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Abstract: Perovskites of the (La,Ba)(Fe,Ti)O3 family were prepared, characterized, and utilized as
heterogeneous photocatalysts, activated by natural sunlight, for environmental remediation of Acid
Orange 7 (AO7) aqueous solutions. Catalysts were prepared by the ceramic (CM) and the complex
polymerization (CP) methods and characterized by XRD, SEM, EDS, and band gap energy. It was
found that catalytic properties depend on the synthesis method and annealing conditions. In the
photocatalytic assays with sunlight, different AO7 initial concentrations and perovskite amounts
were tested. During photocatalytic assays, AO7 and degradation products concentrations were
followed by HPLC. Only photocatalysis with BaFeO3-CM and BaTiO3-CP presented AO7 removals
higher than that observed for photolysis. However, photolysis leads to the formation of almost
exclusively amino-naphthol and sulfanilic acid, whereas some of the perovskites utilized form less-
toxic compounds as degradation products, such as carboxylic acids (CA). Partial substitution of Ba by
La in BaTiO3-CM does not produce any change in the photocatalytic properties, but the replacement
of Ti by Fe in the La0.1Ba0.9TiO3 leads to reduced AO7 removal rate, but with the formation of CAs.
The best AO7 removal (92%) was obtained with BaFeO3-CM (750 mg L−1), after 4 h of photocatalytic
degradation with solar radiation.

Keywords: perovskites (La,Ba)(Fe,Ti)O3; photocatalysis; sunlight; AO7; ceramic method; complex
polymerization

1. Introduction

Photocatalytic oxidation technology has high potential for the degradation of the
wastewater’s organic load due to its high efficacy and energy-saving advantages, wide
application range, and no secondary pollution [1–3]. If powered by solar energy, a type
of clean energy, with an appropriate catalyst, sunlight-driven photocatalysis can be an
attractive approach for environmental remediation [4].

Among heterogeneous photocatalysts, perovskite oxides, with high structural sta-
bility even under aggressive conditions, a flexible chemical composition, and elemental
abundance, are regarded as promising catalysts for many different reactions [5–8]. They
are a class of compounds presenting the general formula ABO3, where A is an alkali or
alkaline earth metal or a member of the lanthanides’ family and B a transition metal [5,9].
The network oxygen in the perovskite’s structure exhibit high mobility within perovskites,
allowing vacancies and the stabilization of uncommon metal oxidation states [8,10]. Thus,
these perovskite oxides offer a rich opportunity for designing novel structures with unique
properties by introducing different metal ions into the structural framework [9,11–13]. The
partial substitution of the cation sites (A or B) with additional cations (A′ or B′) results
in AxA′1-xByB′1-yO3-δ compounds [14]. Although in the general perovskite formula δ = 0,
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many perovskite oxides are oxygen-deficient due to the A to B molar ratio, respective sizes,
electronic configurations, and coordination numbers, making δ > 0 [15].

To be utilized as photocatalysts, perovskite-type metal oxides must present semi-
conductor properties, i.e., a band gap energy (Eg) between 1.4 and 3.8 eV. Most of the
perovskites with titanium in the B position show exceptional photocatalytic properties
under UV radiation since they present Eg values higher than 3.0 eV. Other perovskites, such
as FeTiO3, with Eg of 2.8 eV, and LaFeO3, with 2.1 eV, may absorb visible light [9,16,17].
In fact, for good environmental practices, it is important to develop photocatalysts that
work under visible light to use the maximum potential of solar energy [18]. Perovskites are
optimum candidates for this development since their optical properties may be changed
by doping, thus inducing visible light absorption [9]. This would allow their utilization
with sunlight, a green, safe, and sustainable energy, which is composed by ultraviolet (8%),
visible (40%), and infrared (52%) radiations [19].

Some perovskite oxides were already utilized in the photocatalytic degradation of
several dyes by utilizing natural [20–22] or simulated sunlight [23] or visible light [24–27]. In
fact, perovskites have the most intriguing physicochemical features that allow researchers
a wide range of tunability to obtain high photocatalytic efficiency, stability, and low-rate
electron-hole recombination [18,28].

The photocatalytic activity of some perovskite materials may also be enhanced by the
presence of heterostructures, as in the Acid Orange 7 (AO7) photodegradation study by
visible light with Sr0.95Bi0.05TiO3 and Bi4Ti3O12 phases [29] or by heterojunction photocata-
lysts, as in the Rhodamine B degradation using as photocatalyst LaFeO3/BiOBr activated
by simulated sunlight as a radiation source [30].

Therefore, the aim of this work was to prepare perovskites of the LaxBa(1-x)FeyTi(1-y)O3
family, synthesized by ceramic or polymerization complex methods, at different annealing
conditions and compare their photocatalytic activity in suspension for the degradation
of the model dye, the azo dye AO7, with natural sunlight. Since AO7 degradation may
originate sulfanilic acid (SA) and 1-amino-2-naphthol (AN) as by-products, which are
very harmful to the environment, particularly AN, an unstable aromatic amine [31], these
by-products were also monitored during AO7 photocatalytic degradation, as well as some
carboxylic acids, to assess not only AO7 photodegradation’s immediate metabolites but
also to predict SA and AN photocatalytic degradation.

2. Materials and Methods

Perovskite oxides of the family LaxBa(1-x)FeyTi(1-y)O3, namely BaTiO3, BaFeO3,
La0.1Ba0.9Fe0.6Ti0.4O3, La0.1Ba0.9Fe0.4Ti0.6O3, La0.1Ba0.9TiO3, and LaFeO3, were prepared
utilizing the ceramic method (CM) [32]. FeTiO3 was also prepared since it contains the
two metal ions of position B of the perovskite family under evaluation. For the synthesis
using the ceramic method, stoichiometric amounts of commercial La2O3 (+99.9%, Acros
Organics, VWR International, Amadora, Portugal), BaCO3 (+99.0%, Fluka, VWR Interna-
tional, Amadora, Portugal), Fe2O3 (+99.0%, Merk, Lisbon, Portugal) and TiO2 (+99.8%,
Sigma Aldrich, Lisbon, Portugal) were weighed, milled for 30 min, pre-calcined at 900 ◦C
in a tubular furnace for 6 h, and calcined at 1130 ◦C for 4 h. To study the influence of the
calcination time on BaTiO3 properties, the calcined mixture was milled for 15 min and
subjected to a 24 h extra calcination period at 1130 ◦C.

The perovskite BaTiO3 was also synthesized by the complex polymerization method
(CP) [33,34], using stoichiometric amounts of commercial BaCO3 (+99%, Fluka, VWR
International, Amadora, Portugal) and C12H28O4Ti (+98%, Acros Org., VWR International,
Amadora, Portugal). Initially, C12H28O4Ti was dissolved in ethylene glycol (+99,5%, Carlo
Erba, LaborSpirit, Loures, Portugal), and then citric acid (+99%, Sigma Aldrich, Lisbon,
Portugal) was added, being ethylene glycol/citric acid volumetric ratio 1:4. After that,
BaCO3 was added, and the resulting mixture was submitted to successive heating: at 50 ◦C,
then at 90 ◦C, and after that at 150 ◦C, for 20 min each; at 400 ◦C, for 2 h, in a tubular
furnace, with a heating rate of 5 ◦C min−1, for the formation of a black precursor powder,



Nanomaterials 2021, 11, 3142 3 of 12

and after it was calcined twice at 900 ◦C, for 3 h (5 ◦C min−1), being ground between the
two thermal treatments.

All the synthetized powders were characterized by X-ray diffraction (XRD), dispersive
energy spectroscopy (EDS) and scanning electron microscopy (SEM). Perovskite X-ray
diffraction analysis was performed using a Rigaku diffractometer, model DMAX III/C,
with automatic data acquisition (MDI, Materials Data), equipped with a monochromatized
Cu kα radiation (λ = 0.15406 nm), operating at 40 mA and 30 kV. The crystallite’s dimension
was calculated by means of the Scherrer equation. EDS and SEM characterizations were
done in a Hitachi S-3400 N/Bruker system (Monocomp Instrumentación S.A., Madrid,
Spain), operating at 20 keV. Diffuse reflectance spectra of the perovskite films were also
obtained, in a UV−vis spectrometer Shimadzu UV-2600 PC (Izasa Scientific, Carnaxide,
Portugal), equipped with an integrating sphere ISR 2600 plus, over the spectral range
200−900 nm. Kubelka−Munk function was used to analyze the diffuse reflectance spectra.
BaSO4 was utilized as a reflectance standard.

Perovskite powders’ efficiency as heterogenous photocatalysts was tested in simultane-
ous degradation assays under natural sunlight. The photocatalytic assays were performed
in batch mode with orbital stirring, using 50 mL of the AO7 solution, for 4 h. Different
AO7 initial concentrations (5, 10, and 20 mg L−1) were tested. The influence of perovskite
powders amount was also investigated (250, 500, and 750 mg L−1). For some chosen
perovskites, 200 mL assays were also run.

AO7 degradation tests were monitored by UV–vis absorption spectrophotometry
(Shimadzu UV-vis 1800 spectrophotometer, Izasa Scientific, Carnaxide, Portugal) at wave-
lengths ranging from 200 to 800 nm. The identification of AO7 and some metabolites,
such as sulfanilic acid and 1-amino-2-naphthol, was performed with a Shimadzu 20 A
Prominence system (Izasa Scientific, Carnaxide, Portugal), equipped with an SPD-M20A
diode array detector. Chromatographic separations were carried out using a reverse phase
Purospher STAR RP-18 endcapped column (250 mm × 4 mm (i.d.), 5 µm particle size)
(Merck Millipore, Algés, Portugal), and a mixture of phosphate buffer (33 mM) at pH 7 (sol-
vent A) and acetonitrile (solvent B) as the mobile phase, with a flow rate of 0.7 mL min−1,
and using a gradient elution: 20% A: 80% B at the initial 9 min; 40% A:60% B at 11 min, and
this composition was maintained until the end of the run (35 min). The injection volume
was 20 µL, and the column temperature was 35 ◦C. The wavelengths (in nm) and the
retention times (in min) utilized in these determinations were: AO7—484, 21.1; SA—249,
2.9; AN—252, 18.4.

In the treated solutions, some carboxylic acids were also identified by ion-exclusion
chromatography, as described elsewhere [35], being the retention times for the different
acids, in minutes, as follows: oxalic acid—6.4; maleic acid—7.8; oxamic acid—8.9; formic
acid—13.4; acetic acid—14.6.

Sunlight irradiance was measured with a Newport 835 Optical Power Meter (M.T.
Brandão, Lda, Porto, Portugal).

3. Results and Discussion
3.1. Catalysts Characterization

Figure 1 presents the XRD patterns for perovskite and FeTiO3 oxides. BaTiO3, prepared
either by complex polymerization or ceramic methods, presents a cubic structure with a
cell parameter of approximately 0.4 nm (Table 1). The preparation method does not seem
to have any influence on the unit cell. Regarding BaTiO3 crystallite size, it increases with
the annealing temperature, and it is higher for CP, probably because the rearrangement of
the ions in the perovskite structure is facilitated by the increase in temperature and also
because the use of the CP method involves a much more fluid medium for the powder’s
preparation. The molar ratio Ba/Ti, determined by EDS, is smaller when the powder is
prepared by CM, moving away from 1. Although EDS presents only a semi-quantitative
analysis, this difference may not be disregarded, and it may be related with possible
different oxidation states of the transition metal ions in the perovskite structure.
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Table 1. Physical properties of perovskite powders and FeTiO3 prepared by different experimental conditions.

Perovskite/
Preparation

Method 1

Crystallite
Size/nm Unit Cell 2 Cell

Parameters/nm Eg/eV EDS SEM

FeTiO3
CM 70.74 Orthorhombic

a = 0.9783
b = 1.0010
c = 0.3745

2.20 Fe/Ti = 0.7
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The XRD pattern of the BaFeO3 powders prepared by CM shows predominantly
characteristic peaks of a hexagonal phase, although there are also other phases present, in
smaller quantities, namely tetragonal and cubic. These alternative phases are probably the
result of temporary rearrangements in the structure during the solid-state reaction. The
Ba/Fe ratio is very close to the theoretical one.

Regarding LaFeO3, the XRD pattern shows an orthorhombic structure, with traces
of a monoclinic phase and traces of the reagent La2O3. The presence of the reagent is a
possible explanation for the high La/Fe ratio since the reagent may be detected instead of
the perovskite. FeTiO3, which is not a perovskite, crystallizes in an orthorhombic structure,
although it presents traces of the precursors that may explain the low Fe/Ti ratio.

The XRD patterns of the series La0.1Ba0.9FeyTi1−yO3, with y = 0, 0.4, and 0.6, are
also presented in Figure 1. For y = 0, the structure is cubic, as for BaTiO3, with a similar
cell parameter and without secondary phases. This means that the introduction of La in
the BaTiO3 structure does not promote any distortion. The ratios Ba/La and Ti/La are
higher than the theoretical ones. For y = 0.4 and 0.6, the crystalline structure becomes
hexagonal, with very similar cell parameters and with traces of other phases. In the case of
y = 0.6, there is also the existence of secondary phase BaO(TiO2)2 (PDF#85-0476) that may
explain the smaller ratios of Ba/La, Ti/La, and Ti/Fe for this sample. The introduction
of Fe in the La0.1Ba0.9TiO3 structure drastically reduces crystallite size, which becomes
like that of BaFeO3. This happens because the cubic ideal perovskite structure presents
higher crystallites size; the substitution of Ti cations by Fe cations, with a lower ionic ratio,
promotes distortion in the ideal perovskite structure that crystallizes in the hexagonal
system with a lower crystallite size.

All perovskites present band gap energies between 2.2 and 3.29 eV, indicating that
they are suitable as photocatalysts, half of them with visible light. DRX and SEM/EDS
were also performed with the perovskite powders after being utilized in the photocatalytic
assays, and no significant changes were detected, besides the presence of carbon in the
EDS analysis, probably due to the presence of organic matter adsorbed to the powders.

3.2. Degradation Assays

The ability of the different prepared perovskites as photocatalysts activated by sunlight
was tested with AO7 solutions, utilizing [AO7]0 = 5 mg L−1 and [catalyst] = 0.5 g L−1.
Table 2 presents the results obtained in these 50 mL photocatalytic assays. A photolysis
result was also introduced to compare. Only BaFeO3 and BaTiO3-CP present removals in
AO7 higher than those observed during the photolysis test. The partial substitution of Ba
by La in BaTiO3 perovskite apparently leads to the absorption of photons by the powders
without activating their catalytic properties, promoting only a reduction in the energy
available for photolysis. However, in this last perovskite, when Ti is partially substituted
by Fe, as in La0.1Ba0.9Fe0.4Ti0.6O3 and La0.1Ba0.9Fe0.6Ti0.4O3, there is the formation of
carboxylic acids, showing that AO7 is degraded to SA and AN, which are then oxidized
to carboxylic acids, indicating that, after breaking the azo bond, the oxidation reaction
proceeds to give smaller, more oxidized, and less toxic products. Another important feature
in this series of experiments is that, only for the perovskites La0.1Ba0.9Fe0.4Ti0.6O3 and
La0.1Ba0.9Fe0.6Ti0.4O3, the formation of oxamic acid is observed, which indicates a different
degradation mechanism since, in this case, the amine group does not lead to ammonia
formation [37].

Regarding BaTiO3-CM and BaTiO3-CP, the use of the CP preparation method increases
the AO7 removal rate. This increase is probably due to the smaller grain size, with the
consequent increase in the surface area of the catalyst. Although the preparation method
does not substantially alter the degradation mechanism, as the metabolites obtained are
similar, in the case of BaTiO3-CP, maleic acid is detected, probably resulting from the
subsequent degradation of SA (Table 2).



Nanomaterials 2021, 11, 3142 7 of 12

Table 2. Results of the photocatalytic assays with sunlight using different perovskites: [catalyst] = 0.5 g L−1; [AO7]0 =
5 mg L−1; Volume = 50 mL; Assay duration—4 h.

Catalyst AN, SA and Carboxylic Acids Final Concentration 1
AO7

Removal/%AN SA Maleic Acid Oxamic Acid Acetic Acid

– (Photolysis) − ++ − − − 46
FeTiO3, CM_1130 ◦C, 4 h ++ + − − − 17
LaFeO3, CM_1130 ◦C, 4 h ++ + − − − 36

La0.1Ba0.9TiO3, CM_1130 ◦C, 4 h ++ + − − − 28
La0.1Ba0.9Fe0.4Ti0.6O3, CM_1130 ◦C, 4 h ++ + ++ +++ − 20
La0.1Ba0.9Fe0.6Ti0.4O3, CM_1130 ◦C, 4 h ++ + − ++ − 21

BaFeO3, CM_1130 ◦C, 4 h ++ + − − + 74
BaTiO3, CM_1130 ◦C, 4 h ++ + − − − 28

BaTiO3, CM_1130 ◦C, 4 + 24 h ++ + − − − 24
BaTiO3, CP_900 ◦C, 3 + 3 h ++ + ++ − − 53

1—< 0.001 mg L−1; 0.001 mg L−1 < + < 0.01 mg L−1; 0.01 mg L−1 < ++ < 0.1 mg L−1; +++ > 0.1 mg L−1.

In the case of photolysis, the presence of AN was not detected by high performance
liquid chromatography (HPLC) because, in the presence of sunlight, AN dimerizes, and
the dimer was not detected by HPLC. In the presence of the perovskite catalysts, this
dimerization should be much smaller since the presence of AN is detected in concentrations
much higher than that of SA. A possible explanation for these facts is that only the azo
bond is broken by photolysis, followed by the dimerization of the AN. In photocatalysis,
dimerization is considerably less, and, after breaking the azo bond, the degradation of SA
occurs in a much higher extent than that of AN.

Perovskites BaTiO3-CM, BaTiO3-CP, and BaFeO3-CM had already been tested in the
degradation of AO7 but using visible light from a 300 W power lamp instead of natural
sunlight [38], and the results were different, particularly for those obtained with the
photocatalysts BaTiO3-CP and BaFeO3-CM. In fact, for the assays run with 500 mg L−1

perovskite concentration and 5 mg L−1 AO7 initial concentration, the best results with
visible light were obtained with BaTiO3-CP (80% AO7 removal against the 53% in this
work), and with natural sunlight, the best results were attained with BaFeO3-CM (74%
AO7 removal against the 65% with artificial visible light). This fact shows the difference of
using artificial visible light or natural sunlight; this difference is probably ascribed to the
UV radiation present in the natural sunlight.

The calcination period in the case of BaTiO3-CM seems to have an influence on the
AO7 removal rate, and a significant decrease in the AO7 removal rate was observed for the
perovskite with a longer calcination time. This is probably due to the increase in the grain
size caused by the coalescence of the grains at high temperatures, which can lead to the
formation of agglomerates or even sintering, thus reducing the surface area.

Table 3 shows the results of the photolysis and of the adsorption and photocatalysis
tests with perovskite BaFeO3 using sunlight and different AO7 concentrations. Regarding
photolysis, it appears that the increase in the initial AO7 concentration increased the AO7
removal rate in a linear way. In fact, for the 4 h test, if the average photolysis removal
rate (vmed_Ph = [AO7] removed/4) is plotted as a function of [AO7]0, Equation (1) can be
obtained, where vmed_Ph is in mg L−1 h−1 and [AO7] in mg L−1.

vmed-Ph = 0.0812 [AO7]0 + 0.172· · · (r2 = 0.9999) (1)
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Table 3. Results from photolysis, adsorption, and photocatalysis, with BaFeO3_CM_1130 ◦C_4 h, utilizing sunlight and
different AO7 initial concentration: [catalyst] = 0.5 g L−1; Volume = 50 mL; Assay duration—4 h.

Type of
Assay

[AO7]0/
mg L−1

AN, SA and Carboxylic Acids Final Concentration 1 AO7 Absolute
Removal/mg L−1

(AO7 Removal/%)AN SA Maleic Acid Oxamic Acid Acetic Acid

Photolysis
5 − − − − − 2.3 (46)

10 − ++ − ++ − 4.0 (40)
20 ++ ++ − − − 7.2 (36)

Adsorption
5 n.d. 2 n.d. n.d. n.d. n.d. 0.6 (11)

10 n.d. n.d. n.d. n.d. n.d. 1.8 (18)
20 n.d. n.d. n.d. n.d. n.d. 3.6 (18)

Photocatalysis
5 ++ ++ − − + 3.7 (74)

10 ++ ++ ++ +++ + 8.4 (84)
20 ++ ++ − +++ + 17.4 (87)

1—< 0.001 mg L−1; 0.001 mg L−1 < + < 0.01 mg −1; 0.01 mg L−1 < ++ < 0.1 mg L−1; +++ > 0.1 mg L−1. 2 n.d.—not determined.

Although this calculation is not the most correct, as the correct removal rate should
be instantaneous rather than the average of 4 h, it may show that the process can be
approximated to first-order kinetics, being the AO7 concentration the rate-determining
factor. It is also observed that when AO7 initial concentration increases to 10 mg L−1, other
metabolites start to form in addition to the usual AN and SA, meaning that AN and SA’s
higher formation rate will enhance their further degradation, with the formation of oxamic
acid. For the initial concentration of AO7 of 20 mg L−1, the AN formation rate should be
higher than its dimerization rate, leading to its detection at the end of the assay.

As for the adsorption tests, with a duration of 1 h, there is an increase in the amount
adsorbed with the increase in the initial AO7 concentration. If an identical reasoning
to that performed for the photolysis data is made, Equation (2) may be obtained, and it
represents the average adsorption rate in the period of 1 h as a function of the initial AO7
concentration.

vmed-Ad = 0.200 [AO7]0 − 0.350· · · (r2 = 0.993) (2)

Additionally, for the photocatalysis with BaFeO3, an increase in the AO7 removal rate
is observed with its initial concentration. If the average rate of photocatalysis for the 4 h
test is plotted as a function of the initial AO7 concentration, Equation (3) may be obtained,
showing that the average catalytic photodegradation rate is like the average adsorption
rate, suggesting that the controlling step of the photocatalytic process may be adsorption,
namely the diffusion of the dye molecule to the adsorption site on the catalyst surface.

vmed-PhC = 0.227 [AO7]0 − 0.202· · · (r2 = 0.9999) (3)

Still, for the photocatalysis, it appears that for higher AO7 initial concentrations, there
is an evident degradation of the primary metabolites (AN and SA), with the formation of
several carboxylic acids, which leads to less toxic final solutions.

Table 4 presents the results of the photocatalysis tests with the BaFeO3-CM and
BaTiO3-CP, with different amounts of perovskite in suspension.
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Table 4. Results from photocatalysis with different perovskites at different concentrations with sunlight: [AO7]0 = 5 mg
L−1; Volume = 50 mL; Assay duration—4 h.

Catalyst [Catalyst]/
mg L−1

AN, SA and Carboxylic Acids Final Concentration 1 AO7 Absolute
Removal/mg L−1

(AO7 Removal/%)AN SA Maleic Acid Oxamic Acid Acetic Acid

BaFeO3_CM_
1130 ◦C_4 h

250 ++ ++ − ++ + 0.3 (6)
500 ++ ++ − − + 3.7 (74)
750 ++ + ++ ++ + 4.6 (92)

BaTiO3_CP_
900 ◦C_3 + 3 h

250 − + ++ ++ − 0.8 (15)
500 ++ + ++ − − 2.7 (53)
750 − + − − − 1.6 (32)

1—< 0.001 mg L−1; 0.001 mg L−1 < + < 0.01 mg L−1; 0.01 mg L−1 < ++ < 0.1 mg L−1; +++ > 0.1 mg L−1.

There is an increase in the dye removal rate with BaFeO3 concentration in suspension,
perhaps because the controlling step is adsorption that increases with the quantity of
perovskite in the suspension. The same behavior is no longer true for BaTiO3 since there is
an increase in the dye removal when the suspension concentration is increased from 250 to
500 mg L−1, but a decrease when the concentration is increased from 500 to 750 mg L−1. The
justification for this behavior may be the existence of a saturation of white powders in this
test that will prevent part of the light from being used and being reflected instead. In fact,
BaFeO3 powders are black. Thus, the increase in photocatalytic activity can be attributed to
the increase in active sites, available for the adsorption of dye molecules [38,39]. In the case
of BaTiO3, the concentration limit that enhances photocatalysis has not been reached. The
decrease in activity after increasing the amount of photocatalyst can be attributed to the
decrease in the intensity of penetration of light radiation [38–40], which can be hampered
or even reflected (dispersed), affecting the photosensitive area. Additionally, a reduction in
photons can lead to a decrease in the degradation rate [38].

Photocatalysis with BaFeO3-CM and BaTiO3-CP was repeated with a higher suspen-
sion volume (200 mL), and both presented higher AO7 removal rates than those observed
during the photolysis tests (Figure 2). In the case of the BaFeO3-CM perovskite, the AO7
removal rate during photocatalysis follows a similar trend to that of adsorption, which
seems to indicate that adsorption is the controlling step. However, this does not seem to be
the case for photocatalysis with BaTiO3-CP, with a decrease in the AO7 elimination rate
when the catalyst is introduced into the solution after 1 h of adsorption. Regarding the
two photolysis tests, AO7 removal is faster in the test shown in Figure 2a,c. A possible
explanation for this may be the higher temperature values in the initial phase of the test.
As for the decrease in the AO7 removal rate, as observed after 2 h of testing in Figure 2a, it
must be due to the marked reduction in irradiance in the final part of the test.

Perovskites can exhibit different photocatalytic behaviors at different temperatures,
and BaFeO3 has shown better results at higher temperatures. On the other hand, BaTiO3
shows a reduction in its photocatalytic activity with increasing temperature [37].
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4. Conclusions

Several perovskite powders were tested for their catalyst ability in suspension under
sunlight for AO7 photodegradation. BaFeO3-CM and BaTiO3-CP showed the AO7 highest
removals rates, originating mainly SA and AN. For the other perovskites tested, AO7
removal rates were lower than that of photolysis. However, with La0.1Ba0.9Fe0.4Ti0.6O3 and
La0.1Ba0.9Fe0.6Ti0.4O3 as photocatalysts, the breaking of the AO7 azo bond to give SA and
AN is followed by their degradation, forming smaller products, such as carboxylic acids,
less toxic than the parent compounds, which is an advantage over photolysis.

Regarding the influence of the preparation method, BaTiO3-CP shows better photo-
catalytic activity than BaTiO3-CM for AO7 removal. This behavior must be due to the
smaller grain size obtained in the complex polymerization method, with the consequent
increase in the catalyst’s surface area. For BaTiO3-CM, the increase in annealing time led to
a reduction in the AO7 removal rate, probably because an increase in the calcination time
leads to the coalescence of crystals, forming agglomerates and reducing the surface area
available for photocatalysis.

The AO7 degradation with BaFeO3 as photocatalyst under sunlight presents a pseudo-
first-order reaction rate, being adsorption the controlling step.



Nanomaterials 2021, 11, 3142 11 of 12

Author Contributions: Conceptualization, A.S.R. and A.L.; Data curation, A.S.R., L.C., and A.L.;
Formal analysis, A.S.R., L.C., S.M., and A.L.; Investigation, A.S.R.; Methodology, L.C. and A.L.;
Project administration, A.L.; Resources, M.J.P. and A.F.; Software, S.M. and A.L.; Supervision, A.L.;
Validation, L.C. and A.L.; Visualization, A.F. and A.L.; Writing—original draft, A.S.R. and A.L.;
Writing—review and editing, L.C., M.J.P., A.F., and A.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Fundação para a Ciência e a Tecnologia, FCT, through
the funding of the UID Fiber Materials and Environmental Technologies (FibEnTech), project
UIDB/00195/2020, the contract funding awarded to A. Fernandes, and the grant SFRH/BD/109901/
2015 awarded to A.S. Rodrigues.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Dong, S.; Cui, L.; Zhao, Y.; Wu, Y.; Xia, L.; Su, X.; Zhang, C.; Wang, D.; Guo, W.; Sun, J. Crystal structure and photocatalytic

properties of perovskite MSn(OH)6(M=Cu and Zn) composites with d10-d10 configuration. Appl. Surf. Sci. 2019, 463, 659–667.
[CrossRef]

2. Grabowska, E. Selected perovskite oxides: Characterization, preparation and photocatalytic properties—A review. Appl. Catal.
B-Environ. 2016, 186, 97–126. [CrossRef]

3. Zhang, M.; Qi, Y.; Zhang, Z. AgBr/BiOBr nano-heterostructure-decorated polyacrylonitrile nanofibers: A recyclable high-
performance photocatalyst for dye degradation under visible-light irradiation. Polymers 2019, 11, 1718. [CrossRef]

4. Kumar, A.; Schuerings, C.; Kumar, S.; Kumar, A.; Krishnan, V. Perovskite-structured CaTiO3 coupled with g-C3N4 as a
heterojunction photocatalyst for organic pollutant degradation. Beilstein J. Nanotechnol. 2018, 9, 671–685. [CrossRef]

5. Guo, H.; Zhou, X.; Zhang, Y.; Yao, Q.; Qian, Y.; Chu, H.; Chen, J. Carbamazepine degradation by heterogeneous activation of
peroxymonosulfate with lanthanum cobaltite perovskite: Performance, mechanism and toxicity. J. Environ. Sci. 2020, 91, 10–21.
[CrossRef] [PubMed]

6. Han, F.; Ye, X.; Chen, Q.; Long, H.; Rao, Y. The oxidative degradation of diclofenac using the activation of peroxymonosulfate by
BiFeO3 microspheres—kinetics, role of visible light and decay pathways. Sep. Purif. Technol. 2020, 232, 115967. [CrossRef]

7. Rao, Y.; Han, F.; Chen, Q.; Wang, D.; Xue, D.; Wang, H.; Pu, S. Efficient degradation of diclofenac by LaFeO3-Catalyzed
peroxymonosulfate oxidation-kinetics and toxicity assessment. Chemosphere 2019, 218, 299–307. [CrossRef] [PubMed]

8. Lin, K.Y.A.; Chen, Y.C.; Lin, Y.F. LaMO3 perovskites (M=Co, Cu, Fe and Ni) as heterogeneous catalysts for activating peroxy-
monosulfate in water. Chem. Eng. Sci. 2017, 160, 96–105. [CrossRef]

9. Kanhere, P.; Chen, Z. A review on visible light active perovskite-based photocatalysts. Molecules 2014, 19, 19995–20022. [CrossRef]
10. Rojas-Cervantes, M.L.; Castillejos, E. Perovskites as catalysts in advanced oxidation processes for wastewater treatment. Catalysts

2019, 9, 230. [CrossRef]
11. Zhang, D.; Lv, S.; Luo, Z. A study on the photocatalytic degradation performance of a [KNbO3]0.9-[BaNi0.5Nb0.5O3− δ]0.1

perovskite. RSC Adv. 2020, 10, 1275–1280. [CrossRef]
12. Pang, X.; Guo, Y.; Zhang, Y.; Xu, B.; Qi, F. LaCoO3 perovskite oxide activation of peroxymonosulfate for aqueous 2-phenyl-

5-sulfobenzimidazole degradation: Effect of synthetic method and the reaction mechanism. Chem. Eng. J. 2016, 304, 897–907.
[CrossRef]

13. Zhu, J.; Li, H.; Zhong, L.; Xiao, P.; Xu, X.; Yang, X.; Zhao, Z.; Li, J. Perovskite oxides: Preparation, characterizations, and
applications in heterogeneous catalysis. ACS Catal. 2014, 4, 2917–2940. [CrossRef]

14. Chen, H.; Motuzas, J.; Martens, W.; da Costa, J.C.D. Degradation of azo dye Orange II under dark ambient conditions by calcium
strontium copper perovskite. Appl. Catal. B Environ. 2018, 221, 691–700. [CrossRef]

15. Pena, M.A.; Fierro, J.L.G. Chemical structures and performance of perovskite oxides. Chem. Rev. 2001, 101, 1981–2018. [CrossRef]
[PubMed]

16. Chen, T.; Meng, J.; Wu, S.; Pei, J.; Lin, Q.; Wei, X.; Li, J.; Zhang, Z. Room temperature synthesized BaTiO3 for photocatalytic
hydrogen evolution. J. Alloy. Compd. 2018, 754, 184–189. [CrossRef]

17. Yuan, Z.; Wang, Y.; Sun, Y.; Wang, J.; Bie, L.; Duan, Y. Sunlight-activated AlFeO3/TiO2 photocatalyst. Sci. China Ser. B-Chem. 2006,
49, 67–74. [CrossRef]

18. Majumdar, A.; Pal, A. Optimized synthesis of Bi4NbO8Cl perovskite nanosheets for enhanced visible light assisted photocatalytic
degradation of tetracycline antibiotics. J. Environ. Chem. Eng. 2020, 8, 103645. [CrossRef]

http://doi.org/10.1016/j.apsusc.2018.09.006
http://doi.org/10.1016/j.apcatb.2015.12.035
http://doi.org/10.3390/polym11101718
http://doi.org/10.3762/bjnano.9.62
http://doi.org/10.1016/j.jes.2020.01.003
http://www.ncbi.nlm.nih.gov/pubmed/32172958
http://doi.org/10.1016/j.seppur.2019.115967
http://doi.org/10.1016/j.chemosphere.2018.11.105
http://www.ncbi.nlm.nih.gov/pubmed/30476761
http://doi.org/10.1016/j.ces.2016.11.017
http://doi.org/10.3390/molecules191219995
http://doi.org/10.3390/catal9030230
http://doi.org/10.1039/C9RA07310H
http://doi.org/10.1016/j.cej.2016.07.027
http://doi.org/10.1021/cs500606g
http://doi.org/10.1016/j.apcatb.2017.09.056
http://doi.org/10.1021/cr980129f
http://www.ncbi.nlm.nih.gov/pubmed/11710238
http://doi.org/10.1016/j.jallcom.2018.04.300
http://doi.org/10.1007/s11426-004-0106-y
http://doi.org/10.1016/j.jece.2019.103645


Nanomaterials 2021, 11, 3142 12 of 12

19. Bresolin, B.M. Synthesis and Performance of Metal-Halide Perovskites as New Visible Light Photocatalysts. Ph.D. Thesis,
Acta Universitatis Lappeenrantaensis 947, Lappeenranta-Lahti University of Technology LUT, Lappeenranta, Finland, 2021.
Available online: https://lutpub.lut.fi/bitstream/handle/10024/162090/Bianca%20Maria%20Bresolin%20A4.pdf?sequence=
1&isAllowed=y (accessed on 16 September 2021).

20. Yakout, S.M. Influence of Na and Na/Fe doping on the dielectric constant, ferromagnetic and sunlight photocatalytic properties
of BaTiO3 perovskite. J. Solid State Chem. 2020, 290, 121517. [CrossRef]

21. Bharati, B.; Sonkar, A.K.; Singh, N.; Dash, D.; Rath, C. Enhanced photocatalytic degradation of dyes under sunlight using
biocompatible TiO2 nanoparticles. Mater. Res. Express 2017, 4, 085503. [CrossRef]

22. Wei, Z.X.; Wang, Y.; Liu, J.P.; Xiao, C.M.; Zeng, W.W.; Ye, S.B. Synthesis, magnetization, and photocatalytic activity of LaFeO3 and
LaFe0.9Mn0.1O3−δ. J. Mater. Sci. 2013, 48, 1117–1126. [CrossRef]

23. Tummino, M.L.; Laurenti, E.; Deganello, F.; Prevot, A.B.; Magnacca, G. Revisiting the catalytic activity of a doped SrFeO3 for
water pollutants removal: Effect of light and temperature. Appl. Catal. B Environ. 2017, 207, 174–181. [CrossRef]

24. Shirazi, P.; Rahbar, M.; Behpour, M.; Ashrafi, M. La2MnTiO6 double perovskite nanostructures as highly efficient visible light
photocatalysts. New J. Chem. 2020, 44, 231–238. [CrossRef]

25. Thirumalairajan, S.; Girija, K.; Hebalkar, N.Y.; Mangalaraj, D.; Viswanathan, C.; Ponpandian, N. Shape evolution of perovskite
LaFeO3 nanostructures: A systematic investigation of growth mechanism, properties and morphology dependent photocatalytic
activities. RSC Adv. 2013, 3, 7549–7561. [CrossRef]

26. Ghiasi, M.; Malekzadeh, A. Solar photocatalytic degradation of methyl orange over La0.7Sr0.3MnO3 nano-perovskite. Sep. Purif.
Technol. 2014, 134, 12–19. [CrossRef]

27. Feng, Y.N.; Wang, H.C.; Luo, Y.D.; Shen, Y.; Lin, Y. Ferromagnetic and photocatalytic behaviors observed in Ca-doped BiFeO3
nanofibres. J. App. Phys. 2013, 113, 146101. [CrossRef]

28. Wei, K.; Yousef, F.; Yao, G.; Xie, R.; Lai, B. Strategies for improving perovskite photocatalysts reactivity for organic pollutants
degradation: A review on recent progress. Chem. Eng. J. 2021, 414, 128783. [CrossRef]

29. Nunes, M.J.; Lopes, A.; Pacheco, M.J.; Ciríaco, L.; Fiadeiro, P.T. Photocatalytic degradation of the AO7 under visible light with
Bi-doped SrTiO3. In Textiles, Identity and Innovation: In Touch; Montagna, G., Carvalho, C., Eds.; Taylor & Francis Group: London,
UK, 2020; pp. 349–355. [CrossRef]

30. Guan, S.; Yang, H.; Sun, X.; Xian, T. Preparation and promising application of novel LaFeO3/BiOBr heterojunction photocatalysts
for photocatalytic and photo-Fenton removal of dyes. Opt. Mater. 2020, 100, 109644. [CrossRef]

31. Carvalho, C.; Fernandes, A.; Lopes, A.; Pinheiro, H.; Gonçalves, I. Electrochemical degradation applied to the metabolites of Acid
Orange 7 anaerobic biotreatment. Chemosphere 2007, 67, 1316–1324. [CrossRef]

32. Shao, S.; Zhang, J.; Zhang, Z.; Zheng, P.; Zhao, M.; Li, J.; Wang, C. High piezoelectric properties and domain configuration in
BaTiO3 ceramics obtained through the solid-state reaction route. J. Phys. D-Appl. Phys. 2009, 42, 189801. [CrossRef]

33. Vinothini, V.; Singh, P.; Balasubramanian, M. Synthesis of barium titanate nanopowder using polymeric precursor method. Ceram.
Int. 2006, 32, 99–103. [CrossRef]

34. Kakihana, M.; Okubo, T.; Arima, M.; Uchiyama, O.; Yashima, M.; Yoshimura, M.; Nakamura, Y. Polymerized complex synthesis
of perovskite lead titanate at reduced temperatures: Possible formation of heterometallic (Pb,Ti)-citric acid complex. Chem. Mater.
1997, 9, 451–456. [CrossRef]

35. Rodrigues, A.S.; Nunes, M.J.; Lopes, A.; Silva, J.N.; Ciríaco, L.; Pacheco, M.J. Electrodegradation of naphthalenic amines:
Influence of the relative position of the substituent groups, anode material and electrolyte on the degradation products and
kinetics. Chemosphere 2018, 205, 433–442. [CrossRef]

36. Holland, T.J.B.; Redfern, S.A.T. Unit cell refinement from powder diffraction data: The use of regression diagnostics. Mineral.
Mag. 1997, 61, 65–77. [CrossRef]

37. Pacheco, M.J.; Santos, V.; Ciríaco, L.; Lopes, A. Electrochemical degradation of aromatic amines on BDD electrodes. J. Hazard.
Mat. 2011, 186, 1033–1041. [CrossRef] [PubMed]

38. Rodrigues, A.S.; Jorge, M.E.M.; Ciríaco, L.; Pacheco, M.J.; Lopes, A. Perovskites (La,Ba)(Fe,Ti)O3: AO7 photocatalysis under
visible light. Rev. Adv. Mater. Sci. 2020, 59, 151–159. [CrossRef]

39. Bresolin, B.M.; Hammouda, S.B.; Sillanpää, M. Methylammonium iodo bismuthate perovskite (CH3NH3)3Bi2I9 as new effective
visible light-responsive photocatalyst for degradation of environment pollutants. J. Photochem. Photobiol. A Chem. 2019, 376,
116–126. [CrossRef]

40. Kappadan, S.; Gebreab, T.W.; Thomas, S.; Kalarikkal, N. Tetragonal BaTiO3 nanoparticles: An efficient photocatalyst for the
degradation of organic pollutants. Mater. Sci. Semicond. Process. 2016, 51, 42–47. [CrossRef]

https://lutpub.lut.fi/bitstream/handle/10024/162090/Bianca%20Maria%20Bresolin%20A4.pdf?sequence=1&isAllowed=y
https://lutpub.lut.fi/bitstream/handle/10024/162090/Bianca%20Maria%20Bresolin%20A4.pdf?sequence=1&isAllowed=y
http://doi.org/10.1016/j.jssc.2020.121517
http://doi.org/10.1088/2053-1591/aa6a36
http://doi.org/10.1007/s10853-012-6845-9
http://doi.org/10.1016/j.apcatb.2017.02.007
http://doi.org/10.1039/C9NJ04932K
http://doi.org/10.1039/c3ra00006k
http://doi.org/10.1016/j.seppur.2014.07.022
http://doi.org/10.1063/1.4801796
http://doi.org/10.1016/j.cej.2021.128783
http://doi.org/10.1201/9780429286872
http://doi.org/10.1016/j.optmat.2019.109644
http://doi.org/10.1016/j.chemosphere.2006.10.062
http://doi.org/10.1088/0022-3727/42/18/189801
http://doi.org/10.1016/j.ceramint.2004.12.012
http://doi.org/10.1021/cm9602353
http://doi.org/10.1016/j.chemosphere.2018.04.104
http://doi.org/10.1180/minmag.1997.061.404.07
http://doi.org/10.1016/j.jhazmat.2010.11.108
http://www.ncbi.nlm.nih.gov/pubmed/21168968
http://doi.org/10.1515/rams-2020-0012
http://doi.org/10.1016/j.jphotochem.2019.03.009
http://doi.org/10.1016/j.mssp.2016.04.019

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Catalysts Characterization 
	Degradation Assays 

	Conclusions 
	References

