inadequacies
in degrading organic contaminants.”"’

The semiconductor-based metal oxide is thought to be
active under UV and visible light to tackle the issues of fossil
energy and environmental pollution. Recently, the photo-
degradation of organic pollutants using semiconductor metal
oxide has been identified as a promising water purification
protocol because of its significant ability to degrade a wide
range of toxic and nontoxic organic pollutants and antibiotics
in wastewater without involving complex technologies.'' Metal
oxide ceramic materials with an ABO, structure, including
scheelite, zircon, and powellite, have been investi§ated due to
their intriguing manifold physical characteristics.'~ In compar-
ison to their bulk counterparts, low-dimensional ceramic metal
oxides have a high surface-to-volume ratio, surface defects, and
quantum effects that exhibit intriguing optical, catalytic, and
dielectric characteristics. Based on the literature, metal oxide-
based semiconductor photocatalysts tune their structural,
morphological, and optical properties, which are critical for
the degradation of organic pollutants.'” The ABO, structures
are mainly semiconductors and play a significant role in the
photocatalytic process which might be attributed due to the
low band gap energy. Previous reports have drawn serious
attention to the possibility of the application of ABO,
compounds in the 1photocatalytic degradation of organic dyes
and salicylic acid."™" Among the ABO, compounds, the
calcium chromite CaCrO, zircon-type structure has gained
significant attention due to their technological application in
various fields, which can help to understand the details of
physical phenomena at the nanoscale both for academic and
industrial purposes.'® CaCrO, is a member of the chromite
family with space group I41/amd and a zircon-like symmetry
that has been thoroughly investigated due to its several
interesting properties.” To date, several studies have
investigated the photodegradation of organic dye pollutants
by using several zircon-based metal oxides as photocatalysts.'®
However, the use of CaCrO, nanoparticles as adsorbents for
organic dye removal has not been explored. Therefore,
CaCrO, with space group I41/amd has been proposed as a
potential candidate for removing various organic dye
pollutants, antibiotic remediation, and wastewater treatment.

The photocatalytic degradation process in zircon-like
systems is closely related to the synthesis route, which has a
substantial influence on the structural and morphological
properties that are vulnerable to photodegradation.'” Different
wet chemical routes have been reported for the preparation of
CaCrO, chromites, such as formalin-sol—gel,”" hydrother-
mal,®' the standard solid-state reaction method,”” and the
chemical coprecipitation method.”> The synthesis technique,
calcination temperature, and substantial element all have an

impact on the physicochemical characteristics of the catalyst.”*
The sol—gel auto-combustion approach has been demon-
strated as the most effective method for synthesizing the ABO,
metal oxide due to its high purity, improved crystallinity,
superior chemical homogeneity, and ecolo?caﬂy admissible
handling of chemicals and equipment.””>’ An exothermic
reaction premised on self-sustaining xerogel and a thermally
induced anionic redox reaction are employed in this approach.
An aqueous solution comprising appropriate metal salts as
oxidizing agents and organic complexes as reductants is used as
a precursor. This renders the sol—gel auto-combustion process
suitable for tailoring the distribution of metal cations at the
tetrahedral and dodecahedral sites of the metal oxide zircon
system by selecting an appropriate chelating agent, which
burns the unwanted phase out of the compound.””® In this
study, we employed the sol—gel auto-combustion technique to
synthesize CaCrO, as a photocatalyst and analyze its structure
and morphology. The resulting structure and morphology of
the photocatalyst were thoroughly investigated. The photo-
catalyst has been assessed for the degradation of synthetic
pigments such as rhodamine B (RhB), methylene blue (MB),
and methyl orange (MO) under UV light irradiation in order
to evaluate its photocatalytic efficiency. In addition, several
influential variables, such as contact time and dosage of the
adsorbent, comparison of organic pollutants, recyclability,
radical trapping test, and dye degradation mechanism were
proposed to determine their impact on the photocatalytic
process. The isotherms of adsorption and kinetic models were
also explored to find the most favorable ones to demonstrate
the process of adsorption.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The tetragonal CaCrO, chromite was
synthesized by the wet chemical sol—gel auto-combustion
route. The precursors used with high purity were calcium
nitrate [Ca(NO;)2.6H,0], chromium nitrate [Cr(NO;)-
3.9H,0], and citric acid [C4HgOg4]. Nitric acid was used as
the fuel in the combustion process, and metal nitrates were
used as the oxidizing agent. The stoichiometric amounts of
metal nitrates were dissolved in deionized (DI) water while
stirring. The citrate solution was then added dropwise to the
nitrate solution under continuous stirring, with the nitrate-to-
citrate ratio set at 1. The solution was neutralized by adding
ammonium hydroxide (NH4OH). The resulting highly viscous
gel was evaporated by heating it on a hot plate at 120 °C under
vigorous stirring for about 3 hours. The gel was then heated to
around 300 °C, which released a substantial volume of gases
from the gel. After a short interval of heating, the ignition
temperature was reached, and a self-combustion process
started. This resulted in a gray, flufty, and malleable powder,
which was collected, ground, and calcined in an electric furnace
at 900 °C for 10 h.

2.2. Photocatalytic Test. The photocatalytic efficacy of
the CaCrO, catalyst was investigated by the degradation of
rhodamine B (RhB) under sunlight irradiation. A S ppm stock
solution of RhB was prepared in DI water and 5 mg of the
catalyst was added to 10 mL of RhB solution. The resulting
solution was kept in the dark at room temperature and stirred
for 1 h to obtain maximum homogeneity in the mixture,
ensuring the maximum absorption of organic pollutants on the
photocatalytic surface and availability of oxygen for the
photodegradation reaction. Subsequently, the reaction mixture
(dye/catalyst) was exposed to sunlight in beakers. At regular
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intervals of 20 minutes, samples were taken, and the
absorbance for each time interval was recorded using a UV—
Vis spectrometer over the experimental wavelength range of
450—600 nm at room temperature.

2.3. Characterization. X-ray diffraction (XRD) using a
DMAX-3A, instrument with Cu Ka radiation at a wavelength
of 1.54 A was employed to investigate the structural and phase
analysis of the CaCrO, chromite. The XRD spectrum was
scanned in a 26 range of 10—80° with a step size of 0.05°. The
morphology of the sample was examined using field emission
scanning electron microscopy (FESEM, Zeiss Merlin), and the
elemental composition was determined by the energy-
dispersive X-ray (EDX) study. X-ray photoelectron spectros-
copy (XPS) was conducted using a ULVAC-PHI Quantera II
instrument with Al K source having an energy of 1486.6 eV to
explore the chemical states of the elements in the sample. The
high-resolution spectra were fitted using the CasaXPS software
(Ver. 2.3.22PR1.0). The Shirley-type background with a
Gaussian—Lorentzian spectral line shape (30% Lorentzian
component) was used in the curve-fitting method. The binding
energy of the “neutral” C peak, including the C—C and C—H
components, was used to calibrate XPS spectra at 285.0 eV.
FT-IR spectroscopy (Perkin Elmer Spectrum 100 series) was
utilized to examine the chemical bonds and functional groups
in the sample. The photocatalytic performance of the CaCrO,
catalyst against rhodamine B dye was evaluated using a UV—
Vis spectrometer (Data Stream 3000 series) with different time
intervals ranging from 20 to 140 min with a time difference of
20 min.

3. RESULTS AND DISCUSSION

3.1. Structural and Microstructural Analysis. Figure 1
shows the X-ray powder diffraction profile of the CaCrO,
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Figure 1. Rietveld refined X-ray diffraction profile of CaCrO, (the
inset illustrates the unit cell crystal structure).

chromite synthesized by the sol—gel self-combustion method
and calcined at 900 °C. The diffraction peaks are sharp and
well-defined, matching the JCPDS standard for CaCrO, with
card number 87—1647."7 The diffraction peaks are indexed to
the tetragonal zircon-type structure with I41/amd space group,
confirming the single-phase formation of CaCrO,. The
Rietveld refinement analysis was performed using the Fullprof
program, which provided detailed information about the
structural parameters such as lattice parameters, space group
symmetry, unit cell volume, and atomic fractional coordinates.
The experimental XRD profile is shown by red symbols
(Figure 1), the calculated results by continuous black lines, the

standard positions of Bragg reflections by blue vertical bar
ticks, and the difference between observed and calculated XRD
patterns by a pink solid line. The refinement results are
tabulated in Table 1, and the reliability of the fit with the
experimental pattern was confirmed by the discrepancy R-
factor.

Furthermore, the average crystallite size of the CaCrO,
tetragonal system was calculated by using the Debye—
Scherrer’s (D—S) equation27

b KA
P cos 6 (1)

eq 1 relates the crystallite size (D) to the full width at half
maximum (FWHM) of the XRD peak, and other factors such
as the particle shape factor (K), the wavelength of the X-ray
source (4), and diffraction angle (). The average crystallite
size was calculated using the linear fit of eq 1 to the cosf versus
1/ plot as shown in Figure 2a, resulting in a size of and it was
found to be 75.3102 nm. However, the Debye—Scherrer (D—
S) equation was used to calculate crystallite size but does not
account for lattice distortion and micro-strain induced in the
structure.”” To analyze the effect of distortion on crystallite
size, the Williamson—Hall (W—H) analysis was performed.
The W—H analysis is based on the integral breadth approach,
which separates the peak broadening caused by the crystallite
size and micro-strain in the structure from the diffraction
peak.”® The W—H equation is expressed as*®

kA
0=—+4esinf
p cos € sin )

In eq 2, the strain induced in the structure is symbolized by .
Figure 2b depicts the fit of eq 2 to the f cos @ versus 4 sin 6
plot. The lattice strain and average crystallite size were
calculated by determining the slope and intercept of the graph
which are 2.2730 X 107* and 90.1420 nm, respectively. The
W—H analysis yielded a slightly greater crystallite size than that
estimated by the D—S equation. This difference can be
attributed to the inclusion of lattice distortion in the W—H
equation, which affects the peak broadening and hence the
estimation of crystallite size. The crystal information deduced
by Rietveld refinement was further processed by the VESTA
program to comprehend the unit cell of the CaCrO, zircon
structure.”” The unit cell structure of the CaCrO, chromite
system is displayed in the inset of Figure 1. The tetrahedral
sites contain Cr"(3+) cations, while Ca”(+2) cations are
located at the dodecahedral sites. The bond lengths and bond
angles of CaCrO, chromite were determined further using
BondStr software, which is built into the Fullprof package and
is shown in Table 1. The refined results were also employed to
study the distribution of electron density (DE) using the
Fourier transform of the structural factor.”® The electron
density distribution helps to visualize the type of chemical
binding and structural distribution in the unit cell of the
CaCrO, network. Two- and three-dimensional (2D and 3D)
Fourier maps of the ED distribution in CaCrO, along xz-
directions with a Fourier limit of 1 A are shown in Figure 2¢,d.
The 2D map with yellow contours indicates the ED of the Ca
atom, while those centered with magenta colors represent the
d-electrons in the bound Cr atom. The contours are centered
with light green color, indicating the ED of 2p electrons in the
O atom. The 3D Fourier map of the CaCrO,, unit cell exhibits
a chicken-wire style of ED distribution, with peaks of
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Table 1. Structural Results Approximated from the Rietveld XRD Profile Analysis of the CaCrO, Chromite

chromite system CaCrO,
structural parameters space group I41/amd atom Wyckoff positions
lattice parameters x/a y/b Z/c
a=p=y 90 Ca 0.0000 0.0000 0.0000
a (A) 7.2445 Cr 0.0000 0.0000 0.5000
b (A) 7.2445 (¢) 0.0000 0.1886 0.3400
¢ (A) 6.2895 bondstr results
unit cell volume (A®) 330.0904 bond bond distance bond bond angle
Dp_g Dy_y micro-strain
75.3102 90.1420 22730 X 107°
reliable factors Rp (%) 8.9703 Ca—-0 2.5379 Ca—0-Ca 22.8530
R, (%) 84.6000 Ca—Ca 3.9488 0-Ca—Ca 43.9200
Ry (%) 27.8800 Ca—Cr 3.1447 0-Ca-0 87.6850
R, (%) 32.4000 Cr-0 1.6974 0-Cr-0 107.5360
7 (%) 1.35 Cr—Cr 2.9483 Cr—0-Cr 52.9640
0.96 — (a) 0.008 - (b) -
095 - ¢ > 0007 &
094 > > s 0.006 —
9§> 003 Z 0.005 -
0.004 —
2 " " = Experimental Data
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Figure 2. (a3, b) D-S, (b) W—H plots and (c) 2D and (d) 3D electron density distributions of CaCrO, tetragonal chromite.

maximum intensity indicating Cr atom contribution and peaks
with lower ED clouds reflecting the Ca atom. In this case, the
ED of the O atom is comparatively small and more subdued.
From these observations, it has been observed that there is no
considerable electron sharing between the metal cations,
suggesting that the nature of bonding in CaCrO, is ionic.
Figure 3a shows transmission electron microscopic (TEM)
image of the synthesized photocatalyst with the magnification
of 100 nm. The figure reveals that the compound exhibits a
cluster-like geometry. Further, the high-resolution transmission
electron microscopic (HRTEM) graph of CaCrO4 is shown in
Figure 3b. The top inset of Figure 3b illustrates the inter-planer
spacing, which was found to be in the range of 0.186 nm based
on the TEM micrograph. Figure 3b bottom inset displays the
selected area electron diffraction (SAED) spectra of CCO
chromite. The polycrystalline character of the CaCrO, is
suggested by the nearly circular concentric rings with bright
spots, and the prominent peaks in the SAED diffractogram may

30098

)

Figure 3. (a, b) Transmission electron microscopic images. Top and
bottom insets are HRTEM and SAED images of the CCO chromite.

correspond to the reflection planes of CCO chromite (101),
(200), (112), (220), (202), (301), and (313), respectively.
These results agree with those deduced from the XRD analysis
of the sample.

The chemical bonds of the CaCrO, catalyst were examined
using FT-IR spectroscopic analysis, and the corresponding

https://doi.org/10.1021/acsomega.3c02457
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spectrum is illustrated in Figure 4. The vibration band at 3742

cm™' corresponds to the hydroxyl group absorbed on the
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Figure 4. FT-IR spectra of the CaCrO, photocatalyst.

surface of the sample.’’ The vibrational modes appearing at
865, and 674 cm™" contributed to the stretching bands of Cr-O
tetrahedral szrmmetry and Ca-O dodecahedral symmetry,
respectively.””*® These results agree with the structural
analysis.

The surface morphology of the CaCrO, powder sample
calcined at 900 °C is shown in Figure Sa,b with two different

Figure S. FESEM micrographs of the CaCrO, chromite with (a) high
(inset shows particle size distribution) and (b) low magnification.

magnifications (50, 10 K). The variable crystal facets of the
catalyst contribute to an active site for the adsorption and
photodegradation processes.”* From the FESEM images, it is
obvious that the calcium chromite catalyst exhibits a
polyhedral geometrical texture with considerable porosity
and homogeneity of the structure. Furthermore, the average
grain size was calculated using the Image] software to be about
170 + 4.8 nm, as shown in the inset of Figure Sa.

The EDX spectrum of the CaCrO, catalyst at room
temperature is shown in Figure 6a. The EDX results reveal
the presence of Cr, O, and Ca elements in the compound. The
inset of Figure 6a shows the elements’ atomic and weight
presents, which are in agreement with the compound initial
stoichiometric ratio. The distribution of the elements is further
illustrated by the elemental mappings shown in Figure 6b—d
for Cr, O, and Ca, respectively. Thus, the EDX results indicate
the absence of any impurity element in the compound.

Figure 7 depicts the XPS spectra of CaCrO, to analyze the
surface chemistry, elemental composition, and chemical
oxidation state present in the compound. Figure 7a depicts
the C 1s peak of carbon comprising the C—C bond with a
binding energy of 285 eV. When the sample is exposed to the
atmosphere, the amount of carbon content is detected. The
oxygen O 1s peaks in the CaCrO, sample are shown in Figure
7b, and the observable peaks in the O 1s binding energy region
were found to be 530.6 and 531.8 eV, respectively. A similar
study has been reported in the literature.”>*® The high-
resolution XPS spectra that were employed to verify the
valence state of the Cr species within the CaCrO, structure are
shown in Figure 7c. The Cr 2p spectrum was deconvolved into
four peaks, and the best fit was obtained. The Cr 2p spectrum
contains two doublets, 2p;/, and 2p,,,, Peaks at 576.4 and
586.5 eV were attributed to Cr (III) 2p;;, and 2p,,
respectively, while peaks at 579.9 and 588.9 eV were assigned
to Cr (III) 2p;, and Cr (III) 2p, 55, respectively (VI). Most of
the adsorbed Cr (VI) anions were reduced to Cr (III) through
oxidation, followed by adsorption and complexion with
oxygen-containing functional groups.”® The wider Cr (VI)
peaks confirm the formation of CaCrO,. As shown in Figure
7d, the Ca 2p XPS spectrum of CaCrO, also splits up into two
sublevels, 2p;/, and 2p, /,, which are located at 347 and 351 eV,
respectively.

3.2. Photocatalytic Analysis. 3.2.7. Optical Band Gap
Study. The optical properties and band structure of the
synthesized CaCrO, photocatalyst were examined using UV
analysis and depicted in Figure 8. The Tauc equation was used
to figure out the band gap energy.”’

(ahv)* = A((hv — Ey)" ()

In eq 3, n depends on the nature of the transition hv is the
energy of the incident photon Eg and « indicates the band gap
energy and adsorption coefhicient. Here, the band gap energy
of CaCrO, has been estimated by plotting (ahv)* against E,.
The value of band gap energy is found to be in the range of
1.928 eV, which was consistent with the first principle study as
reported earlier.’® Valence bands in ABO, structures may
hybridize, leading to a reduced band gap. As a result, valence
bands (VB) diffused, boosting the mobility of electron—hole
pairs. Therefore, hybridization is considered advantageous for
the redox reaction, which assists the photocatalytic process.’”

3.2.2. Photodegradation Mechanism. Figure 9a—d depicts
the UV—visible induced profile for the photodegradation of
rhodamine B (RhB) with different contents of CaCrO, catalyst
(S, 20, 35, and 50 mg), respectively. The UV—visible spectrum
of RhB dye exhibits a strong adsorption band at 554 nm.

In the absence of the photocatalyst, the dye concentration
did not change significantly, indicating that the photo-
sensitization effect of RhB itself can be excluded. However,
after the addition of photocatalyst to 15 mL of S ppm dye
solution and the exposition to sunlight, the adsorption spectra
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Figure 6. Energy-dispersive X-ray spectroscopy. (a) spectrum and (b—d) elemental mappings of the CaCrO, photocatalyst.
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Figure 7. XPS spectra of CaCrO,: (a) C Is, (b) O 1s, (c) Cr 2p, and (d) Ca 2p elements.

exhibit a decreasing trend with irradiation time in all catalyst
concentrations, indicating the photodegradation of RhB dye
pollutants. From Figure 9, it was observed that the initial
degradation rate was slow for 5 mg content of catalyst
concentration and gradually increased with the increase in
catalyst concentration from 20—3S5 mg, which may be due to
the small rate of generation of electron—hole pairs at low
catalyst concentrations, resulting in fewer radically active sites
are available for the photodegradation process. However, with
the increase of catalyst concentrations, the photogenerated
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electron—hole pairs increased, leading to an increase in the
hydroxyl groups and the number of local active sites on the
surface of the photocatalyst, which favored the photo-

: 40
degradation process.

The highest degradation rate was
achieved with a 35 mg concentration of catalyst and the
degradation profile was almost flat, demonstrating that the dye
molecules have been destroyed under the action of the catalyst.
However, further increasing the catalyst amount to 50 mg,
caused the solution to become turbid and blocked UV
radiation, leading to a decrease in the degradation process, as
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14 interval of time. The efficacy of different contents (S, 20, 35,
12| @ FxperimentalData and 50 mg) of CaCrO, on the photodegradation of dye was
Linear Fit tested and shown in Figure 10a—d, respectively. It is generally
10 observed that the photodegradation efficiency increases with
~ 84 irradiation time. The degradation efficiency ranges from 10 to
_’é‘ 70.63, 10 to 80.73, and 20 to 93.55% for x = 5, 20, and 35 mg,
3 64 respectively, over the irradiation time ranging from 20 to 140
4 min. The most significant decolonization of RhB was observed
with the catalyst concentration of 35 mg with an irradiation
21 time of 140 min. This might be due to the passage of
0 E;=1.928 ¢V irradiation time photogenerated electron—hole pairs are

hRAL] RLLALLLLY LALLLALL] LLLLLLLL] RALLALLL] LLLLLLLL] RELLALLL LLLLLLLL]

1.6 1.7 18 19 2.0 2.1

E (eV)

22 23

Figure 8. Tauc plot of CCO chromite nanoparticles.

shown in Figure 9d. As the degradation process involves
photochemical reactions on the surface of the CaCrO4
catalyst, its specific surface area, size, and dispersion in the
water solution may Play a significant role in the degradation of
organic pollutants.”

3.2.3. Effect of Contact Time. The irradiation time plays a
significant role in the elimination of pollutants which affects
the degradation efficiency of the CaCrO, photocatalyst. The
degradation of RhB dye by using the photocatalyst and its
efficacy has been measured by

X
(4)

Here, 7 labels the degradation efficiency, A, is the initial dye
concentration, and A, is the dye concentration at a specific

-4

Ay

enhanced and hence more hydroxyl groups with active sites
are generated which assisted more adsorption of reactants on
the surface of the photocatalyst which finally results in the
degradation of organic dye pollutants. The degradation efficacy
was decreased with increasing catalyst concentration and found
to be in the range of 10—68.72% with an irradiation time of
20—140 min at x = 50 mg as shown in Figure 10d. The
decrease in degradation efficacy might be at a higher catalyst
loading causing agglomeration and depletion in the penetration
of light with a surplus amount of CaCrO, which may affect the
photocatalytic performance.*” Based on the literature, different
photocatalysts have been reported for the degradation of
different kinds of organic pollutants with variable irradiation
times. A comparison has been made with the published results
for their degradation rates to investigate the true effectiveness
of the synthesized catalyst, and the outcomes are summarized
in Table 2. From the tabulated values, it can be evident that the
prepared catalyst demonstrates a significant degradation rate in
comparison to the reported one with short irradiation times
under visible light, which might be critical for industrial-scale
applications.
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Table 2. Comparison of the Published and Synthesized Catalysts Degradation Rates as a Function of Exposure Time

photocatalyst dye degraded degradation %
BiVO, MB 81
STWO,/Bi,O, MB 99
BiVO4 RhB 22
InBi; (MoOg), MB 95
Bi,05-CeO, RhB 73
Cu@TiO, RhB, MB, MO 95, 91, 89
CaCrO, RhB, MB, MO 93,86,72

degradation time (min) light source references
240 visible 43
180 visible 44
240 visible 45
180 visible 39
200 visible 46
180 visible 47

140 visible present study

3.2.4. Effect of Catalyst Content. The amount of catalyst
plays a significant influence on the photodegradation rate. In
the present study, the percentage decolorization efficiency of
CaCrO, catalyst on the photodegradation of RhB with various
concentrations from 5—50 mg as shown in Figure 10a—d,
respectively. It can be visualized from the figure that with the
increase in catalyst concentration from 5—15 mg, the rate of
degradation was enhanced up to an optimum level of 93.55%.
This might be due to the increase in the adsorption rate of
photons and the number of dye molecules with the increase in
catalyst concentration which resultantly increased the density
of molecules in the area of illumination and hence photo-
degradation was enhanced. Moreover, the degradation
efficiency of CaCrO, was observed to be decreased to
68.5240% for S0 mg catalyst content as shown in Figure 10d.

The decrease in degradation efficiency with the increase in
catalyst concentration above the optimum level may occur due
to the aggregation of catalyst particles which may decrease the
active sites and increase the light-scattering effects of the
catalyst particle.*® Another reason may be the reduction of the
passage of radiation through the catalyst and the available dye
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molecule is insufficient for adsorption compared to the number
of catalyst molecules which causes degradation of reaction
rates beyond a certain limit.*” Thus, the optimum concen-
tration of the CaCrO, catalyst in the present study was
observed to be 35 mg.

3.2.5. Comparison of the Degradation Rate of Different
Organic Pollutants. To investigate the true effectiveness of the
photocatalyst the photocatalytic response of the CaCrO,
towards the degradation of methylene blue (MB) and methyl
orange (MO) dyes together with a colorless antibiotic
pollutant has been examined. The photocatalytic degradation
profiles of organic dye pollutants (RhB, MB, and MO) at
optimum catalyst concentration (35 mg) under visible light
irradiation are depicted in Figure 1la—c. The RhB and MB
belong to the family of cations dye while MO is to anions dye.
From Figure 11a,b, the adsorption peak for RhB and MB is at
554 and 570 nm, respectively, which decreases rapidly with
irradiation time and almost becomes flattened at 140 min.
However, the characteristic adsorption peak of MO which is
situated at 464 nm only decreases slightly with the exposure
time as shown in Figure 11lc. The experimental degradation
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Figure 12. (a) cyclic test for RhB degradation by the CaCrO, (b) free radical scavenger test (c, d) phase and morphology of the used catalyst.

results deduced from the degradation data indicate that the
CaCrO, photocatalyst exhibits significant degradation activity
in the visible light region for cation dyes but shows a poor
response for anion dye which might be attributed due to the

charge on the surface of the photocatalyst, variation in the
chemical structure and molecular weight of organic dyes.
Additionally, it manipulates the reactivity between the organic
dyes and OH, which may change the adsorption properties and
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Figure 13. Kinetic analysis of RhB with different catalyst concentrations: (a) S mg, (b) 20 mg, (c) 35 mg, and (d) SO mg.

ultimately limit the rate of photocatalytic reaction. The
degradation rate was found to be 93.80 and 86.77% for RhB
and MB, respectively, while MO degraded to 72.40% under the
same condition as shown in Figure 11d. A possible pathway for
the degradation of dyes has been proposed as follows

CaCrO, + hv — e~ + h* (5)
O, +e - 0 (6)
05"H,0 - HO," (7)
H,0/OH + h* - *OH (8)

0,°/H,0,°/OH" + RhB
— CO, + H,0 + byproduct of RhB 9)

3.2.6. Reusability of the Photocatalyst. To ensure the
practical applicability of the photocatalyst, the RhB recycling
experiment was conducted under visible light, and the outcome
is depicted in Figure 12a. From the recycling analysis, it has
been observed that the degradation rate was almost retained at
the end of three cycles. After every cycle, the photocatalyst was
centrifuged, washed, and dried before being reused for
subsequent deterioration. The removal rate slightly decreased
from 93.80 to 92.55% respectively. To investigate the true
effectiveness of the recovered catalyst phase, morphological
analysis was performed, and no variation was observed after
three cycles as shown in Figure 12¢,d which demonstrates the
reusability and efficacy of the photocatalyst for practical
applications.

3.2.7. Detection of Active Species. To investigate the role
of primary active sites, degradation pathways, and principal
active species responsible for the degradation of RhB dye

30104

molecules, a scavenger test has been carried out. From Figure
12b, it can be visualized that scavengers cause a decrease in
degradation efficacy as the active species become deactivated.
In the absence and presence of various scavengers such as BQ_
(benzoquinone, an O,~ quencher), EtOH (ethanol, a hydroxyl
quencher), and KI (potassium iodide, OH, and hole radical
quencher), degradation effectiveness was monitored under
optimum conditions. The Figure shows that the deterioration
level of RhB has decreased from 72.10, 54.60, and 39.31 after
the addition of BQ, EtHO, and Kl separately. This type of
behavior might be attributed to the suppression of reactive
oxygen species within the sight of scavengers, which causes the
formation of O,°” and eOH species that are effectively linked
with the photodegradation of RhB.**

3.2.8. Kinetic Analysis. Kinetic studies play an influential
role in determining the thermodynamic feasibility as well as
rate-control parameters of the adsorption process.’’ In the
present study, to investigate the synergetic adsorption-
photodegradation process of RhB, three kinetic models were
employed namely pseudo-first-order (PFO), pseudo-second-
order (PSO), and intraparticle diffusion model (IPD).
Generally, the validity of these models is based on the
regression coefficient (R?) value. From the kinetic evaluation
of the observed degradation results of the CaCrO, catalyst, it
has been found that the obtained R* values for the PSO model
were higher than those for the PFO and IDP models. This
suggests that the PSO model is well suited to fit photo-
degradation experimental data. The linear form of the PSO
model can be expressed as”'

1 1
— = — + kyt
t AO

(10)
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Figure 14. Isotherm analysis of RhB dye solution under different catalyst concentrations: (a) S mg, (b) 20 mg, (c) 35 mg, and (d) SO mg.

In eq 10, L refers to the initial concentration of dye at t = 0, -
AU At

indicates the dye concentration at ¢ = ¢, k, is the second-order
rate constant, and t is the time. The PSO kinetic model for
different concentrations of CaCrO, catalyst is shown in Figure
13a—d. In general, the value of the rate constant has been
significantly influenced by the catalyst loading. From the PSO
kinetic analysis of CaCrQ,, it has been evident that with the
increase in catalyst concentration, the value of the rate constant
increased. Initially, at a low catalyst concentration (S mg), the
value of the rate constant was small. But with the increase in
catalyst concentration, the rate constant was enhanced, and a
significant rate constant was achieved with 35 mg catalyst with
a time irradiation of 140 min. In the PSO model, the
adsorption and chemisorption are generally governed by the
number of active sites on the surface of the adsorbent. With a
small content of catalyst, few adsorption sites are available for
dye molecules to adsorb at the surface of the catalyst, which
may result in a reduction in the formation of hydroxyl radicals
on the surface of the catalyst, leading to a lower degradation
rate constant value. As the catalyst concentration increases
from 5—35 mg, the value of the rate constant increases from
0.066—0.087 min~'. This may occur due to the reason that
with the increase in solute content, the recombination rate of
electron—hole pairs is enhanced and the surface area may alter,
which might increase the number of possible interactions
between sorbent—sorbate and pore sites on the adsorbent
surface and may assist the degradation rate. Beyond the
optimum level (35 mg) the value of the rate constant was
decreased (0.072 min™"). This could be due to the high dose
of catalyst, which results in the inactivation of activated
molecules by interactions with ground-state molecules. The
obtained kinetic parameters are within reliable ranges, which
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indicates a favorable nature of the adsorption process. Hence,
the existing results are consistent with the PSO assumption. A
similar trend was observed in the degradation data, indicating
that the kinetic study is in close agreement with the
degradation analysis.

3.2.9. Adsorption Isotherm Analysis. The investigation of
isotherms is critical for comprehending the equilibrium
relationship between organic dye pollutants and photocatalyst
surfaces. In this study, the efficiency of adsorption isotherms
has been investigated using the Langmuir, Freundlich, and
Temkin models. According to the linear fitting results from
three isotherm models, the regression coeflicient value for
Langmuir was higher than for the Temkin and Freundlich
models, indicating that the Langmuir isotherm has significantly
characterized adsorption behavior. The linear form of the
Langmuir model can be expressed by

C 1 1
— = + —C,
Q—e Q—mKL Q—m

(11)

In eq 10, C, labels the catalyst equilibrium concentration, Q,
refers to the amount of adsorbed dyes at equilibrium, Q,,, is the
maximum monolayer adsorption capacity, and K is the
Langmuir isotherm constant. The Langmuir isotherm profile
for different concentrations of catalyst (5—50 mg) is depicted
in Figure 14a—d. From the isotherm investigation it has been
observed that as the catalyst content was increased from 5—35
mg, the adsorption capacity was enhanced and was found to be
in the range of 19.152—21.125 mg/g, respectively. This type of
behavior in Langmuir isotherm data indicates that at low
catalyst concentrations, few active sites and functional groups
are accessible for adsorption, which results in a low adsorption
capacity. As the catalyst loading increased the adsorption
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Figure 15. Proposed mechanism for photocatalytic degradation of RhB.

capacity enhanced, which might be the reason for the
formation of a large number of binding sites and homogeneous
adsorption taking place at the surface of the catalyst which may
assist the photocatalytic process as a result adsorption capacity
may improve. Beyond the optimum level of catalyst
concentration (35 mg), the value of adsorption capacity was
decreased to 20.124 mg/g for 50 mg of catalyst. This may
occur due to the reason that at a higher concentration, the
surface area of the catalyst may get saturated which causes the
blockage of UV radiation which may be sensitive to the
adsorption process. The dimensionless separation growth
factor RL defines the adsorbate-adsorbent affinity and provides
insights into the favorability of the adsorption process, which
can be approximated by the relation™

1

"1+ KC,

(12)

Here, C, is the initial concentration of RhB dye and Kj is the
Langmuir equilibrium constant. In general, growth factor
values between 0 and 1 signify that the adsorption process is
favorable.”* The observed value of R; is found to be 0.745,
0.823, 0.987, and 0.966 for §, 20, 35, and 50 mg contents of the
catalyst, respectively. It further exemplifies the favorable
character of the adsorption process. The estimated isothermal
parameters are in the liable range, which suggests that the
isotherm analysis is consistent with the Langmuir assumption.
Hence, the isotherm study is consistent with the kinetic
analysis.

3.2.10. Possible Photocatalytic Mechanism. Based on the
experimental results, conceivable dye degradation mechanics
have been hypothesized and schematically elucidated in Figure
15, which shows the photocatalytic degradation of RhB using
CaCrO, photocatalyst. The first step in the photocatalytic
process is the generation of exciton pairs after the irradiation of
the sample with visible light irradiation and the formation of
hydroxyl radicals (¢OH) and superoxide radical anions (O,7).
Due to their strong oxidative capabilities, these radicals
oxidized RhB. The (#OH) radical is regarded to be the most
effective oxidizing agent in the photodegradation process.
Electron—hole pairs react with the by-products CO, and H,O
to form highly reactive hydroxyl and superoxide radicals. The
adsorbed oxygen (O,°”) on the catalyst surface is trapped with

an electron which further reacts with H,O to generate H,0O*
radicals. Finally, the generated hydroxyl radicals on the surface
of the photocatalyst decompose the RhB dye into H,O and
CO, and their by-products. A radical trapping experiment
reinforces the mechanism. The combination of superoxide and
hydroxyl radicals may effectively mineralize RhB. A similar
mechanism has been postulated for MB and MO.

4. CONCLUSIONS

The current study successfully employed the sol—gel auto-
combustion method to synthesize the CaCrO, chromite. The
characterization analysis including XRD, FT-IR, FESEM, EDX,
UV, and XPS confirmed the single-phase formation, crystal
structure, chemical composition, band gap energy, and
oxidation state of the catalyst. The CaCrO, catalyst showed
efficient photodegradation of RhB dye ranging from 10—70.63,
10—80.73, 20—93.55, and 10—68.72% for different catalyst
concentrations of 5, 20, 35, and 50 mg with the irradiation
time of 20—140 min, respectively. A comparison between
cationic and anionic dyes demonstrates that the photocatalytic
response is higher for the cation dye (RhB 93.80%, MB
86.77%) than for the anionic dye (MO 72.40%). The
adsorption isotherm analysis revealed that the Langmuir
model fitted well with the experimental data, with an
adsorption capacity ranging from 19.152 to 21.125 mg/g for
the catalyst concentration of 5—35 mg. The kinetic analysis
indicated that the pseudo-second-order model was the most
appropriate approach for explaining the adsorption process,
with a rate constant ranging from 0.066 to 0.087 min~". Based
on the present findings, CaCrO, has demonstrated its potential
application as an effective photocatalyst for the degradation of
rhodamine B dye from wastewater. The recycling result
indicates significant reusability up to three cycles, demonstrat-
ing their use in particle applications. The scavenging test
indicates that ¢O,~ and eOH are the governing species in the
mineralization of RhB. Further studies can be conducted to
explore the feasibility of CaCrO, for the degradation of other
organic pollutants and to optimize the operational parameters
for practical applications.
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