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Rational design of rare-earth orthoferrite LnFeOs via Ln variation
towards high photo-Fenton degradation of organics
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Abstract.  In this study, rare-earth orthoferrites LnFeOs; were synthesized using a facile hydrothermal reaction and their visible-
light-induced photo-Fenton degradation of organics was optimized through Ln variation (Ln = La, Pr, or Gd). The
morphological, structural, and chemical characteristics of as-prepared samples were examined in detail by using different
methods, including XRD, SEM, TEM, XPS, etc. On the other side, under visible light illumination, the photo-Fenton-like
catalytic activities of LnFeOs; were assessed in terms of the removal of selected organic models, i.e., pharmaceuticals
(ketoprofen and tetracycline) and dyes (rhodamine B and methyl orange). As compared with PriFeO3 or GdFeOs, the sample of
LaFeO; displayed more structural distortion, larger specific surface area, and narrower band gap, resulting in its higher photo-
Fenton-like catalytic activity toward the degradation of organics. In organic-containing solution, in which the initial solution pH
= 5, catalyst dosage = 1 g/L and H,O, concentration = 10 mM, 98.2% of rhodamine B, 31.1% of methyl orange, 67.7% of
ketoprofen, or 96.4% of tetracycline was removed after 90-min exposure to simulated visible light. Our findings revealed that
variation of Ln site on rare-earth orthoferrites was an effective strategy for optimizing their organic removal via visible-light-

induced photo-Fenton reaction.
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1. Introduction

In recent days, the continuous discharge of a large
amount of organic-containing wastewater from various
industries into natural water environment has been
recognized as a public concern, possessing ecological
threats and potential risks to aquatic life and human health
(Soon and Hameed 2011). Dye is one of the main categories
of organic pollutants, which are typically characterized by
intense colour and toxicity nature (Thakur et al. 2022).
Each year, during production and manufacturing, tens of
thousands of tons of dyeing wastewater needs to be
properly treated before its release to environment (Chequer
et al. 2013). Pharmaceuticals, on the other hand, are a large
group of substances that are particularly utilized for
prevention, treatment, and cure of diseases in both humans
and animals. There is a growing concern on the rising use
and then inappropriate disposal of pharmaceuticals, causing
their occurrence in wastewater, groundwater and even
drinking water (Shah and Rather 2021). Conventional
processes which are commonly used at many of existing
wastewater treatment plants, such as adsorption, coagulation,
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and filtration, have been investigated to remove dyestuffs
and pharmaceuticals from wastewater; but still were seen
with limitations to meet stringent environmental requirements
in current standards and regulations (Bansal et al. 2018,
Martinez-Huitle and Brillas 2009). Therefore, alternative
treatment techniques need to be explored and developed.
Advanced oxidation processes (AOPs) have been suggested
as viable and effective techniques of decomposing
persistent organic pollutants from water or wastewater
(Oturan and Aaron 2014). In particular, the heterogeneous
photo-Fenton catalytic oxidation has been well known for
its capability of complete degradation and rapid mineral-
ization of organics (Feng et al. 2003, Chen et al. 2009,
Rodriguez-Gil et al. 2010), thus recommended as a cost-
effective, environmentally friendly, and convenient catalytic
method.

Perovskite-type oxides ABOs;, which consist of rare-
earth metal at A site and transition metal at B site, have
emerged as a class of attractive heterogeneous catalytic
materials in many of reactions, because of their high
thermal stability and catalytic activity (Zhu et al. 2014,
Deepeka et al. 2022). Rare-earth orthoferrites, specifically
LnFeOs (Ln = rare-earth element), have been widely
studied and utilized in a large range of applications, e.g.,
chemical sensors (Aono et al. 2001, Phan et al. 2022),
catalysts (Phan et al. 2018a, Khalil et al. 2022, Khairy et al.
2021), and solid oxide fuel cells (Qiu et al. 2003). They also
have shown a promising potential to act as heterogeneous
photo-Fenton-like catalysts for efficient oxidation and
degradation of organic pollutants under exposure to visible
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Table 1 Chemical structure, MW (molecular weight), empirical formula, and CAS (Chemical Abstracts Service)
number for our selected organics in the study

Organic Formula Structure MW (g.mol?) CAS
o)
Ketoprofen C16H1403 Q 254.28 22071-15-4
SRGR
HaC..CH
HO, CHs 35 N ;H
Tetracycline C22H24N208 O@@‘ ", 444.44 60-54-8
OH O OH O O
! OH
Rhodamine B C28H31CIN203 NN 479.02 81-88-9
[ i g Y
H3C) 4 CHy
2
S-ONa
Methyl Orange C14H14N3NaO3sS N:N/©/O 327.33 547-58-0

light (Li and Wang 2016, Li et al. 2014a, b). Khalil’s group
synthesized LaFeOs via a direct sol-gel auto-combustion
method, its utilization (catalyst loading of 0.2 g/L) could
achieve ~30% and ~100% removal of methylene blue (10
mg/L) in the absence and presence of 0.5 mM H,O, under
visible light source, respectively (Khalil et al. 2022). Li and
wang reported that in the visible-light-assisted photo-Fenton
reaction, GdFeO; nanoparticles removed 89.9% of RhB
within 2 h from 30 mL of 10-° mol/L RhB solution in which
30 mg GdFeO3 was suspended and 1 mL of 3% H,0O, was
added. The promising RhB photocatalytic degradation rate
was over 20 times greater than that in the system of bulk
GdFeO; without the addition of H,O (Li and Wang 2016).
The catalytic materials, PrFeO; and YFeOs; were
investigated by Wang's group for their photo-Fenton-like
catalytic activities over the degradation of RhB under
visible light (Li et al. 2014b). In their study, PrFeOs showed
greater visible-light-responsive catalytic performance than
YFeOs. After 2-h photo-Fenton reaction under the same
reaction conditions (1 g/L catalyst dosage, 3% H,O; and 10
5> mol/L RhB), PrFeO; removed 96% of RhB, whereas
YFeOs; only lowered 25% of RhB (Li et al. 2014b).
Evidently, the variation on Ln site atoms in LnFeOszhad a
significant impact on the photo-Fenton-like catalytic
activity of resulting catalytic material. However, there is
little systematic investigation to understand and optimize
the impact of specific Ln on the photo-Fenton-like catalytic
activity of LnFeOs; and then the removal of various
organics, including dyes and pharmaceuticals (Xue et al.
2015, Ding et al. 2010, Niu et al. 2005).

In this study, as motivated by the above literature
review, we prepared rare-earth orthoferrites LnFeOs using a
facile hydrothermal reaction based on our previous reports
(Phan et al. 2018a, Phan et al. 2018c), and optimized their
visible-light-induced photo-Fenton degradation of organics
through Ln variation (Ln = La, Pr, or Gd). Ketoprofen (KP)
and tetracycline (TC) were selected as the models of
pharmaceutical pollutants, whilst rhodamine B (RhB) and
methyl orange (MO) were chosen as the models of dye
pollutants. On the one side, KP, as a non-steroidal anti-
inflammatory drug (NSAID), is utilized to reduce pain,

swelling, or inflammation. So far, there has been no report
on the removal of it via photo-Fenton using our selected
types of LnFeOs, to the best of our knowledge. TC is one of
the most commonly recommeded antibiotics to treat
diseases caused by various bacteria in humans and
animinals (Niaei and Rostamizadeh 2020). On the other
side, MO is an anionic monoazo dye and RhB is a cationic
xanthene dye, both of which have been extensively used in
textile, printing and photographic indutries. The above-
mentioned organics have been reported with imcomplete
removal at conventional wastewater treatment plant
processes and attracted increasing concerns on their
occurence in our ecosystems (Corcoran et al. 2010, Djouadi
et al. 2018, Lee et al. 2013, Yesilova et al. 2018, Martinez
et al. 2013, Bafana et al. 2011, Ahmad et al. 2014).
Therefore, we selected KP, TC, MO and RhB as the
representative pharmaceutical and dye models to investigate
photo-Fenton catalytic activity of LnFeQOz in this study.

2. Experimental
2.1 Material preparation

LnFeOs (Ln = La, Pr, or Gd) was synthesized via a
hydrothermal reaction based on the literature (Phan et al.
2018a, c). Typically, 5 mmol Fe(NO3)3.9H,O (99.9%,
Sigma-Aldrich) and 5 mmol Ln(NO3)3.6H.0O (Ln = La, Pr,
or Gd, 99.9%, Sigma-Aldrich) were mixed in 10 mL
deionized (DI) water. After adding 10 mmol citric acid
(99.9%, Sigma-Aldrich), the resulting mixture was stirred
for 2 h at room temperature. Afterwards, the pH of solution
was adjusted by adding NH4,OH (Biolab Ltd) to 9 and then
the solution was continuously stirred for another 1 h at
room temperature. The obtained solution was then heated at
180 °C for 20 h. After being cooled down, the solids were
separated by centrifugation, washed with ethanol and DI
water, dried at 80 °C for 5 h, and finally calcined at 800 °C
for 6 h. The obtained sample, named as LaFeOs, PrFeOs, or
GdFeOs, was characterized and used in visible-light-
assisted Fenton tests.
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Table 2 Cell volumes, lattice constants and tolerance factors of LaFeQOs, PrFeOs, and GdFeOs

Lattice constant (&)

Sample b Cell volume (A 3) Tolerance factor (t)
a c

LaFeOs3 5.5566 7.8446 5.5555 242.160 0.887

PrFeOs 5.4915 7.7814 5.5738 238.177 0.876

GdFeOs 5.5981 7.6542 5.3424 228.916 0.849
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Fig. 1 XRD patterns of (a) LaFeOs, (b) PrFeOs, or (c)
GdFeOs3

2.2 Material characterization

The X-ray diffraction (XRD) patterns of LnFeOs (Ln =
La, Pr, and Gd) were recorded with Bruker D8 Advance
diffractometer using CuKa radiation (28 mA, 35 kV). Their
morphology was characterized by a scanning electron
microscope (SEM) (Zeiss 1555 VP-FESEM). The nitrogen
adsorption—desorption isotherm curves were measured at 77
K (SAPA2010). The chemical compositions were analyzed
by an X-ray photoelectron spectroscope (XPS) (Kratos
AXIS Ultra DLD). The C 1s level of carbon atom, which
has a binding energy of 284.6 eV, served as the calibration
standard. The UV-Vis absorption spectra were recorded
with a UV-Vis spectrophotometer (Perkin Elmer Lambda
750 UV/Vis/NIR). The band gap energy was determined
from the interception of a linear fitted to the low-energy
side in a plot of [F(R)hv]? versus hv, in which hv is the
energy of incident photon and F(R) is the Kubelka Munk
function (Bellakki et al. 2010).

2.3 Visible light-assisted Fenton test

Typically, 100 mg LnFeOs (Ln = La, Pr, or Gd) was
suspended in 100 mL solution containing organics (e.g., 10
UM KP, 10 uM TC, 10 mg/L RhB, or 10 mg/L MO, Table
1) in a cylindrical Pyrex vessel. A Xenon lamp (CEL-HX
300) with a 400 nm cut-off filter was used to provide
simulated visible light on top of the solution. 10 mM H,0;
was added to the suspension to start the reaction. Before
starting light irradiation, in order to achieve the adsorption—
desorption equilibrium of organic compounds on LnFeQOs;
(Ln = La, Pr, or Gd), the suspension was magnetically
stirred in the dark for a predetermined amount of time (e.g.,

30 min for RhB and MO solution or 60 min for KP and TC
solution). The suspension was then left in the presence of
simulated visible light for 90 min. To determine the organic
concentration, a small amount of sample was taken out from
the suspension at a given period of time, centrifuged at
10,000 rpm, and then analyzed using a UV/Vis
spectrophotometer. All tests were carried out under the
same operation conditions, including illuminated area (24
cm?) and power density (monitored by TES 132-Solar
power meter).

3. Results and discussion
3.1 Material characterization

Fig. 1 shows that XRD patterns of LnFeO; (Ln = La, Pr,
and Gd), which match well with the JCPDS files of LaFeO3
(No. 37-1493) (Chandradass and Kim 2010), PrFeOs (No.
78-2424) (Qin et al. 2015) and GdFeOs; (No. 47-0067)
(Ding et al. 2010). It suggests that all samples are highly
pure and crystalline with an orthorhombic structure. The
crystallite sizes of LaFeOs, PrFeOs;, and GdFeOs; were
calculated to be 28.0 nm, 19.6 nm, and 29.4 nm,
respectively. Table 2 summarizes the cell volumes, lattice
parameters, and corresponding tolerance factors for
LaFeOs, PrFeOs, and GdFeOs. The volumes and lattice
parameters of resulting LnFeOs (Ln = La, Pr, and Gd) are in
a good agreement with the reference (Berenov et al. 2008).
The tolerance factor (t), defined as t = (rA + rO)/2(rB + rO),
where rA, rB, and rO are the individual ionic radii (Eitel et
al. 2001), can be used as an indicator for the relative
stability and distortion of LnFeOs crystal structures. Table 2
shows that the tolerance factors in this study decrease in an
order of LaFeOsz > PrFeOs > GdFeOs. This is in line with
the change of Ln®* ionic radius in LnFeO; (La%* (1.16) >
Pr3* (1.13) > Gd®* (1.05)) (Li et al. 2006). Moreover, the
degree of FeOs octahedron distortion in LnFeO3 was found
to decrease from La, Pr to Gd, according to the previous
study (Berenov et al. 2008). The distortion of LnFeOs;
crystal structures would have a significant impact on the
properties of LnFeQs, including photocatalytic activity
(Zhang et al. 2016).

Fig. 2 and Fig. 3 show the SEM and TEM images of
LnFeOs (Ln = La, Pr, and Gd). All of the samples exhibit
agglomeration of spherical particles, which are solid with
no apparent pores in them. In particular, some smaller
particles are seen to deposit on the PrFeO3; and GdFeOs
particle surfaces (Fig. 2a and b), which might be explained
by the dissolution — recrystallization during hydrothermal
reaction (Thirumalairajan et al. 2012a). Fig. 2d shows the
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Samples

Compositions (at.%)

Ln Fe 0
—— - {Lﬂ Pl.- Ge) ......................
GdFe0, 20.52 2429 5642
PrFeO, 20,92 2021 5888
LaFeO, 20.52 19.48  60.00

200, nm

Fig. 2 SEM images of (a) GdFeOs, (b) PrFeOs, and (c)
LaFeOs, and (d) their corresponding EDX data
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Fig. 4 UV-DRS absorption spectrum of (a) GdFeOs, (b)
PrFeQs, and (c) LaFeOs

Table 3 Structural properties of GdFeOs, PrFeOs; and
LaFeOs

Sample  Seer (m?/g)  Pore volume (cm®/g)  Pore size (nm)
GdFeOs 10.51 0.02 44.90
PrFeOs 11.01 0.03 16.21
LaFeOs 17.63 0.10 45.66

elemental compositions of LnFeOs (Ln = La, Pr, and Gd) by
using EDX. It confirms the presence of Ln (Ln = Gd, Pr, or
La), Fe, and O with the Ln/Fe/O molar ratio of 1/1/3, which
is in agreement with the stoichiometric compositions of our
as-prepared samples.
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Fig. 6 BJH pore size distribution of (a) GdFeOs, (b)
PrFeOs and (c) LaFeOs

The UV-vis absorption spectra (Fig. 4) of LnFeOs (Ln =
La, Pr, and Gd) reveal that the absorption bands are in the
visible region (400 nm — 800 nm), suggesting all materials
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Fig. 7 XPS spectra of GdFeOs, PrFeOs and LaFeQOgs: (a) Ln 3d, (b) Fe 2p and (¢) O 1s

could absorb visible light and exhibit visible-light-assisted
photocatalytic activity. The values of band gap for GdFeOs,
PrFeOs and LaFeOs were calculated to be 2.6 eV, 2.4 eV
and 2.3 eV, respectively. Especially, the sample of LaFeOs;
shows the narrow band gap energy, indicating its
predominant absorptivity for visible light. The literature has
revealed that the bonding in the corner-sharing FeOg
octahedral network was the main factor affecting the band
gap of LnFeO3 (Mizoguchi et al. 2004). The Fe-O-Fe bond
angles decrease as a result of the reduced ionic radii (Zhao
et al. 2013), which leads to the expansion of Fe-centered
octahedral network in the LnFeOs; samples, following the
order: LaFeO3 > PrFeOs; > GdFeOs; (Table 2). This may
decrease the antibonding Fe-O interaction and thus lower
the energy of conduction band and band gap energy
(Mizoguchi et al. 2004).

Fig. 5 shows the nitrogen adsorption—desorption
isotherms of GdFeQOgs, PrFeOs, and LaFeOs, while Table 3
summarizes their specific surface areas, pore volumes, and
pore diameters. All samples herein show type IV isotherms
with H3 hysteresis loops (Thirumalairajan et al. 2014). The
hysteresis loops appear at the high relative pressure ranging
from 0.9 to 1, which can be correlated to the interstitial
holes formed between aggregated particles (Thirumalairajan
et al. 2013). Fig. 6 demonstrates the BJH pore size
distribution of three samples. Large peaks are at around 80
nm and 30 nm for GdFeOs; and LaFeOs. Interestingly,
PrFeOs exhibits the distribution of much smaller pores. It is
believed that large pores herein would greatly promote
organic transport from solution to active sites on the
catalyst. As is known, the photo-Fenton reaction usually
occurs on the surface of a catalyst, the material with small
crystallite size and large specific surface area would have

enhanced photocatalytic activity (Li et al. 2007). The
sample of LaFeO3 possesses such favourable features.

Fig. 7 shows the XPS spectra for GdFeOs, PrFeO; and
LaFeQs. In Fig. 7a, the binding energy of Gd 3ds.and Gd
3ds is seen at 1185.4 eV and 1217.8 eV, respectively,
suggesting the oxide form of the Gd* in the sample of
GdFeOs (Soderlind et al. 2009). A doublet located at 931.7
eV and 951.7 eV corresponds to the core lines of Pr 3dsp
and Pr 3ds, of Pr¥* in the sample of PrFeO; (Pandey et al
2005). For LaFeQOs, two strong peaks of La 3ds2 and La
3ds, are located at 834.2 eV and 850.4 eV, which
correspond to the core level spectra of La® ions in their
oxide form (Thirumalairajan et al. 2012b). For all LnFeOs,
there is not much variation on the peak positions of Fe 2p
(Fig. 7b), that two strong peaks of Fe 2ps;, and Fe 2pi,;are
at 710.5 eV and 723.8 eV, assigned to the +3 oxidation state
of Fe (Thirumalairajan et al. 2012b). The main O form in
LnFeOsis O, as indicated by the O 1s spectra corresponds
to crystal lattice oxygen O (peaks situated at 529.0 eV) and
hydroxyl oxygen Ou (peaks situated at 531.0 eV) (Parida et
al. 2010). The XPS results herein agree with the above
XRD and EDS results.

3.2 Photo-Fenton catalytic activity

The photo-Fenton catalytic activities of LnFeO3 (Ln =
La, Pr, and Gd) were examined for the removal of selected
models of pharmaceuticals (KP and TC) and dyes (MO and
RhB) under simulated visible light (A > 400 nm) and in the
presence of H,O,. Figs. 8(a)-(c), 11(a)-(c) present the
corresponding results, as well as their comparison with the
removal rates under the conditions by varying the use of
visible light, H,O2, or/and catalyst. The pseudo-first-order
reaction rate constants for photo-Fenton-induced degradation
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Fig. 8 KP removal in the photo-Fenton reaction using GdFeOs (a), PrFeOs (b), and LaFeQs (c) (catalyst dosage: 1 g/L,
H20 concentration: 10 mM, KP concentration: 10 uM, pH: 5), as compared with those observed under different
conditions by varying the use of visible light, H.O», or/and catalyst, (d) KP temporal UV-Vis absorption spectra during
the photo-Fenton reaction using LaFeOs
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Fig. 9 TC removal in the photo-Fenton reaction using GdFeOs (a), PrFeOs (b), and LaFeOs (c) (catalyst dosage: 1 g/L,
H,0, concentration: 10 mM, TC concentration: 10 pM, pH: 5), as compared with those observed under different
conditions by varying the use of visible light, H,O», or/and catalyst, (d) TC temporal UV-Vis absorption spectra during
the photo-Fenton reaction using LaFeO3

of organics by using LnFeOs (Ln = La, Pr, and Gd) are
summarized in Table 4. Figs. 8(d), 9(d), 10(d) and 11(d)
show the temporal UV-Vis absorption spectra of KP, TC,

MO, and RhB during the
LaFeOs, respectively.

photo-Fenton reaction using

In Fig. 8, the light-assisted self-degradation of KP or its
oxidation by visible light/H20- is limited (only 8.6% or
17.7%) in the absence of LnFeOs (Ln = La, Pr, and Gd). On
the other side, in the dark, only around 2% KP adsorption
onto LnFeOs is seen. Note that a significantly greater KP
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the photo-Fenton reaction using LaFeOs

removal is observed after 90-min Fenton reaction (in the
dark/H20,) using GdFeOs; (21.8%), PrFeOs; (28.3%) or
LaFeO; (44%) (Fig. 8(a)-(c)). In the photo-Fenton process,
the removal rate of KP with the use of LaFeO3 reaches up to
67.6%, which is much greater than that induced using
PrFeOs (45.5%) or GdFeO; (38.9%). The temporal UV-Vis
absorption spectra of KP following the photo-Fenton
reaction with the use of LaFeOs3 are shown in Fig. 8d. The
major KP absorption peak at 260 nm steadily decreases,
accompanied by a reduced absorption that slightly shifts
towards the wavelength at 250 nm when the exposure to
simulated light irradiation is extended from 0 min to 90
min. This suggests the breakdown of KP and then the
production of byproducts (Canle et al, 2013, Djouadi et al.
2018).

On the other side, the utilization of light irradiation
dramatically enhances the TC removal (Fig. 9) due to TC’s
nature of light sensitivity (Chen et al. 2008). In the absence
of a catalyst, for instance, 25% of TC is removed by self-
photolysis when being illuminated by visible light, whilst
46.3% of TC is reduced when both visible light and H20-
are present. Less than 40% removal rate is achieved in the
Fenton reaction using LnFeOs in the dark/H»0..
Interestingly, our experiment reveals that LaFeOs adsorbs
24% of TC in the dark when the adsorption—desorption
equilibrium is reached, as compared with 1% or 10% by
utilizing GdFeOs or PrFeOs. The complexation between the
La element and TC could be the reason to explain that (Vu
et al. 2010). As is widely known, the heterogenous photo-
Fenton reaction occurs at the active sites that are situated on
the catalyst surfaces, a high adsorption capacity is one of
the advantageous features for a catalyst facilitating access

of organics and in turn increasing degradation efficiency. In
the photo-Fenton reaction, the TC removal rate using
LaFeOs; (96.4%) is higher, in comparison to the utilization
of PrFeO; (89.7%) or GdFeOs (79.9%). The self-photolysis
ability of TC is also expected to more or less contribute to
the superior TC removal % in the photo-Fenton reaction.
The temporal UV-Vis absorption spectra of TC in the photo-
Fenton reaction using LaFeOs (Fig. 9d) show two main
absorption peaks at 275 nm and 360 nm, the absorption
intensity of the peak at 360 nm decays much faster than that
at 275 nm. According to the literature (Safari et al. 2015),
such change might be explained by the stability of rings
with N-groups in the structure of TC, which correspond to
the absorbance at 275 nm, or the generation of intermediate
products, which leads to the absorption at this wavelength.
The significantly reduced absorption band at 360 nm, which
is originated from aromatic rings, including the developed
chromophores, indicates the fragmentation of phenolic
groups attached to aromatic rings by the radicals produced
in the photo-Fenton reaction. It is noted that the reduction
of absorption band at 360 nm associated with the
occurrence of new absorption at ~ 388 nm, which might be
due to the formation of 4a,12a-anhydro-4-oxo-4-dedimethyl-
aminotetracycline (Addamo et al. 2005, Safari et al. 2015,
Zhu et al. 2013).

The catalytic performances of LnFeOs; were also
evaluated for the removal of anionic dye MO and cationic
dye RhB. Our findings reveal that, in the absence of
LnFeOs, the chosen models of dyes (MO and RhB) show
good stability when being exposed to simulated visible light
and/or H20,. Only < 8% of dye is removed from water. We
also investigated the adsorption capability of LnFeOs;
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Fig. 11 RhB removal in the photo-Fenton reaction using GdFeOs; (a), PrFeOs (b), and LaFeOs (c) (catalyst dosage: 1
g/L, H20; concentration: 10 mM, RhB concentration: 10 mg/L, pH: 5), as compared with those observed under
different conditions by varying the use of visible light, H.O», or/and catalyst, (d) RhB temporal UV-Vis absorption

spectra during the photo-Fenton reaction using LaFeOs;

towards MO and RhB in the dark, however, < ~3% is seen
suggesting insignificant attachment of organics onto the
surfaces of catalysts. In Fig. 10, of three different LnFeOs
samples, LaFeOs; shows the highest photo-Fenton removal
of MO (31.1%) in the presence of simulated visible
light/H,0,, as compared with 19.7% MO removal via the
Fenton reaction using LaFeOs (Fig. 10). On the other side, a
smallest amount of MO, 17.6 or 9.9%, is removed by
GdFeO; after the photo-Fenton or Fenton process. The
removal of RhB induced by the Fenton reaction using
GdFeOs, PrFeOs, and LaFeOs is only 8.5%, 9.3% and 10.4
%, respectively, in the dark. By contrast, the photo-Fenton
reaction with the presence of LnFeOs results in more than
80% of RhB removal. Especially Fig. 11c shows that the
nearly complete decolorization of RhB (98.2%) can be
obtained within 90 min when using LaFeOs.

It should be noted that the removal of MO (Fig. 10) via
the photo-Fenton using LnFeOsis much lower as compared
to that of RhB (Fig. 11), this might be attributed to the low
photosensitized property and high chemical stability of MO
(Shi et al. 2012). The time-dependent photo-Fenton
degradation of MO and RhB as monitored by the main
absorption bands (at 464 and 554 nm, respectively) over
LaFeOs is presented in Figs. 10(d) and 11(d). In particular,
the characteristic adsorption band of RhB at 554 nm rapidly
decays within the first 60 min, implying that RhB is
degraded under simulated visible light illumination following
the de-ethylation process of RhB (Shi et al. 2014).

Table 5 lists the comparison of removal for the selected
organics (MO, RhB and TC) with the use of our synthesized
LaFeOs; and other perovskites reported in the literature. It
should be noted that so far, there has been no previous

report on the removal of KP via photo-Fenton using our
selected types of perovskites. In comparison with other
perovskite photocatalysts (Li et al. 2014b, Zhou et al. 2016,
Li et al. 20144, Ju et al. 2011), our synthesized LaFeQOs
shows a promising photo-Fenton performance for RhB
removal. The removal of MO or TC in our study is lower
than those in some of previously published works (Tong et
al. 2016, Xue et al. 2015), which might be explained by
different types of perovskites selected and reaction
conditions. In particular, we used a lower catalyst dosage, a
smaller amount of hydrogen peroxide or/and the light
source from a different company with lower power (Tong et
al. 2016, Xue et al. 2015). Based on our observation and
literature search (Khalil et al. 2022, Khairy et al. 2021), we
believe our synthesized LaFeOs; shows good application
potential for photocatalytic conversion or/and removal of
other organics, apart from our selected organic models
herein. We also noted the optimization of LaFeOs synthesis
may further boost its photocatalytic activity, including type
of iron source, amount of citric acid and selection of heating
temperature (Khalil et al. 2022, Phan et al. 2018a).

As shown in our study, the use of LnFeQOs can lead to
removal of selected pharmaceuticals (KP and TC) and dyes
(MO and RhB) in the photo-Fenton reaction (with the use of
simulated visible light/H,O,). This implies LnFeOs could
work well as heterogeneous visible-light-active Fenton-like
catalysts. Apparently as can be seen, that the photo-Fenton
catalytic performances of LnFeO; differ, generally
following the order of GdFeO3; < PrFeOs < LaFeOs (Fig. 8-
11), which is further supported by the kinetic rate constants
shown in Table 4. The possible mechanisms governing the
photo-Fenton catalytic degradation of organics can be
explained via the synergism of two pathways, the hetero-
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Table 5 Comparison of photo-Fenton catalytic activity
for degradation of selected organics
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between our LaFeOs3 and other perovskites in the literature

Sample

. . . . 0
(Synthesis method) Light source  Organics Reaction conditions Removal (%) Ref.
TC or KP: dosage: 1.0 g/L,
H202: 10 mM, organic: 10 o o
LaFeOs 300 W Xe, RhB, KP, UM, pH: 5, 67‘371/013:% g?‘;go 2(;500)‘ This study
(Hydrothermal method) A >400 nm TC, MO MO or RB: dosage: 1.0 g/L, (th) after’ 1 5 h
H202: 10 mM, organic: 10 '
mg/L, pH: 5
BiFeOs 500 W Xe, Dosage: 2.0 g/L, MO: 10 070 (Tong et al.
(Hydrothermal method) A>420 nm MO mg/L, H202: 80 mM 97% after 3 h 2016)
PrFeOsand YFeOs 500 W Xe, RhB Dosage: 1.0 g/L, RhB: 10 ~25% (YFeOs)and ~96%  (Li et al.
(Sol-gel calcination) A >400 nm 5 mol/L, H202: 1 mL of 3% (PrFe0Os) after 2 h 2014h)
. 500 W halogen
BiFeOs ' Dosage: 1.0 g/L, RhB: 10 o0 (Zhou et al.
(Hydrothermal method) 800 nm > 2> RhB 5 mol/L, H202: 1 mL 94% after 3 h 2016)
420 nm
LaFeOsand SmFeOs 500 W Xe, RhB Dosage: 1.0 g/L, RhB: 10- 89.6% (SmFeQOs) and over  (Li et al.
(Sol-gel calcination) A>400 nm Smol/L, H202: 1 mL of 3% 97% (LaFeOs) after 2 h 2014a)
EuFeOs 500 W Xe, Dosage: 1.0 g/L, RhB: 5 0 (Juet al.
(Sol-gel calcination) A>420 nm RhB mg/L, H202: 0.05 mL 71% after 3 h 2011)
LaFeOs
(Sol-gel process and 500 W Xe, MO: 10 mg/L, H202: 0.6 o (Shen et al.
vacuum microwave A>420 nm MO wt.% 91.9% after 4 h 2016)
calcination)
BiFeOs 500 W Xe, Dosage: 0.5 g/L, TC: 10 o . (Xue et al.
(Hydrothermal method) %> 420 nm TC  mglL, Ho0z: 05 mM, pH: 5 100% after 40 min 2015)

generous Fenton-like reaction and semiconductor-induced
photo-catalyzed oxidation (Li et al. 2014, Phan et al.
2018b). On the one side, the Fe atoms on the surfaces of
LnFeO; can activate H,O» to produce hydroxyl radicals in
the Fenton reaction. On the other side, the catalyst of
LnFeO; may generate electron—hole pairs under visible
light illumination, in which the electrons are captured by
H20, to produce active hydroxyl radicals. The generated
hydroxyl radicals can directly oxidize and mineralize
organics resulting in their removal from water. Based on the
mechanisms, the observed variation in the photo-Fenton
catalytic degradation using LnFeOs; might be attributed to
several reasons.

First of all, the variation on the species of rare earth Ln
can result in the difference of LnFeOscrystal structures. In
particular, the orthoferrite containing La, the ionic radius of
which is greater than that of Pr or Gd, may exhibit a greater
degree of structural distortion and then a higher photo-
catalytic efficiency (Thirumalairajan et al. 2013). This is
because structural distortions may serve as the hole—
trapping centers, which could effectively reduce
recombination rate between electrons and holes, and
subsequently enhance the photo-Fenton removal of organics
(Thirumalairajan et al. 2013, Chen and Umezawa 2014). A
similar finding has also been reported by Ding and co-
workers (Ding et al. 2010).

Secondly, it is believed that catalytic activity of LnFeO3;
is correlated to its band gap energy (Huang et al. 2010). The
photo-Fenton degradation of organics over LnFeQOs under
visible light irradiation is affected by its light absorption
ability. Smaller band gap of a catalyst is more beneficial for
harvesting more photons to generate electrons and holes
taking part in the photoreaction (Huang et al. 2010). Our

calculation on the band gap energy of LnFeOj3 supports this.

Lastly, specific surface area and porous structure may
impart an impact on the photo-Fenton catalytic degradation
of organics. The degradation of organics occurs on the
surface of a catalyst, at which there should be a good
contact between the pollutant compound and the catalyst
surface. Therefore, under visible light irradiation, a catalyst
with higher specific surface area and greater porosity not
only offers more active sites for photoreaction but also
allows more surfaces reaching the light source, leading to
the improved removal efficiency (Zhang et al. 2012). As
shown in Table 3, LaFeOs; possesses greatest surface area
and pore volume, which are advantageous features for
photo-Fenton reaction. We should also not neglect the
improved adsorption caused by the correlation between
organic (e.g., TC in this study) and catalyst (LaFeOs)
surfaces, that can be another factor contributing to the
superior removal of pollutants in the photo-Fenton process.

4. Conclusions

We synthesized LnFeOs (Ln = La, Pr, and Gd) using the
facile hydrothermal reaction and investigated their photo-
Fenton-like catalytic activity for the removal of organic
pollutants, including KP, TC, RhB, and MO, under
simulated visible light irradiation. The variation of Ln-site
atoms in LnFeOs not only caused a distortion of crystal
structures but also had an impact on the band gap. The
organic removal efficiency using LnFeO3; was seen with an
improvement in the following order of LaFeO3; > PrFeO; >
GdFeOs. This may be explained by the structural distortion,
band gap and specific surface area.
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