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Synergy effect between photocatalysis and
heterogeneous photo-Fenton catalysis on
Ti-doped LaFeO3 perovskite for high efficiency
light-assisted water treatmentf
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A strategy combining both heterogenized photo-Fenton and photocatalysis advanced oxidation processes
for a single dual catalyst is developed simultaneously benefiting from the higher reaction rate of photo-
Fenton and the higher mineralization yield of photocatalysis in water treatment, while overcoming the
strong drawbacks still limiting their viability as single processes. We prepared via a facile Pechini sol-gel
route a highly efficient and stable Ti-substituted LaFeOs dual catalyst, acting simultaneously as a reusable
photo-Fenton solid catalyst and a photocatalyst in water treatment. The partial substitution of La by Ti ions
in the crystalline network led to pure heterogeneous surface reactions with an increase in the catalyst
robustness by more than two orders of magnitude, indicating the absence of any Fe released and the sta-
bility of catalytic performance with test cycles. It further strongly enhanced the reaction rates, due to both
increased availability of the photogenerated charge carriers at the surface and the electronic enrichment of
surface Fe, and allowed full mineralization of a pollutant to be achieved at circumneutral pH through com-
bined advanced oxidation processes.
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Introduction

In addition to increasingly restrictive environmental govern-
ment regulations, the emergence of biorecalcitrant refractory
pollutants in water, the heterogeneity of the targets and
the increase in the volume and concentration of polluted
water streams have attracted strong interest for the elabora-
tion of new sustainable and cost-effective water treatment
technologies."™ In this frame, advanced oxidation processes
(AOPs), based on the generation of highly active HO," oxida-
tive radicals that react with pollutants and further with reac-
tion intermediates to achieve substrate mineralization, have
been developed for removing a large class of refractory sub-
stances that cannot be treated through conventional mechani-
cal, biological or physico-chemical water treatments.”®
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Among them, (i) the homogeneous Fenton process,” or
heterogeneous catalytic wet peroxide oxidation (CWPO),® that
is based on the catalytic decomposition of H,0O, in the pres-
ence of metallic ions, in most of the cases Fe, and (ii) photo-
catalysis,’ that uses the redox surface properties developed by
an adequately-irradiated semiconductor, have aroused partic-
ular interest because of their high efficiency as well as rela-
tively low investment/running costs, although they operate
via different mechanisms and under different conditions.
However, both processes still suffer from strong limitations
that reduce their viability.

While heterogeneous semiconductor photocatalysis is an
AOP that takes advantage of its ability to achieve total mineral-
ization of a large variety of refractory organic substances and
works within a large pH range, it unfortunately suffers from
far lower reaction rates than homogeneous Fenton-like AOPs,
and accordingly from far longer process durations.>'®*!

By contrast, the viability of the Fenton AOP is strongly
reduced by the requirement to operate at acidic pH and by
the complexation of Fe with short-chain acids which leads to
the generation/precipitation of sludge, with the consequent
continuous loss of the active phase and the non-sustainable
production of waste."” Heterogenization of the Fenton AOP
by incorporating Fe in a catalytic body partially overcomes
these issues, but at the expense of a strong reduction in the
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reaction rates in comparison to the homogeneous Fenton coun-
terpart, with a drastic decrease of the process ability to achieve
complete pollutant mineralization and continuous Fe release in
water by leaching.”"* Furthermore, although performing CWPO
under light in the so-called photo-assisted CWPO or hetero-
genized photo-Fenton process is a promising approach for in-
creasing the catalyst reactivity by further boosting the rate-
limiting Fe'™ — Fe conversion in the Fe'/Fe" redox cycle,
the above-mentioned drawbacks still limit the viability of the
heterogenized catalytic process.””"*?

Therefore, a strategy consisting in combining both hetero-
genized photo-Fenton and photocatalysis AOPs with a unique
catalyst is considered as a promising approach simultaneously
benefiting from a higher mineralization yield and a higher re-
action rate, with as key-features that this unique dual catalyst
works under similar reaction conditions as a heterogeneous
photocatalyst and a Fe-based photo-Fenton catalyst without
any loss of the Fe active phase with time-on-run. Meanwhile,
physical mixtures of catalysts have been tested,"*"” and the
design of a single catalyst combining both AOPs has been
scarcely reported, notably using ZnFe,O, spinel ferrite, natural
Fe oxide or Ba-doped BiFeO; perovskite.**™°

Here, we report on the use of Ti-substituted lanthanum fer-
rite (LaFeOs;) perovskite catalysts in water treatment acting si-
multaneously as a heterogenized photo-Fenton catalyst and a
photocatalyst under similar circumneutral pH reaction condi-
tions for achieving complete mineralization of a substrate under
UV-A light with strongly enhanced reaction rates, while improv-
ing the catalyst stability by totally inhibiting the Fe release in wa-
ter. This new dual catalyst is based on a LaFeO3; semiconductor
that is one of the most common ABO; perovskite oxides studied
in many research fields such as solid oxide fuel cells, opto-
electronics, magnetism, gas sensors or heterogeneous thermal
catalysis, because it takes advantage of its A; ,A;B;-,B)Osss
composition versatility that allows notably its textural, structural
or electronic properties to be modified, and as a result, its redox
and catalytic ability to be tuned through A- and/or B-site cationic
partial substitution.”" Its composition is consequently in agree-
ment with the sustainability need currently in force that requires
the use of cheap, abundant, and environmentally non-toxic ele-
ments in chemical processes.”> While cation-doped LaFeOj; fer-
rites have been mainly used till now as photo Fenton catalysts,
their use also as photocatalysts remained scarce. Here, the re-
moval of 4-chorophenol (4-CP) has been selected as the test re-
action in water under UV-A light, as 4-CP is a model molecule
used in AOP studies as a representative of industrial waste-
water refractory pollutants,>>*> while some mineralization
tests were also performed using the myclobutanil C;5H;,CIN,
triazole as an antifungal substrate in order to broaden the
scope of the work.”®*”

Experimental
Synthesis of Ti-substituted LaFeO;

La;_,Ti,FeOj; catalysts were prepared by modifying the sol-gel
Pechini synthesis. La(NO;); lanthanum nitrate hexahydrate
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(108.3 g L™, 99.9%, Sigma Aldrich) and Fe(NO;); iron nitrate
nonahydrate (133 g L', 99.95%, Sigma Aldrich) were
dissolved in stoichiometric amounts in distilled water (30
mL), and the metallic ions underwent complexation by subse-
quent addition of citric acid (CgHgO,xH,0, 70 g L', 99.5%,
Sigma Aldrich) in a stoichiometric molar ratio with respect to
the metallic ions.

A titanium source was introduced under stirring into the
aqueous sol and the resulting suspensions were maintained
at 80 °C for 48 h (2 °C min™" heating rate) in order to induce
the complete gel formation. The calcination of the dried gel
was performed using a heating cycle as reported by Gosavi
et al.”® with a heating rate of 5 °C min™", holding the temper-
ature at 600 °C for 2 h, before subsequently maintaining a
temperature plateau at 800 °C for 2 h.

In the synthesis of the P25-LFO catalyst, commercial TiO,
Aeroxide© P25 powder (hydrophilic fumed titanium dioxide,
>99.50%, Evonik, Germany) that consists of a mixture of ana-
tase and rutile crystalline phases in a 80/20 molar ratio was
used as a titanium source.

In the synthesis of the SG-LFO catalyst, dried amorphous
titania was used as a titanium source. It was obtained
according to a sol-gel synthesis method under basic condi-
tions using titanium tetraisopropoxide (TTIP, 97%, Sigma-
Aldrich) as a precursor. In a typical synthesis, 17.8 g of TTIP
was first added to a 40 mL ethanolic solution, before a simi-
lar volume of water was added dropwise to the solution. After
rectification of the pH to 9 by adding ammonia (Carlo Erba,
30% aqueous solution), the solution was left under agitation
at room temperature until a dry paste was obtained. The
resulting powder was further dried at 110 °C for 12 h to ob-
tain the dried amorphous titania used as a titanium source
in the modified sol-gel Pechini synthesis.

Regardless of the titanium source, the titanium added
during the Pechini synthesis corresponded to a nominal
amount of 10 wt% in terms of TiO, with respect to the theo-
retical amount of LaFeO; perovskite obtained. Non-modified
lanthanum ferrite powders have been synthesized as refer-
ence materials via the same protocol without any addition of
titanium source, with a similar calcination procedure.

The stoichiometric reaction forming the LaFeO; perovskite
is as follows (eqn (1)):*

La(NO;);x6H,0 + Fe(NO;);x9H,0 + C¢HgO,xH,0 — LaFeOj
+ 6CO, + 3N, + nH,0 1)

The reference titanium-free material was labelled as LFO,
while the Ti-modified materials were labelled as P25-LFO and
SG-LFO when using Aeroxide© TiO, P25 and dried amor-
phous titania as titanium sources, respectively.

Characterisation techniques

The reference X-ray diffraction (XRD) patterns were recorded
at room temperature in a /0 mode on a Bruker D8 Advance
diffractometer equipped with a monochromatic copper
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radiation source (Ko = 1.54056 A) with a scan step of 0.02°.
Some patterns have been investigated by Rietveld refinement
with the Fullprof software for which the modified Thomp-
son-Cox-Hasting function was chosen to generate the line
shape of the diffraction peaks. Instrumental broadening was
previously determined by measuring the scattering from co-
rundum (NIST standard SRM 1976b).>***

Scanning electron microscopy (SEM) was performed in
secondary electron mode on a JEOL ]JSM-6700 F FEG
microscope.

Transmission electron microscopy (TEM) was performed
using a JEOL 2100F with a 0.2 nm point resolution. A copper
grid covered by a holey carbon membrane was used for obser-
vation. The interplanar spacings were calculated using
Image] software.

UV-vis diffuse reflectance spectra were acquired using a
UV/vis/NIR Perkin Elmer Lambda 1050 spectrometer, record-
ing the reflectance between 250 and 800 nm. Band gaps were
estimated from Tauc plots represented by (ahv)® vs. photon
energy, where o = —In(reflectance), in accordance with the di-
rect semiconductor character of LaFeOj.>?

The fluorescence spectra of the powdered samples were
recorded with a fluorescence spectrometer Perkin Elmer
LS55, using an excitation wavelength of 450 nm and a cut-off
filter at 515 nm. Fluorescence lifetime measurements by
time-correlated single photon counting (TCSPC) were carried
out with Mini-t equipment from Edinburgh Instruments
using a laser diode (model EPL375) as an excitation source
with a wavelength of 445.2 nm and a pulse width of 90.7 ps,
at a repetition rate of 1 MHz, with a band pass filter at 600 +
25 nm. The decay profiles were fitted to a bi-exponential de-
cay curve, with lifetimes obtained as the average of both com-
ponents, calculated as <z> = [Y_(4i5°))/>_(4ir;), where 4; is the
amplitude and 7; the lifetime of each component.

X-ray photoelectron spectroscopy (XPS) analysis was
performed on a ThermoVGMultilabESCA3000 spectrometer
(Al K, anode at hl = 1486.6 eV). The energy shift due to
electrostatic charging was subtracted using the contamina-
tion sp> carbon C 1s band at 284.6 eV. Contributions with a
Doniach-Sunjic shape®* and an S-shaped Shitley type back-
ground®® were used.

Degradation test protocol

The 4-CP and myclobutanil degradation tests were performed
in a batch beaker-type glass reactor at atmospheric pressure,
at a constant temperature of 20 °C + 2 °C (using a cooling
bath) with H,0, as the main oxidant. In a typical reaction
procedure, 50 mg of catalyst was dispersed under stirring in
a 100 mL aqueous solution of 4-chlorophenol at a concentra-
tion of 25 mg L™, corresponding to an initial organic carbon
concentration of 14.8 ppm and to a catalyst load of 0.5 g L™".
For the reactions with myclobutanil, a starting concentration
of 20 mg L™" of the pollutant was selected. Prior to irradia-
tion, the catalyst suspension was stirred for 1 h in the dark
to ensure the establishment of the adsorption/desorption
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equilibrium. After adding H,O, at the stoichiometric concen-
tration corresponding to the complete mineralization of the
initial pollutant (125 mg L™), or substoichiometric in some
cases (31.25 and 62.50 mg L"), the tests were performed un-
der UV-A (60 W m™?; / = 365 nm, Philips 24 W/10/4P lamps).
At each time interval, 8 mL of solution was sampled and then
filtered through a 0.20 pm porosity filter to remove the
photocatalyst powder if any, before the concentration of
4-chlorophenol or myclobutanil was determined by UV-visible
spectrophotometry by following the disappearance of the
main absorption peak at 4 = 224 nm.*® Total organic carbon
measurements were carried out using a Shimadzu TOC-L ana-
lyzer to determine the organic carbon load. The H,0, concen-
tration was measured by colorimetric titration using the
Ti0SO, method®® and the Fe leached during the time-course
of the reaction was quantified by the ortho-phenanthroline
method.””

Tests with myclobutanil as the substrate were performed
following a similar test protocol, at a myclobutanil concentra-
tion of 20 mg L™". The myclobutanil concentration was deter-
mined by UV-visible spectrophotometry by monitoring the
disappearance of the main absorption peak at 1 = 220 nm.

Results and discussion
Catalyst characterization

Fig. 1 shows the XRD patterns of the pristine and Ti-
modified LaFeO; materials with their corresponding Rietveld
refinement profiles. Tables 1 and S1t1 show the refined cat-
ionic distribution in the LaFeO; structure and the crystallo-
graphic data, respectively. The XRD patterns of the pristine
catalyst exhibited the most intense diffraction peaks at 22.6°,
32.2°, 39.7°, 46.1°, 57.4° and 67.3° in 26, corresponding to
the diffraction of the (100), (110), (111), (200), (210) and (220)
planes of the LaFeO; phase, respectively. o-Fe,O; in a small
amount (11%) with a mean crystallite size of 35 nm was ob-
served as the extra phase. In the Ti-doped samples, indepen-
dent of the Ti source, all the patterns can be indexed to the
Pbhnm orthorhombic unit cell of LaFeOj;, with no change in
terms of a-Fe,O; additional phase. Neither La,0; nor TiO, is
observed as the extra phase. Elemental chemical analysis re-
veals a 3.2 at% Ti content in the Ti-modified LaFeOj; catalyst
prepared using the crystalline TiO, nanopowder as the pre-
cursor, which further increased up to 4.0 at% using the dried
amorphous precursor, while the Ti/Fe molar ratio remains
unchanged (Table 2).

The separate refinement of both Ti/Fe and Ti/La site occu-
pations evidences that titanium atoms preferentially occupy
exclusively the La A-site and substitute only the La atoms, so
that the catalysts can be labelled as La;_, Ti,FeOs. A partial Ti
— La substitution rate of 5 at% was achieved within the pe-
rovskite network in the A-site using the crystalline TiO, nano-
powder as the titanium precursor, while it increases up to 11
at% using the dried amorphous precursor (Table 1). The ex-
clusive La A-site occupation is rather unexpected when con-
sidering the involved cationic sizes - (Fpesmm)cn=s = 0.64,
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Fig. 1 Observed (black), calculated (red full line), and difference (blue
full line) X-ray powder diffraction patterns of (a) LFO, (b) P25-LFO and
(c) SG-LFO catalysts recorded on a D8 diffractometer (1 = 1.54056 A).
The positions of the Bragg reflections are represented by vertical bars,
in blue for the reflections indexed in the Pbnm orthorhombic unit cell
of LaFeOs and in green for those of the a-Fe,O3 extra phase.

(FLarmentz = 1.46 and (Frim)en=e = 0.76.°° Both A- and B-site
substitutions have been reported for the LaFeO; structure
depending on the doping element, although high valence
metal ions usually occupy the Fe®" sites.*>*° However, there
is no empirical rule on the location of the substituting ele-
ment depending on the electronic or steric criterion, and
many extrinsic parameters are known to affect the cationic
distribution in oxides, e.g. the cooling rate or the synthesis
temperature.*”*> Here, we suggested that the partial substitu-
tion resulted from temperature-driven solid-solid diffusion
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that is proposed to occur between the amorphous LaFeOj;
network - before it crystallizes - and the TiO, crystallites,
allowing the Ti atoms to distribute in the LaFeO; network.
Consequently, replacing the well-crystallized TiO, nano-
particles with a 22 nm average size by an amorphous network
increased further the substitution rate by favouring the
atomic titanium diffusion in the amorphous LaFeO; perov-
skite network. In addition, this partial substitution hindered
the growth of large crystallites during the temperature-driven
crystallization at 800 °C when compared to the undoped
counterpart (20-21 nm vs. 46 nm), as previously observed for
Li- or Cu-doped LaFeO; materials.**** An increase in the spe-
cific surface area from 8 to 28 m” g™* was simultaneously ob-
served for the P25-LFO catalyst as a result of the decrease in
mean crystallite size, as shown in Table 2. However, the SG-
LFO catalyst displayed a low specific surface area of 5 m* g™,
although it displayed a smaller mean crystallite size of 20
nm. This was attributed to the existence of more grain
boundaries within the SG-LFO materials compared to the
P25-LFO counterpart.

While the SEM images shown in Fig. S1f evidenced the
overall powder morphology of the catalysts, the TEM images
shown in Fig. S2t and in Fig. 2 confirmed the structural fea-
tures of both the pristine LFO and the SG-LFO catalysts, re-
spectively. Whether the catalyst was doped or not with tita-
nium, interplanar spacings of 0.39 nm, 0.28 nm and 0.23 nm
consistent with the (110), (100) and (111) planes characteris-
tic of the LaFeO; structural crystallographic features were
observed.

The ability of the La;Ti,FeO; materials to be used as
photocatalysts under UV-A light is confirmed by the UV-vis
absorbance spectra, that reveal a broad absorption band in
the UV-vis range, and a band-gap estimated graphically from
the Tauc plots at 2.1 eV whether the catalyst contained sub-
stitutional titanium or not (Fig. 3).

In order to shed light on the effects of Ti — La substitution,
further characterization of the doped and undoped samples
was performed. The fluorescence spectra shown in the inset of
Fig. 4 showed the emission profile of LaFeO; with a main con-
tribution centered at ca. 485 nm, similar to what has been
reported for lanthanum ferrite,*” which can be associated with
the direct radiative de-excitation of electrons from high-energy
levels within the conduction band to the valence band.*>*

Table 1 Refined cationic distribution in the La;_,Ti,FeOs perovskite catalysts and weight percentage of extra phases obtained after Rietveld refinement

La site distribution® Fe site distribution® o-Fe, 03, % TiO,, %

Catalyst La Ti Fe

LFO 1 0 1 11 0
P25-LFO 0.95 0.05 1 15 0
SG-LFO 0.89 0.11 1 18 0
SG-LFO #1° 0.88 0.12 1 12 0
SG-LFO #3° 0.88 0.12 1 11 0
SG-LFO #5° 0.88 0.12 1 12 0

“ The determination of the cationic distribution within the structures was performed considering that titanium can move towards both
cationic sites. ” SG-LFO #1, #3 and #5 correspond to the SG-LFO catalyst after tests #1, #3 and #5, respectively.
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Table 2 Main physico-chemical properties of the pristine and the Ti-substituted LaFeO3 perovskite catalysts

Catalyst TiO, precursor Fe® (at%) Ti” (at%) Ti/Fe molar ratio Sper” (m? g7) Df (nm)
LFO — 23.0 — — 8 46(1)
P25-LFO Crystalline anatase/rutile 16.0 3.2 0.23 28 21(1)
SG-LFO Amorphous hydroxide 22.7 4.0 0.21 5 20(1)

“ The iron and titanium contents in the catalysts were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
carried out on an Optima 7000 DV spectrometer (Perkin Elmer), after microwave-assisted acidic dissolution in aqua regia at 185 °C under auto-
genic pressure. ” The Brunauer-Emmett-Teller (BET) specific surface area was calculated from the N, adsorption isotherm recorded on a
Micrometrics Tristar 3000 using N, as the adsorbent at -196 °C with prior outgassing at 250 °C overnight to desorb the impurities or moisture.
¢ The mean crystallite size defined as the average size of the coherent diffracting domains was derived from the whole XRD patterns after re-
finement and determined using the Scherrer equation with the usual assumption of spherical crystallites taking into account the intrinsic

broadening of the peaks due to the instrumentation.

Lower intensity emission at energies lower than the band gap
reflects excitonic photoluminescence which is usually associ-
ated with sub-band-gap transitions from electronic states re-
lated to surface defects or oxygen vacancies.*®

Upon titanium doping, the positions of the emission
bands remain unchanged, while some changes in the inten-
sity are visible, depending on the involved feature. Thus, the
high-energy emission is somewhat quenched in the presence
of the dopant, which has been associated to a first approxi-
mation with a decreased direct recombination rate due to im-
proved charge separation within the semiconductor structure,
and consequently with enhanced photocatalytic activity."”*® In
contrast, the reverse effect of doping is found on the intensity
the sub-band-gap features, which can be related to a higher
content of surface vacancies/defects in the doped systems.*®
The fluorescence lifetime should nevertheless give more accu-
rate information than the steady-state spectra about recombi-

Fig. 2 TEM images of the SG-LFO catalyst. The interplanar distances
of 0.39 nm, 0.28 nm and 0.23 nm corresponded to the (110), (100) and
(111) planes of the LFO structure, respectively.

This journal is © The Royal Society of Chemistry 2020

nation kinetics.*® The fluorescence decay curves for the differ-
ent samples between 550 and 600 nm, corresponding to the
band gap energy shown in Fig. 4, give fluorescence lifetimes of
the same order as previously reported values for LaFeO; and
related structures.””*® As observed in the curves and the aver-
age lifetime values from curve fittings, the P25-LFO sample
gives rise to a slightly higher lifetime than the pristine LFO
ferrite, while the SG-LFO sample is characterized by a consid-
erably longer fluorescence lifetime, indicative of slower radia-
tive recombination kinetics, which can be ascribed to
enhanced charge separation and therefore higher availability
of photogenerated electrons and holes for the subsequent
surface redox reactions.*”*>!
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Fig. 3 UV-vis diffuse reflectance spectra (a) and Tauc plots (b) of the
LFO, P25-LFO and SG-LFO catalysts. The numerical values in (b) indi-
cate the band gap energies estimated from the Tauc plots.
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Fig. 4 Fluorescence decay curves of the pristine and Ti-doped LaFeO3
samples between 575 and 625 nm. The green lines correspond to the
decay curves fitted to each dataset. <z> represents the average fluo-
rescence lifetimes. The instrument response function (IRF) has been in-
cluded for comparison. Inset: Fluorescence spectra of the same sam-
ples; the signal marked with (*) corresponds to the lamp emission as
confirmed by recording the emission spectra with different excitation
wavelengths.

Fig. 5 shows the influence of the partial substitution of
La ions by Ti ions in the LFO structure on the surface state of
the SG-LFO catalyst. The XPS analysis revealed the presence
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of both cations as La®* and Fe*" ions at the surface of the
pristine LFO and the SG-LFO catalyst. Indeed, the La 3d core
level spectra recorded for the pristine LFO material exhibited
a La 3ds/,_3, orbital doublet contribution at 833.4 eV and
850.1 eV, with a 16.7 eV spin orbit splitting®>>* and a 3.8 eV
multiplet splitting,”® that is characteristic of La*" species.
The binding energies of the Fe 2p;/, 1/, orbital doublet contri-
bution at 710.3 eV and 723.7 eV, with a spin orbit coupling of
13.4 eéV>** and with the broad and low intensity shake-up
satellite peak at about 718 eV characteristic of Fe****>” con-
firmed the presence of Fe** ions at the surface of the pristine
LFO.

After the Ti — La partial substitution in the LFO perov-
skite, the XPS Ti 2p profile of the SG-LFO catalyst displayed a
single contribution, with the doublet related to Ti 2pz/;-1/2
spin-orbit components at 457.3 eV and 463.0 eV. This re-
vealed the stabilization of Ti cations at the surface as lower
oxidation state Ti*" in the substitution of La®>" in the perov-
skite structure,” or as Ti*"-O-M with a strong lower binding
energy than Ti'" in an usual TiO, network environment
(Fig. 5).°® Further, this led also to a slight downward (0.7
eV) shift for the binding energies of the Fe 2p orbital doublet
contribution at 709.7 eV and 723.2 eV, and simultaneously
in a slight upward (+0.8 eV) shift for the La 3d orbital doublet
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Fig. 5 XPS profiles recorded for both the Ti-free LFO and the SG-LFO catalysts: (A) wide scan survey spectrum, (B) La 3d, (C) Fe 2p and (D) Ti 2p

orbitals.
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contribution at 834.2 eV and 850.9 eV, both cations remain
present at the surface in the formal +3 oxidation state.

According to the electrostatic model, in the Ti-O-La con-
figuration, the upward shift observed for La®* compared to
the La-O-La reference configuration results from the higher
electronegativity of Ti vs. La, that causes a O — Ti shift of the
electronic density, and consequently a La — O shift of the
La-O bond electronic density, that corresponds to a higher
binding energy of La core electrons. So, in contrast, the
downward shift of the Fe** binding energy was assigned to
the electronic enrichment of Fe cations, resulting in the
lower binding energy of Fe core electrons.

In addition, by combining the UV-vis diffuse reflectance
and UPS data, it can be assumed that the partial cationic sub-
stitution did not significantly alter neither the potential of
the conduction band edge, nor the valence band maximum,
determined by UPS (He I, 24 = 21.2 eV) at ca. 2.2 + 0.1 eV vs.
Fermi level whether the surface is modified or not by tita-
nium (Fig. S37).

Catalytic activity

Combined photo-assisted CWPO and photocatalysis. The
evolution with time under irradiation of the main features
followed during the reaction is shown in Fig. 6. First,
although the titanium-free LaFeO; catalyst showed the abil-
ity to decompose fully H,O, and to remove 4-CP within 150
min of test, it only allowed a mineralization of 75% to be
achieved. Further, the catalyst suffered from strong iron
leaching, an iron release in the 0.5 mg L™ solution. The
low stability of the catalyst resulted in a high contribution
of the homogeneous photo Fenton reaction to the H,O, de-
composition, and consequently to both 4-CP and TOC re-
moval rates, so that the apparent kinetic rate constants
obtained could not be ascribed to a pure heterogeneous pro-
cess and were therefore over-estimated. This homogeneous
contribution was responsible for a low H,0, efficiency value
of 0.75, and the resulting incomplete mineralization of the
substrate, as typically observed in CWPO-like reactions. In-
deed, iron in solution is known to react with the latest degra-
dation intermediates, that are short-chain acids like oxalic,
acetic or formic acids, to form highly stable iron complexes
that photodegrade very slowly and consequently stop the re-
action (eqn (2)).>>°

[Fe** (RCOO ™))™ &

Fe’' +CO, +R (2)

In the case of the La,_,Ti,FeO; catalysts, the incorpora-
tion of titanium atoms into the perovskite network with the
Ti — La partial substitution increases considerably the
robustness of the catalyst by more than two orders of mag-
nitude. This was evidenced by a strong decrease in the iron
release to 0.05 mg L™ for a 5% substitution rate (P25-LFO),
and by a further reduction down to the non-detectable level
(below 0.001 mg L', i.e. lower than 0.0009% relative to the
catalyst Fe content) for the SG-LFO catalyst with a 11% sub-

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Evolution with time under irradiation of a) the relative 4-CP
concentration, b) the relative TOC concentration, c) the H,O, decom-
position yield and d) the concentration of leached Fe in the solution,
during the combined photo-Fenton and photocatalytic degradation of
4-CP over the pristine and the Ti-substituted LaFeOs catalysts. Condi-
tions: [4-CPlp = 25 mg L™%; [H,0,]p = 125 mg L' T = 25 °C; [cat] = 0.5
g L% UV-A irradiance of 60 W m™.

stitution rate. This increase in stability is accompanied by
strong enhancement of the catalytic activity, more pro-
nounced as the substitution rate increases. Thus the dura-
tion necessary for achieving the full removal of 4-CP is
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reduced to 120 min and 60 min for the P25-LFO and SG-
LFO catalysts, respectively, while both catalysts achieve com-
plete mineralization within 125 min and 90 min of reaction,
respectively. This very good behaviour is reflected in a
strong increase in the apparent kinetic constants for 4-CP
degradation, TOC conversion and H,0, decomposition
(Table 3). The absence of any detectable released iron dem-
onstrates that the strong increase in the catalytic activity
can be ascribed to pure heterogeneous surface reactions,
without any homogeneous contribution.

Further, both La; ,Ti,FeO; catalysts exhibit a H,0, effi-
ciency ¢ greater than 1, which reflects the fact that they allow
full TOC conversion to be achieved at incomplete H,O, con-
version. This evidences that the La,_,Ti,FeO; catalysts can act
as a dual catalyst, by working simultaneously as a hetero-
genized photo-Fenton catalyst and a photocatalyst. This dual
behaviour was confirmed by the evolution of the TOC conver-
sion with the H,0, conversion shown in Fig. 7a. While the
curve obtained for the titanium-free LaFeO; catalyst is
distorted by the strong homogeneous Fenton contribution,
the clear distribution of the whole data set for both catalysts
above the unity diagonal confirms that the heterogeneous
photo-Fenton process cannot be considered as the only AOP
operating for converting the TOC. Additional experiments
performed using non-stoichiometric H,O, doses underlined
further that the TOC conversion is obtained simultaneously
through both photo-Fenton and photocatalysis AOPs
(Fig. 7b). Indeed, complete TOC conversion was achieved fol-
lowing zero-order kinetics with a similar apparent kinetic rate
constant independent of the H,0, dose at 25% or 50%, while
the decomposition of H,0, was already completed. This con-
firms that pure photocatalysis took place allowing full TOC
conversion to be obtained.

Although the incorporation of Ti atoms into the LFO net-
work strongly increases the activity in pure photocatalysis,
more pronounced as the Ti — La partial substitution in-
creases, the activity remains far lower than that obtained
using H,0, (Fig. 8 and Table 4). This corroborates the fact
that, in the combined AOPs, the dual La;Ti,FeO; catalyst
acts predominantly as a heterogeneous photo-Fenton catalyst
at the beginning of the process, so that high reaction rates
can be obtained, while it subsequently operates as a photo-
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Fig. 7 a) TOC conversion vs. H,O, conversion for the combined
photo-Fenton and photocatalytic degradation of 4-CP over the pristine
and the Ti-substituted LaFeOs3 catalysts. Conditions: [4-CP], = 25 mg
L% [Ho05lp = 125 mg L% T = 25 °C; [cat] = 0.5 g L™%; UV-A irradiance
of 60 W m™2. b) Influence of the H,O, dose on the relative TOC con-
centration time-evolution and the H,O, conversion obtained for the
SG-LFTO catalyst. Conditions: [4-CPlo = 25 mg L% [H,0,lp = 31.25-
125.00 mg L™, corresponding to the 25-100% range; T = 25 °C; [cat] =
0.5 g L'%; UV-A irradiance of 60 W m™. Taking into account that the
experiments were carried out using the stoichiometric amount of
H>0, to mineralize TOC, the linear curve with a unity slope reflects the
implementation of an heterogenized photo-Fenton process with no
occurrence of scavenging reactions.

catalyst for mineralizing the short chain acids, and conse-
quently allows full TOC conversion to be achieved by hinder-
ing the detrimental formation of stable Fe complexes.

It is worth noting that, although the P25-LFO catalyst
might take advantage the enhanced surface area of 28 m* g™
for exposing more surface iron active in the decomposition of
H,0,, the specific surface area of the catalysts cannot be the
key factor driving the catalytic activity, since the most active
SG-LFO catalyst displays a low surface area of 5 m* g™'. We
propose therefore that a combination of surface and

Table 3 Kinetic rate constants of H,O, decomposition, 4-CP oxidation, and mineralization through combined photo-Fenton and photocatalysis AOPs.
Fe leached, H,O, depletion percentage, TOC conversion and H,O, efficiency parameters. Conditions: [4-CPly = 25 mg L% [H,0,], = 125 mg L% T=25

oC; [cat] = 0.5 g L'} UV-A irradiance of 60 W m™

Catalyst k (H,0,)," min™ & (4-CP)," min™' r, (TOC),’ mg " min™" [Fe] leached, mg L™ X (H,0,), % X (TOC), % ¢ (H,0,)
LFO 0.010 0.020 0.12 0.5 100 75 0.75
P25-LFO 0.017 0.017 0.18 0.05 90 100 1.11
SG-LFO 0.043 0.033 0.28 <0.0014 89 100 1.12
1-5# reuse of SG-LFO — 33.3+£0.310°  0.28 £ 0.01 <0.001¢ 100

“ The H,0, and 4-CP concentration evolution curves were fitted by a pseudo first-order kinetic model as usually applied. » The TOC concentra-
tion evolution curve was fitted with a zero-order kinetic model as usually applied. ¢ A theoretical ¢ = 1 efficiency of H,0, used in Fenton-like
processes reflects the fact that H,O, and the formed radicals do not suffer from any detrimental scavenger reactions. ¢ The detection limit of

Fe leached in the solution was measured at 0.001 ppm.
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Fig. 8 Time-evolution of both the C/Co and TOC/TOC, relative
concentrations during the pure photocatalytic degradation of 4-CP over
the pristine and the Ti-substituted LaFeOs catalysts. Conditions: [4-CP],
=25mg L% T =25°C; [cat] = 0.5 g L'%; UV-A irradiance of 60 Wm™.

electronic modifications modulates the activity of the
La,;_,Ti,FeO; catalysts and leads the SG-LFO catalyst to exhibit
the best catalytic results. On the one hand, electron-rich sur-
face iron enables faster H,O, decomposition by the Fe sur-
face sites, and therefore the production of higher concentra-
tions of active radicals during the Fe™/Fe" redox cycle (eqn
(3)-(5)). We may assume that the photoassisted Fe** to Fe**
reduction in eqn. (4) might be accompanied by Ti** to Ti*"
oxidation as a plausible way of compensating the charge. The
Ti*" species might further be reduced back to Ti** by a photo-
generated electron.

La,_Ti, Fe™0; + H,0 ™ La,_,Tiy Fe"0; + HOO' + H*  (3)
. h .
La;_,Ti, Fe™O; = La,_,Ti, Fe"'O; (4)

La,_,Ti, Fe"0; + H,0, ™ La,_Ti, Fe™0, + HO + OH™  (5)

Further, the degradation of the short-chain acids and conse-
quently the mineralization of the carboxylic acids might be fa-
vored by the electronic enrichment of the surface Fe according
to eqn (6), with the simultaneous Fe'™ — Fe" surface reduc-
tion, known as the rate limiting step in the Fe redox cycle.

[Fe" (RCOOT)]*" ™ Fe' + €O, + R (6)

On the other hand, the enhanced availability of the photo-
generated charge carriers also enables more efficient photo-

Table 4 Kinetic rate constants of 4-CP oxidation and mineralization
through pure photocatalysis. Operating conditions: [4-CPly = 25 mg L™
T = 25°C; [cat] = 0.5 g L™}; UV-A irradiance of 60 W m™
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catalytic decomposition of H,0,, with the production of HO,
radicals (eqn (7)-(9)), as well as more efficient production of
OH’ radicals from adsorbed water (eqn (10)).

La;_,Ti, FeO, b et nt (7)
e + H,0, -~ HO' + OH~ (8)
h* + H,0, — HOO" + H" 9)
h* + H,0 — HO + H' (10)

The stabilization of Fe** cations within the orthorhombic
La,;-,Ti,FeO; nanocrystals — both in the bulk and at the sur-
face, as revealed by XRD and XPS - explains the strong in-
crease in the robustness of the substituted catalysts that
leads essentially to the suppression of iron leaching. We can-
not rule out that the a-Fe,0; minority phase is subjected to
negligible Fe leaching,°>®® nevertheless remaining below the
detection threshold, so that its role in the catalytic perfor-
mance can be discarded.

Finally, degradation of myclobutanil was studied in order
to broaden the scope of the study and confirm further the
interest of this new dual SG-LFO catalyst. Similarly, Table 5
clearly shows the superiority of the SG-LFO catalyst in terms
of both myclobutanil and TOC removal rates, as well as cata-
lyst robustness.

Stability tests of the SG-LFO catalyst

Considering the robustness of the SG-LFO catalyst in the first
test cycle, its stability was further studied in terms of activity,
iron release and structural features during recycling tests. Ac-
tually, the refinement of the XRD patterns of the used cata-
lysts reveals the structural stability of the La;_,Ti,FeO; cata-
lysts during recycling tests (Table 1 and Fig. S4 and Table
S2t1). Thus, no extra-phase formation occurred under UV-A
during the reaction, and no change in terms of the Ti — La
substitution rate within the LaFeO; network and the mean
crystallite size has been observed. Regarding the activity, the
results of the recycling tests shown in Fig. 9 and Table 3 dem-
onstrate the very good stability and consequently the

Table 5 Kinetic rate constants of myclobutanil oxidation and minerali-
zation through the combined catalytic photo-Fenton and photocatalytic
AOP over the pristine and the Ti-substituted LaFeOs3 catalysts. The con-
centration of the leached Fe is also reported. Conditions: [myclobutanillo
=20 mg L™ [H,0,]p = 125 mg L% T = 25 °C; [cat] = 0.5 g L™ UV-Airra-
diance of 60 W m™2

k (myclobutanil),” ro (TOC),” [Fe] leached,

Catalyst k (4-CP),* min™ 7o (TOC),? mg L' min™  Catalyst min™ mg L™ min™ mg L™
LFO 0.4107° 0.210° LFO 0.18 231072 2.4
P25-LFO 1.8107° 0.310° P25-LFO 0.25 241072 0.10
SG-LFO 2.810° 0.510° SG-LFO 0.38 5.8 1072 <0.0017

% The 4-CP concentration evolution curve was fitted by a pseudo first-
order kinetic model as usually applied.  The TOC concentration evo-
lution curve was fitted with a zero-order kinetic model as usually
applied.

This journal is © The Royal Society of Chemistry 2020

“ The myclobutanil and the TOC concentration evolution curves were
fitted by a pseudo first-order model and a zero-order kinetic model
as usually applied. ” The detection limit of Fe leached in the solution
was measured at 0.001 ppm.
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Fig. 9 Catalyst recycling efficiency expressed in terms of time-
evolution of both (a) the C/Cy and (b) the TOC/TOC, relative concen-
trations for 5 consecutive runs in the combined photo-Fenton and
photocatalytic degradation of 4-CP with the reused SG-LFO catalyst.
Conditions: [4-CPlo = 25 mg L™ [H205]p = 125 mg L% T = 25 °C; [cat]
= 0.5 g L'} UV-A irradiance of 60 W m™. The catalyst recovery was
achieved by powder filtration.

reusability of the SG-LFO catalyst. Indeed, the apparent ki-
netic constants for 4-CP and TOC removal remained essen-
tially unchanged after five consecutive runs, and the Fe re-
lease in the solution was below the detection threshold (i.e.
lower than 0.0009% relative to the catalyst Fe content).

Conclusions

To sum up, we have highlighted the interest of using a new
and highly robust Ti-substituted LaFeO; dual catalyst, active
in water treatment as a reusable heterogenized photo-Fenton
catalyst and a photocatalyst. The La;_,Ti,FeO; dual catalyst
with a 11% substitution degree was prepared by modifying a
facile Pechini sol-gel route using a dried amorphous titania
as a titanium source. The strategy combining both AOPs with
a single dual catalyst allowed the La;_,Ti,FeO; catalyst to si-
multaneously take advantage the higher reaction rate of
photo-assisted CWPO and the higher mineralization yield of
photocatalysis. The partial Ti — La cation substitution in the
LaFeO; perovskite network led to pure heterogeneous surface
reactions with an increase in the catalyst robustness by more
than two orders of magnitude, evidenced by the complete in-
hibition of the Fe release in water and the stability of the cat-
alytic performance over five test cycles. It further strongly in-
creased the reaction rates, due to both the enhanced
availability of the photogenerated charge carriers at the sur-
face and the electronic enrichment of the surface iron, and
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allowed full mineralization of a pollutant to be achieved at
circumneutral pH through combined AOPs.

Forthcoming studies will be concerned with the use of so-
lar light for taking advantage of the narrow band gap of the
dual La;-,Ti,FeO; catalysts, as well as with downsizing the
La;—,Ti,FeO; crystallites for increasing further the availability
of Fe ions at the catalyst surface.
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