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sized hematite (a-Fe2O3)
nanoparticles as efficient photocatalyst for visible
light dye degradation†

Sani Kundu,a Toton Sarkar,a Ahmad Aziz Al-Ahmadi,b Enas Alic

and Ashis Bhattacharjee *a

In recent years, water pollution has become a pressing global issue because of the continuous release of

organic dyes from various industries. Therefore, finding an easy way to remove these harmful dyes from

water has drawn the attention of researchers. This study investigates the removal of toxic Rose Bengal

(RB) dye using hematite nanoparticles as a visible light photocatalyst without any additive. It is observed

that by controlling particle size, quantity of the nanoparticles and reaction temperature, the dye

degradation can be improved up to 95.33% with a half-life of 26 min. To understand photodegradation

kinetic behavior, the Langmuir–Hinshelwood kinetic equation can be employed. The scavenger test

indicated that the OH* radicals majorly led to the photodegradation process. The reaction rate values

strongly depended on the size, quantity of the nanoparticles and reaction temperature. Controlling the

optimizing condition, faster reaction rate (k = 0.027 min−1) can be achieved as compared to earlier

reports. It is also noted that the change in the degradation efficiency of the reused catalyst is negligible

when compared to the fresh one. Here, the dye degradation mechanism is discussed. Overall, this study

reveals that hematite nanoparticles can be used as efficient photocatalyst for dye degradation

applications by optimizing the controlling factors. These observations provide novel perspectives on the

development of effective and sustainable photocatalytic technologies for pollution control and water

treatment applications.
1. Introduction

Hematite (a-Fe2O3) is a highly stable form of iron oxide. In its
structure, Fe3+ ions occupy octahedral positions within
a hexagonally close-packed lattice of oxygen atoms, forming
a corundum crystal structure.1 Being a transition metal oxide,
hematite exhibits strong electron–electron correlation and
electron–phonon coupling, which leads to complex electronic
structures and appealing optical properties.2 Below its Néel
temperature of approximately 955 K, hematite exhibits canted
ferromagnetic ordering. At around 263 K, it undergoes a Morin
transition where the two magnetic sublattices align along the
rhombohedral (111) axis and become exactly antiparallel.
Hematite is classied as an n-type semiconductor (bandgap of
2.2 eV). In this material, the conduction band is characterized
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by empty Fe(III) d-orbitals, while the valence band is composed
of occupied Fe(III) 3d crystal eld orbitals partly mixed with O2p
non-bonding orbitals.3 When compared to their bulk counter-
parts, hematite nanoparticles exhibit unique properties that
enhance their potential and indicate signicant advancements
in technological applications.4 Due to its distinctive and
signicant properties, hematite at the nanoscale has received
a lot of attention owing to its various applications, such as
electronic, optical, and photonic devices.5–7

Water pollution is a pressing global issue primarily caused
by the continuous release of synthetic dyes from various
industries, with textile manufacturing being a signicant
contributor to dye pollution.8–15 These colored dye substances
are extensively used in industries, such as printing, dyeing,
food, furniture, and paint. Shockingly, approximately 10–15%
of these dyes are released into natural water sources without any
treatment, posing a signicant risk to ecosystems, human
health, and aquatic life because of their extreme toxicity.12,16–19

The non-biodegradable nature and complex aromatic structure
of these hazardous organic dyes allow them to persist in the
environment. Among the many dyes used in industry, Rose
Bengal (RB) is particularly problematic to remove from waste-
water. RB dye, a member of the xanthene group (Scheme 1),
being carcinogenic is extremely hazardous. The aromatic
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Representation of the molecular structure of rose bengal.
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View Article Online
groups combine the nucleus functions of xanthene, such as
chromophore, which is used extensively throughout the world.20

RB is an organic, water-soluble, anionic, photosensitive dye,
unscented and dark pink powder widely used in textiles, anti-
microbial therapy, plastic, food, pharmaceutics, cosmetics, and
printing.21,22 Exposure to this dye can lead to adverse health
effects such as irritation, reddening, blistering of the skin, and
severe corneal epithelium damage.22–25 Sako and co-workers26,27

studied the toxic effect of RB. Although considerable advances
have already been made in the degradation of dyes, the degra-
dation of RB has been less explored. Moreover, previous reports
involved longer times for the degradation of RB. Bhar et al.28

studied the degradation of RB using nanocrystalline FeS2 thin
lms and observed 84% degradation of dye solution in 300 min.
The degradation of RB has been studied by Farbod and Kha-
demalrasool29 using TiO2 nanoparticles. Complete degradation
of the dye was observed at 210 min. Similarly, Vignesh et al.30

observed 85% degradation of RB in 150 min with Ag-doped
SnO2 nanoparticles modied with curcumin. Therefore, the
urgent need to eliminate this toxic RB dye from water resources
has driven the scientic community to explore various removal
methods.

Traditional approaches, such as adsorption, coagulation,
membrane separation, and ion exchange processes, have limi-
tations such as high costs, slow operation, and generation of
toxic byproducts.31 In this context, utilizing metal oxide semi-
conductors for photocatalytic degradation has emerged as
a promising method due to their surface area to volume ratio,
chemical stability, and high photocatalytic activity of these
materials.32–38 Photocatalytic reactions involve three main
processes: (i) the creation of electron–hole pairs through
photoexcitation, (ii) the transport of carriers to the catalytic
surface, and (iii) the occurrence of chemical reactions on the
surface.38 Establishing the photocatalyst's stability and activity
is essential for any photocatalytic system. In addition to the
catalyst's activity, various factors, such as pH, temperature, size,
amount of catalyst, and charge of the pollutant, have also been
found to inuence degradation efficiency.39 Thus, the optimi-
zation of these factors can be considered an effective way to
achieve maximum efficiency while developing and producing
multifunctional semiconductor photocatalysts for the photo-
catalytic treatment of organic contaminants. Among the
© 2024 The Author(s). Published by the Royal Society of Chemistry
different metal oxides, hematite can serve as an effective pho-
tocatalyst for the photocatalytic degradation of several toxic
dyes,40 such as malachite green,41 salicylic acid,42 methylene
blue,43–51 methyl orange,49,52–54 atrazine,55 rhodamine B,55–58

Congo red,52,59,60 and rose bengal.60–66 The photodegradation
efficiency and rate constant of the hematite nanoparticles for
different dyes reported in the literature are presented in Table 1.

Recently, we reported the synthesis of hematite nano-
particles of 25 and 55 nm sizes using malonic acid (C3H4O4) and
glucose (C6H12O6), respectively, as co-precursors in various
weight ratios on the thermal decomposition of iron(III)citrate at
a comparatively lower temperature in an ambient atmosphere.69

Additionally, Mössbauer, magnetization and Raman studies
were performed to identify the purity of these hematite nano-
particles. Different electronic transitions existing in the hema-
tite materials were identied by UV-Vis-NIR absorption study,
and the direct (1.95–1.99 eV) and indirect (1.4–1.5 eV) energy
band gaps were determined. Several defect levels were found
inside the energy band gap (1.39, 1.40, 1.63, and 1.67 eV) in the
photoluminescence study. These hematite nanomaterials
exhibit large dielectric constant values with low dielectric loss
values depending on the particle size.70

In the present study, we investigate the photocatalytic
degradation of RB dye using these well-characterized thermally
synthesized hematite nanoparticles. The aim is to understand
the effect of particle size, quantity of catalyst and reaction
temperature on the RB dye degradation efficiency. The associ-
ated reaction kinetics and the mechanism of the dye degrada-
tion have been discussed. By studying the interaction between
dyes and hematite nanoparticles, we aim to contribute valuable
insights to the eld of nanomaterial-based environmental
technology and additive-free water treatment applications.
2. Materials and methods

For photocatalytic degradation studies, we used thermally
synthesized 25 nm and 55 nm hematite samples, which are
named H25 and H55 hereinaer. The synthesis and character-
ization of these materials have been reported in previous
studies.69 The rose bengal ($80%) dye was purchased from
Sigma-Aldrich (Japan). In the photocatalytic experiment,
a 250 W Hg(Xe) light source from Newport Corporation, USA,
was utilized. Hematite nanoparticles were added in varying
amounts (30 mg, 60 mg, and 90 mg) to 100 mL of aqueous
solutions containing 10 ppm of RB dye. The solutions were
stirred in the dark for 1 h to facilitate dye adsorption onto the a-
Fe2O3 nanoparticles (H25 and H55). Subsequently, the solutions
were exposed to the light source at room temperature by placing
them 25 cm away from the light source. The degradation of the
dye aqueous solution was recorded using a Beckman DU® 720
UV/Vis spectrophotometer by collecting samples at regular
intervals aer centrifuging for 15 min. To test the photocatalytic
performance of the present samples, RB dye is degraded over
time under the irradiation of Hg(Xe) light. The dye degradation
percentage is estimated as follows:

% Degradation = (C0 − C)/C0;
RSC Adv., 2024, 14, 28944–28955 | 28945
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Table 1 Photocatalytic activity of some hematite nanostructuresa

Morphology of the
catalyst

Synthetic
method Size (nm) Dye

Dye weight/
catalyst
weight

Maximum
degradation
(%)

Pseudo-rst-order
rate constant (k)
(min−1) References

Nanoparticles Combustion 48 Malachite
green

1 × 10−2 46.29 3.3 × 10−3 41

Hollow sphere Hydrothermal 50–60 Salicylic
acid

2.5 × 10−1 70 42

Silkworm cocoon-
like

Hydrothermal 20 MO 3 × 10−3 83.9 52

Nanoparticles Thermal
decomposition

34.5 MO 7.5 × 10−2 91 2.7 × 10−2 49

Nanoparticles Co-precipitation 44 MO 1 × 10−3 67.8 54
Nanoparticles Green synthesis 34 MO 1.4 × 10−2 15 51
Nanoparticles Combustion 27.2 MO 2 × 10−2 28 2.2 × 10−3 53
Nanoparticles Polymeric

precursor
20–32 Atrazine 1 × 10−2 59 55

Porous nanorods Chemical 120 RhB 3.3 × 10−2 97 56
Nanostructures Solvothermal 30–100 RhB 80–90 57
Nanoparticles Polymeric

precursor
20–32 RhB 1 × 10−2 40 55

Nanoparticles Combustion 63–71 RhB 1 × 10−2 48–57 4.8 × 10−3 58
Nanobraids and
nanoporous

Electrospinning 20–40 CR 8 × 10−2 91.2 59

Nanoparticles Chemical 12–26 CR 4 × 10−2 16.92 0.564 × 10−2 60
Nanoparticles Chemical 12–26 CR 4 × 10−2 99.3 4.22 × 10−2 60
Silkworm cocoon-
like

Hydrothermal 20 CR 2 × 10−3 99.2 52

Nanoparticles Thermal
decomposition

34.5 MB 7.5 × 10−2 97 4 × 10−2 49

Nanoparticles Sol–gel auto-
combustion

50 MB 5 × 10−2 73 7.9 × 10−3 43

Nanoparticles Green synthesis 16–35 MB 1 × 10−1 78.68 1.08 × 10−2 44
Nanoparticles Green synthesis 33 MB 3.2 × 10−3 76 50
Nanoparticles Green synthesis 34 MB 1.4 × 10−2 50 3.84 × 10−3 51
Nanoparticles Co-precipitation 42 MB 5 × 10−3 92 67
Porous nanorods Hydrothermal 2–4 MB 1.5 × 10−2 90 1.04 × 10−2 68
Nanoparticles Hydrothermal 26.2 MB 1.5 × 10−2 33 0.33 × 10−2 45
Nanoparticles Chemical 21.1 MB 92.3 46
Nanoparticles Sol–gel 13.4 RB 1 × 10−2 58 61
Nanoparticles Thermal

decomposition
19–27 RB 9.3 × 10−2 98 2.65 × 10−2 62

1.57 × 10−2

Nanoparticles Sol–gel 15 RB 5 × 10−3 63 1.087 × 10−2 63
Nanoparticles Sol–gel 33.7 RB 1 × 10−1 7.3 0.14 × 10−2 64
Nanoparticles Hydrothermal 12.6 RB 5 × 10−3 75 1.907 × 10−2 12
Nanoparticles Green synthesis 25.65 RB 2.4 × 10−2 90.99 65
Nanoparticles Chemical 12 RB 4 × 10−2 98.7 3.14 × 10−2 60
Nanoparticles Chemical 26 RB 4 × 10−2 62.5 0.46 × 10−2 60
Nanoparticles Chemical 25.10 RB 4 × 10−2 62.9 1.58 × 10−2 66

a MO-methyl orange, RB-rose bengal, MB-methylene blue, RhB-rhodamine B, CR-Congo red.
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View Article Online
where C = the dye concentration at a given reaction time t and
C0 = the initial concentration of aqueous dye. These experi-
ments were repeated at different steady temperatures.

Photocatalytic experiments with scavengers were performed
with 30 mg of H25 photocatalyst of 100 mL 10 ppm RB solution.
Isopropyl alcohol ($99%), potassium dichromate (K2Cr2O7)
($99%) and ethylene diamine tetra-acetic acid disodium
(EDTA-2Na) ($99%) were used as effective scavengers for the
OH*, O2*

−, and h+ radicals, respectively. Initially, 1 mM per L
aq. solutions of K2Cr2O7 and EDTA-2Na were prepared
28946 | RSC Adv., 2024, 14, 28944–28955
individually. Different amounts of scavenger solutions (2 and 5
mL) were added to the dye solution containing the photo-
catalyst and RB. Before illumination, the solutions were stirred
in the dark for 1 h.
3. Results and discussion

The surface area, atomic structure, and electronic structure of
nanoparticles have a signicant impact on their photocatalytic
activity. The synthesized hematite nanomaterials (H25 and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Room temperature time-dependent spectral change in RB solution with (a) 30 mg, (b) 60 mg, and (c) 90 mg of H25 as the catalyst and (d)
30 mg, (e) 60 mg, and (f) 90 mg of H55 as the catalyst.
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H55) have a band gap energy (1.60–2.03 eV)69 that falls in the
visible region of the electromagnetic spectrum, indicating that
the photocatalytic degradation process should occur under
visible light. The room temperature time-dependent absorption
spectra of the RB solution catalyzed by various amounts of H25
and H55 nanoparticles are displayed in Fig. 1. From these
gures, it can be observed that the intensity of the characteristic
peak for RB at 547 nm decreases with time in all cases. The
degradation percentages of RB solution are noted as 61.16%,
76.7%, and 92.27% with 30, 60 and 90 mg of H25 as the catalyst,
whereas 54.26%, 68.19%, and 83.44% with 30, 60 and 90 mg of
H55 as the catalyst, respectively. Thus, photodegradation
increases with a smaller size and with an increasing amount of
hematite catalyst. Fig. 2 depicts the time-dependent degrada-
tion of RB solution catalyzed by 90 mg of H25 obtained at room
temperature through color change. It is evident from this gure
that the vibrant pink color of RB gradually fades into a colorless
Fig. 2 Room temperature time-dependent degradation of RB solu-
tion catalyzed by 90 mg of H25.

© 2024 The Author(s). Published by the Royal Society of Chemistry
state as a result of exposure to light. This observation highlights
the impact of H25 as a catalyst on the degradation of RB dye
under light-induced conditions, leading to the loss of its char-
acteristic color. Furthermore, from the absorption studies that
maintain the RB dye solution in the dark at different tempera-
tures (ESI†), it is found that the intensity of the RB dye solution
in the presence of a catalyst remains unaffected by temperature.
This observation indicates that no thermal reaction occurred to
initiate any degradation.

A comparison of catalytic performance at room temperature
between H25 and H55 in Fig. 3(a) illustrates that for any xed
amount of photocatalyst, H25 shows higher catalytic activity
than H55. This nding indicates the signicant impact of
particle size on the efficiency of dye degradation. Therefore, for
the present study, it is noteworthy that smaller catalysts show
enhanced responses, which is in agreement with previous
studies on various types of catalysts. For instance, Lin et al.71

demonstrated a dependency of particle size on the electro-
optical properties of catalysts, showing that as the catalyst
size increases, the photocatalytic rate constant exponentially
decreases. Similarly, Cheng et al.72 described that the photo-
catalytic activity of AgI/BiOI photocatalysts is size dependent,
with enhanced activity observed for smaller AgI nanoparticles.
This phenomenon is attributed to the existence of a greater
number of surface-active sites and faster spatial charge transfer
in smaller particles. In the case of H25, the smaller particle size
results in a larger surface area to volume ratio available for
catalytic reactions to occur. This number of active sites
increases the interactions between dye molecules and the
catalyst, leading to a higher rate of dye degradation.73 Further-
more, the smaller particle size of H25 facilitates the quicker
transfer of photogenerated carriers to the sample surface
RSC Adv., 2024, 14, 28944–28955 | 28947
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Fig. 3 (a) Variation in degradation efficiency with catalyst size and amount at room temperature. (b) Nature of variation in degradation of RB
solution for H25 and H55 with catalyst amount at room temperature.
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without recombination.74 This efficient charge transfer process
contributes to the enhanced catalytic performance of H25
compared to H55. Overall, these ndings highlight the impor-
tance of particle size in inuencing the catalytic activity of
photocatalysts and emphasize the impact of surface area and
charge transfer dynamics in driving efficient dye degradation
processes.

From Fig. 3(b), it is evident that the photocatalyst amount
inuences the dye degradation process. It is noted that as the
amount of catalyst increases, the degradation percentage also
increases linearly (see Fig. 3(b)). Similar results have been
observed in previous studies.75–78 Presently, the linear increase
in degradation with increasing catalyst amount indicates
a direct correlation between catalyst quantity and dye degra-
dation. Fitting the experimentally obtained data linearly, the
degradation percentages can be mathematically expressed as
follows:

Degradation (%) = 45.6 + (0.5185 × catalyst amount) for H25,(i)

Degradation (%) = 39.45 + (0.48633 × catalyst amount) for

H55. (ii)
Fig. 4 Time-dependent spectral change in RB solutions catalyzed by 90m
in degradation with time at different steady temperatures; inset shows th
irradiation of light.

28948 | RSC Adv., 2024, 14, 28944–28955
The increase in the total available surface area associated
with the catalyst as a result of higher quantity promotes greater
adsorption of dyemolecules. This improved adsorption capacity
facilitates a more efficient interaction between the dye mole-
cules and the catalyst, leading to enhanced degradation of the
dye molecules in the RB solution. As the amount of photo-
catalyst increases, the active sites available on the catalyst
surface for catalytic reactions to occur also increase.79 This
greater number of active sites promotes the creation of addi-
tional photogenerated electron–hole pairs, which are vital to
producing hydroxyl radicals responsible for dye degradation.79

Therefore, increasing the number of photocatalysts results in
a larger surface area, improved adsorption capacity, and
a higher number of active sites, all of which contribute to the
enhanced degradation efficiency of dye molecules in the RB
solution. It is observed that 90 mg of H25 hematite nano-
particles shows better photodegradation of RB dye solution.
Therefore, this is chosen for further research.

Time-dependent spectral changes in 10 ppm 100 mL RB
solution catalyzed by 90 mg of H25 hematite nanoparticles at
50 °C and 70 °C are displayed in Fig. 4(a) and (b), respectively.
Aer 240 min of light irradiation, the degradation efficiencies
g of H25 hematite nanoparticles at (a) 50 °C and (b) 70 °C; (c) variation
e variation in degradation efficiency with temperature 120 min after the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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are noted as 95.09% and 95.33% at 50 °C and 70 °C, respec-
tively. Under the same conditions at room temperature, the
degradation efficiency was 92.27%. Fig. 4(c) shows the variation
in degradation of RB solution catalyzed by 90 mg of H25 with
time at different steady temperatures, and the gure inset
shows the variation in degradation efficiency with temperature
aer 120min of light irradiation. From this gure, the impact of
temperature on the degradation of RB solution can be better
understood. It is evident that the change in efficiency aer
240 min is very small, but with an increase in temperature, the
degradation becomes much faster. For instance, the degrada-
tion percentage aer 120 min of light irradiation is 72.15% at
room temperature, which becomes 89.45% at 50 °C and 95.33%
at 70 °C. The inset in Fig. 4(c) indicates that the degradation
efficiency exponentially increases with increasing temperature
aer 120 min of irradiation of light. Therefore, it is noted that
the degradation efficiency increases signicantly as the reaction
temperature increases. There are no reports on the temperature
dependency of RB solution in the presence of a hematite cata-
lyst found in the literature. The effect of water temperature on
titanium dioxide's photocatalytic activity was investigated by
Janus et al.80 It was demonstrated that one explanation for the
temperature-dependent increase in photocatalytic activity
might be that as the water temperature increases, the concen-
tration of hydroxyl radicals in the water increases because of the
increase in the ionic product of water. It has been described that
an increase in efficiency is linked to an increase in the water's
ionic product, which increases with temperature and increases
the hydroxyl ion concentration. According to Meng et al.,81

a higher reaction temperature substantially encourages dye
molecule mobility, making it easier for the molecules to pass
through the material's micropores.
Kinetic study

The kinetic study is crucial for the removal process of pollutant
dyemolecules fromwaste water to be used on a larger scale.82 To
understand the photodegradation kinetic behavior, the Lang-
muir–Hinshelwood kinetic equation can be employed.83,84

According to the Langmuir–Hinshelwood kinetic equation,85

rst order (eqn (1)) and second order (eqn (2)) kinetic equations
can respectively be represented as follows:
Fig. 5 �ln
�
C
C0

�
vs: t plots for different amounts of catalyst at room tem

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

C0

�
¼ ktþ constant (1)

and

1

C
¼ k

0
tþ constant; (2)

where C0 denotes the initial concentration and C denotes the
concentration at t time. The rst order rate constant (k, min−1)
and the second order rate constant (k0, min−1) can be deter-

mined from the slope of the plot �ln
�
C
C0

�
vs: t and 1/C vs. t,

respectively. Moreover, the half-life (t1/2), which indicates the
time taken for the initial dye concentration to reduce by half of
the reactions, can be calculated using eqn (3) as follows:

t1=2 ¼ lnð2Þ
k

¼ 0:693

k
: (3)

The degradation plots following eqn (1) and (2) for different
amounts of H25 and H55 at room temperature are shown in
Fig. 5 and 6, respectively. Estimated rst-order and second-
order reaction rate constants for varying catalyst size, amount
and solution temperature following eqn (1) and (2) are pre-
sented in Table 2. From this table, it is evident that rst-order
kinetic linear regression (R2) coefficient values are closer to
unity than those for second-order kinetic for all cases, which
elucidates that the degradation processes may be described
better by the rst-order kinetic i.e., eqn (1). Table 2 also displays
the half-life values that were determined using rst-order
kinetics.

Fig. 7(a) shows the variation in the reaction rate constant
with size at room temperature. From this gure, nanoparticles
with smaller sizes for any xed catalyst amount exhibit a higher
reaction rate for the photo degradation of RB. This can be
described by the fact that a smaller-sized catalyst has a larger
surface to volume ratio compared to a bigger-sized catalyst,
resulting in a greater number of active sites. Therefore, a greater
number of dye molecules can interact with the catalyst simul-
taneously, leading to a faster rate of degradation. Furthermore,
the decreased size of the photocatalyst may have an impact on
the number of catalysts for any xed amount of mass. For
perature: (a) H25 and (b) H55.
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Fig. 6
1
c
vs: t plots for different amounts of catalyst at room temperature: (a) H25 and (b) H55.
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smaller particles, more nanoparticles are present in the solu-
tion to drive the degradation process, enhancing the reaction
rate. Additionally, a higher surface area is useful for adsorbing
radiation, which produces more holes and electrons.86,87

Consequently, the number of carriers increases, leading to an
increase in the reaction rate. Thus, enhanced absorption
capacity leads to improved photocatalytic activity.

Fig. 7(b) shows the variation in the reaction rate constant
with the catalyst amount at room temperature. It is noted that
for any particular material increasing the catalyst amount leads
Fig. 7 Variation in reaction rate constant at room temperature with (a) p

Table 2 Reaction rate values for different sizes and amounts of catalyst

Sample Size (nm)
Temperature
(°C)

Amount
(mg)

First o

Reacti
k (×10

H25 55 30 30 0.324
30 60 0.485
30 90 0.778

H55 25 30 30 0.4
30 60 0.614
30 90 1.036
50 90 1.955
70 90 2.7

a R2 provides the quality of t of plots in Fig. 5, 6 and 8.

28950 | RSC Adv., 2024, 14, 28944–28955
to an increase in reaction rate linearly. A higher concentration
of catalysts provides a greater number of active sites with which
the dye molecules can react. Consequently, more dye molecules
can be degraded simultaneously, leading to a faster reaction
rate. Furthermore, a higher concentration of the photocatalyst
in the solution can enhance the probability of collisions among
the dyemolecules and the catalyst, which can further contribute
to the faster reaction rate.

The degradation plots following eqn (1) and (2) for 90 mg of
H25 under different temperatures are presented in Fig. 8(a) and
article size and (b) amount of catalyst.

and reaction temperature

rder, eqn (1) Second order, eqn (2)

on rate,
−2) R2a t1/2 (min)

Reaction rate,
k0 (×10−2) R2a

0.998 214 0.614 0.980
0.999 143 1.111 0.975
0.997 89 2.572 0.940
0.997 173 0.799 0.980
0.999 113 1.664 0.960
0.998 67 5.972 0.896
0.999 35 8.566 0.927
0.999 26 20.936 0.897

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) �ln
�
C
C0

�
vs: t plots, (b) 1/C vs. t plots and (c) variation in the reaction rate constant for 90 mg of H25 under different temperatures.
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(b), respectively. From Table 2, it is evident that the degradation
processes can be described more accurately by the rst-order
kinetic equation, i.e., eqn (1), at elevated temperatures too.
Fig. 8(c) depicts the variation in the reaction rate constant with
temperature. It is noted that with an increase in solution
temperature, the reaction rate also increases linearly. This can
be understood by the fact that higher temperatures provide
more energy for the reactant molecules, which increases their
kinetic energy. Consequently, the number of collisions between
the catalyst and dye molecules increases, leading to an
increased reaction rate.

Thus, it is observed that catalyst particle size, catalyst
quantity, and solution temperature have a signicant impact on
determining the reaction rate of the photodegradation process
of RB dye molecules in aq. solution using hematite nano-
particles as catalysts. Optimizing these factors can lead to
enhanced efficiency in the degradation of the rose bengal dye
using hematite nanoparticles.
Mechanism of dye degradation

The mechanism of RB dye degradation using hematite nano-
particles as photocatalysts is presented in Scheme 2. The
mechanism of light-induced degradation of RB using
Scheme 2 Mechanism of rose bengal dye degradation.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a hematite (a-Fe2O3) catalyst involves an advanced oxidation
process.88 When photons are absorbed by the photosensitive RB
dye, they transition to an excited singlet state (RB1), followed by
conversion to an excited triplet state (RB2) through intersystem
crossing (ISC).88 Upon irradiation, a-Fe2O3 excites electrons
from the valence band to the conduction band, creating elec-
tron (e−)/hole (h+) pairs. The generated electrons interact with
adsorbed O2 molecules to form superoxide anion O2*

− radicals,
leading to the production of HO*

2 in the presence of water.
Moreover, the holes generate OH− radicals when they interact
with surface OH− groups.89–91 O2

− can act as an oxidizing agent
and provide an additional source of OH radicals. H2O2 is
produced as an intermediate product during the reaction,
absorbing electrons to produce (OH*). A Fenton-like process
may occur, where Fe2+ ions react with H2O2 to produce (OH*)
radicals.89 These (OH*) and (O2*

−) radicals have a signicant
impact on degrading the dye molecules by oxidizing them to
their colorless leuco form and eventually to harmless
compounds.88 Consequently, the RB dye can be effectively
broken down into non-toxic organic compounds, such as CO2

and H2O, by these hydroxyl radicals. Furthermore, organic
pollutants adsorbed on the photocatalyst's surface can be
directly oxidized.92 In conclusion, the oxidative (using holes)
and reductive (using electrons) pathways of the photocatalytic
degradation reaction employing hematite can be summarized
as follows:88,93,94

RB0 + hn / RB1

RB1 / RB2; (inter system crossing)

a-Fe2O3 + hn / a-Fe2O3 [e
−(CB) + h+(VB)] (formation of elec-

tron–hole pair due to photoexcitation)

O2 + e− / O2*
− (formation of superoxide radical anion)

h+ + H2O / H+ + OH− (neutralization of OH− group into OH

by hole)

O2
*� þHþ/HO*

2

HO*
2 þHO*

2 /H2O2 þO2
RSC Adv., 2024, 14, 28944–28955 | 28951
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H2O2 + hn / 2OH*

OH* + RB2 / leuco RB

Leuco RB / degraded product + CO2 + H2O.

Scavenger activity

The involvement of several active species in the photo-
degradation of RB dye is examined using radical trapping or
scavenger activity study (see ESI† for observed absorption
spectra in the presence of different scavengers). To determine
reactive species present during the photodegradation of RB dye,
different scavengers were used. Fig. 9 illustrates the scavenger
activity in the RB dye solution in the presence of H25 nano-
particles. The scavengers trap the reactive species and decrease
their production. Here, isopropyl alcohol (IPA), potassium
dichromate (K2Cr2O7) and ethylene diamine tetra acetic acid
disodium (EDTA-2Na) are used as effective scavengers for the
OH*, O2*

−, and h+ radicals, respectively. Initially, without any
scavenger, a degradation of 61.16% was observed with 30 mg of
H25 catalyst at room temperature. However, when 2 mL of
Fig. 9 Scavenger activity observed for photodegradation of RB with
30 mg of H25 catalyst at room temperature.

Fig. 10 Time-dependent spectral change in RB solution with H25 a
degradation efficiency for recycle-1 and recycle-2 with fresh catalyst.

28952 | RSC Adv., 2024, 14, 28944–28955
scavenger was introduced, the degradation decreased to 34.73%
for IPA, 40.87% for K2Cr2O7, and 47.34% for EDTA-2Na. This
reduction suggests that these scavengers inhibit the degrada-
tion process by quenching the reactive species responsible for
dye degradation. The effect becomes more pronounced when
the scavenger volume was increased to 5 mL, resulting in
a further decrease in the degradation rate to 7.75%, 17.24%,
and 21.26% for IPA, K2Cr2O7, and EDTA-2Na, respectively. This
reveals that without scavengers, photodegradation of RB dye
shows the highest percentage of degradation. There is a signif-
icant reduction in the photodegradation efficiency of RB dye
observed in the presence of these scavengers, among which IPA
exhibited the strongest effect. This result indicates that
although all three radicals OH*, O2*

−, and h+ play a role in the
photodegradation of RB, the OH* radicals are majorly respon-
sible for the photodegradation process.

Reusability of the catalyst

To check the reusability of the photocatalyst sample, aer the
use of 90 mg H25 in 100 mL of aqueous solutions containing
10 ppm of rose bengal, the used sample was ltered and
collected aer drying. 64mg sample was recovered, out of which
a 60 mg sample was used again for the same experiment (say,
recycle-1). Similarly, aer recycle-1, the used sample was ltered
and collected aer drying. 35 mg of sample was recovered, out
of which 30 mg sample was used again for the same experiment
(say, recycle-2). Fig. 10(a) and (b) depict the time-dependent
spectral change in RB solution for recycle-1 and recylce-2 with
H25 at room temperature, respectively. Fig. 10(c) illustrates
a comparison of the degradation percentages for the fresh
sample with the recycled sample. It is observed that with 60 mg
of H25, the degradation percentage is 76.7% for the fresh
sample and 75.84% for recycle-1. Moreover, the degradation
percentage with the 30 mg fresh sample is 61.16%, while that
for recycle-2 is 60.5%. Therefore, it is very clear that in
comparison to the fresh sample, the change in the photo-
catalytic performance of the recycled nanoparticles was negli-
gible. Thus, it is observed that aer multiple reuses, the dye
degradation performance of the recycled nanoparticles
remained nearly unchanged. To verify any change in the
structure of the catalyst, powder XRD patterns of H25 before
and aer photocatalysis were obtained and analyzed (see ESI†).
t room temperature: (a) recycle-1, (b) recylce-2; (c) comparison of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The similarity between the two XRD patterns and the values of
the estimated parameters for both samples conrmed that the
hematite nanoparticles used as photocatalysts for dye degra-
dation did not suffer any structural change even aer their
repeated use in photocatalysis.

4. Conclusions

In the present study, the role of thermally synthesized hematite
nanoparticles in the photocatalytic activity of rose bengal dye is
investigated. The study demonstrated that smaller hematite
nanoparticles exhibit superior photocatalytic activity because
their higher surface area-to-volume ratio supplies a greater
number of active sites for dye degradation. Furthermore,
increasing the catalyst amount led to an improvement in the
degradation percentage due to an increase in the available
active sites. It is also observed that an increase in reaction
temperature increases the degradation efficiency. Under opti-
mized conditions, a 95.33% degradation efficiency can be ach-
ieved with a half-life of 26 min using thermally synthesized
hematite nanoparticles. The nature of the dye degradation is
understood following Langmuir–Hinshelwood rst-order and
second order equations, where the rst order equation is found
to be more suitable for describing the dye degradation
processes. The scavenger test shows that although all three
radicals, OH*, O2*

−, and h+, play a role in the photodegradation
of RB, the OH* radicals are the majorly responsible ones. The
estimated reaction rate constant values depend on various
factors such as size, quantity of the photocatalyst and reaction
temperature. Under optimized conditions, a faster reaction rate
(k = 0.027 min−1) can be achieved compared to earlier reports.
The reusability of the photocatalyst has been explored and it is
observed that the change in degradation efficiency for the
reused sample is negligible compared to the fresh one; more-
over, the degradation mechanism has been explored. The
ndings reveal that the thermally synthesized hematite nano-
particles are promising candidates as photocatalysts in the
water treatment process and environmental remediation. The
present study emphasizes that thermally synthesized hematite
nanomaterials can serve as low-cost, simple, stable, nontoxic,
and visible-light photocatalysts that can be used as magnetic
nano-catalysts.
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