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Abstract: Arsenic in drinking water is one of the most concerning problems nowadays due to its
high toxicity. The aim of this work is the photocatalytic oxidation of As(III) to As(V) under visible
light. This study is focused on the use of gadolinium-doped bismuth ferrite as a photocatalyst active
under visible light. Different gadolinium amounts were evaluated (0, 0.5, 1, 2, 5, 10 mol%), and
2 mol% resulted in the best gadolinium amount to reach higher photocatalytic efficiency in terms
of As(V) production. The samples were thoroughly characterized in their optical, structural, and
morphological properties. The results allowed us to identify an optimal concentration of gadolinium
equal to 2 mol%. The reactive oxygen species most responsible for the photocatalytic mechanism,
evaluated through the addition of radical scavengers, were O2

−• and e−. Finally, a photocatalytic test
was performed with a drinking water sample polluted by As(III), showing photocatalytic performance
similar to distilled water. Therefore, gadolinium-doped bismuth ferrite can be considered an efficient
catalytic material for the oxidation of As(III) to As(V) under visible light.

Keywords: arsenic; photocatalysis; bismuth ferrite; gadolinium; visible light

1. Introduction

Water is the most important factor for human survival. Nowadays, attention is
being paid more and more to aqueous pollution caused by the increase in industrial and
agricultural production, necessary to meet the continuous demand due to population
growth [1]. Among all the different pollutants that can be found dissolved in water, arsenic
is considered a priority because of its carcinogen effects [2]. It is the 20th most occurring
element on the earth, 14th in seawater, and 12th in the human body, and nowadays, because
of the consequences on human health, its removal from mainly drinking water is one of the
most important challenges for researchers and authorities [3].

Arsenic can be found in water in two different forms, As(III) and As(V), depending
on the water pH and its oxidation potential [4]. Of the two of them, As(III) is the most
dangerous, because its toxicity is 20–60 times higher than As(V), but also because it is less
easy to remove with traditional processes [5–7].

Both natural and human activities can be the cause of high arsenic concentrations in
waters, rocks, and organisms [8]. The main responsible factors are natural processes such
as biological activity, weathering reactions, and volcanic activities, but human activities are
responsible for a high environmental impact because of the extensive use of arsenic-based
pesticides and herbicides or gold mining [9,10].

Particularly concerning is the presence of As in groundwater, since it is the main source
of drinking water, and since, due to the reducing environment, arsenic is present in its most
dangerous form [5]. For this reason, specific treatments are needed for arsenic removal. In
particular, a first step for the oxidation of As(III) into As(V) is necessary, since the latter
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one is easier to remove from water [11,12]. So, the arsenic removal process consists of a
pre-oxidation step of As(III) into As(V), followed by the removal of As(V) through various
removal technologies [12] that include adsorption, precipitation, membrane filtration, ion
exchange, phytoremediation, electrocoagulation, electrokinetic methods, and phytobial
remediation [3,5,13,14]. Oxidants, such as NaClO [15], KMnO4 [16], ClO2 [17], NH2Cl [17],
MnO2 [18], and H2O2 [19], are usually used for arsenite oxidation to arsenate. However,
these conventional oxidation processes are characterized by some limitations such as by-
product formation, the use of expensive oxidants, and sludge production [11]. To overcome
these drawbacks, alternative oxidation processes are preferred, such as heterogeneous
photocatalysis, which is widely used for the removal of water pollutants [20–25]. In
particular, the TiO2 photocatalyst is shown particularly performing for As(III) oxidation
without the addition of chemicals other than dissolved O2 [26]. Moreover, TiO2 is a cheap,
nontoxic, and easily available material [27]. However, the TiO2 band-gap is equal to
about 3.2 eV, meaning that it can be activated only by UV light. On the other hand, the
activation of TiO2 by visible light is achieved by lowering the band-gap energy thanks
to the introduction of dopant elements into the TiO2 lattice [28,29]. A valid alternative
to TiO2 is the ZnO, which shows a similar band-gap (3.2 eV) [30]. This photocatalyst is
cheaper than titania. However, the photocatalytic application of ZnO is limited because
of photocorrosion phenomena that occur under UV light [31]. As for the TiO2, dopant
elements can be added to the ZnO lattice to reduce the band-gap energy.

In recent years, much attention has been paid to the use of perovskites as photo-
catalysts, due to their band-gap energy lower than TiO2 and ZnO. Among the possible
perovskites that can be employed in photocatalysis, very interesting is the bismuth ferrite
(BiFeO3), that shows a band-gap of 2.2 eV, lower than the TiO2 and ZnO, which allows
BiFeO3 to be active under visible light [32]. BiFeO3 is widely used to remove organic dyes,
such as Methylene Blue [33] and Reactive Black 5 [34]. Moreover, in our previous work, we
showed that BiFeO3 was effective in the As(III) oxidation to As(V) under visible light [11].
On the other hand, BiFeO3 doped with various elements, such as Zr [35], Eu-Ni [36], Mn-
Sm [37], and Gd [38,39] has been studied for the photocatalytic degradation of organic
pollutants but never as a catalytic material for the photocatalytic oxidation of As(III) to
As(V).

For this reason, the present work aimed to test, for the first time, the efficiency of
gadolinium-doped BiFeO3 (Gd-BFO) in the photocatalytic oxidation of arsenite to arsenate
under visible light. In particular, the properties of synthesized materials were investigated
by several analyses (Raman spectra, UV–Vis, SSA, SEM, XRD, PL). The operating conditions
of the photocatalytic tests were optimized, and the role of the main oxidizing species was
identified. The efficiency of the best photocatalyst was also demonstrated in the presence
of a drinking water sample polluted by arsenite.

2. Results and Discussion
2.1. Photocatalysts Characterization
2.1.1. X-ray Powder Diffraction Analysis (XRD)

XRD patterns of the samples synthesized with different concentrations of gadolinium
are shown in Figure 1.

The adopted sol-gel strategy leads to the formation of a mixed bismuth-ferrite oxide
phase. The diffraction peaks of BFO samples (black curve Figure 1) can be assigned to
a polycrystalline rhombohedral-distorted perovskite structure with an R3c space group
(BiFeO3, JCPDS card No. 00-020-0169, represented by stars in Figure 1), with the pres-
ence of a second phase Bi2Fe4O9 (JCPDS card No. 01-074-1098, represented by circles
in Figure 1) [40]. The increasing amount of Gd3+ doping mainly affects the minor phase
Bi2Fe4O9, reducing the intensity of its typical peaks located about at 2θ values of 28.2◦,
29.9◦, and 47.1◦. This gradual decrease is observed up to sample 2Gd-BFO, where the
structure of phase BiFeO3 is still preserved. A further increase in Gd content leads to the
formation of new phases that can be tentatively assigned to pure and mixed gadolinium
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oxide species, clearly visible for samples doped at 5 and 10 mol%. Interestingly, the Gd-
doping set at 2 mol% seems to set a threshold with a dual beneficial effect: (i) reducing
the presence of secondary phases (Bi2Fe4O9) and (ii) ensuring that gadolinium oxide is not
formed.
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Figure 1. XRD pattern of Gd-doped BFO and pure BFO samples.

For samples in which the BFO phase is well defined (BFO undoped and Gd doped at
0.5 mol%, 1 mol%, and 2 mol% samples), the crystallite size has been calculated from the
most intense peaks (0 1 2 and 1 1 0) located both around 2θ = 32◦. The undoped sample has
the largest crystallites with a size of about 69 nm (Table 1). This value decreases with the
addition of gadolinium, reaching a minimum value of 55 nm for the 2Gd-BFO sample.

Table 1. Structural and textural parameters of the prepared samples.

Sample 2θ FWHM Crystallite Size (nm)

BFO
32.0233 0.120 68.9
32.3455 0.119 69.5

0.5Gd-BFO
31.9512 0.133 62.3
32.2727 0.124 66.7

1Gd-BFO
32.0781 0.143 57.8
32.3955 0.1290 64.2

2Gd-BFO
32.0478 0.152 54.7
32.3648 0.136 60.8

5Gd-BFO - - -

10Gd-BFO - - -

2.1.2. Raman Spectroscopy

Figure 2 reports the Raman spectra of the prepared sample. All the photocatalysts
show the typical BFO signals at 135, 168, and 217 cm−1 [41]. In particular, 0.5Gd-BFO,
1Gd-BFO, and 2Gd-BFO do not display bands different from BFO. However, the spectra
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of 1Gd-BFO and 2Gd-BFO photocatalysts show a broadening of the BFO Raman signals,
attributed to the distortion of the BFO lattice caused by Gd3+ substitution [42]. The spectra
of 5Gd-BFO and 10Gd-BFO samples are characterized by the presence of Raman bands at
323 and 435 cm−1, typical of gadolinium oxides probably formed on the surface of the two
samples due to the high quantity of gadolinium used during the preparation step [38]. The
results are in agreement with XRD findings.
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Figure 2. Raman spectra of the prepared samples.

2.1.3. Optical Characterization

UV–Vis DRS spectra were used to determine the optical band-gap of the samples
using the Kubelka–Munk function (FR) (Figure 3). It is possible to note that for the 0.5Gd-
BFO sample, there are no substantial differences compared to the BFO sample, given the
small quantity of the doping element. Indeed, both samples show the same band-gap
of 2.21 eV (Table 2). An increase in the gadolinium content, from 1 to 10 mol%, causes
a gradual decrease in the band-gap value up to 2.07 eV (Table 1), in agreement with the
literature. [43]. The change in the band-gap value as the gadolinium content increases is
due to the introduction of the doping metal ion in BFO lattice. In this way, some impurity
levels are generated in the forbidden band, resulting in the shifts in the donor level above
the original valence band or an acceptor level under the original conduction band [44,45].

Table 2. Band-gap value for each sample evaluated from the Tauc plot reported in Figure 2.

Sample Band-Gap [eV]

BFO 2.21
0.5Gd-BFO 2.21
1Gd-BFO 2.18
2Gd-BFO 2.17
5Gd-BFO 2.07
10Gd-BFO 2.07
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2.1.4. Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) spectra of all samples are presented in Figure 4, using two
different excitation wavelengths. With both λex, the BFO samples show the same set of
peaks whose intensity varies with the dopant concentration. BiFeO3 emission signals
are conventionally attributed to band-to-band (or band-edge) transitions, near-band-edge
emission (NBE), and defect-level emission (DLE) [46]. With an excitation wavelength of
280 nm (Figure 4a), the relevant emission peaks fall into the (ultra-)violet and blue emission
regions. In particular, the bluish emission at ~485 nm has been associated with a band
edge transition [47]. Change in excitation length from 280 nm to 460 nm values (Figure 4b)
allows to highlight in-band transitions due to defect levels, generally attributed to shallow
(or surface) oxygen vacancies [46].
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The 2Gd-BFO sample shows the lowest photoluminescence emission intensity for both
excitation wavelengths. The lower photoluminescence emission intensity is reflected in the
lower recombination rate of the photo-generated electron-hole pairs and consequently in
more effective photocatalytic activity [40].
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2.1.5. Field Emission Scanning Electron Microscopy (FE-SEM)

Scanning electron microscopy (SEM) was used to investigate the morphology of the
powder sample. The analysis indicates that the adopted synthesis led to the formation of
irregular hexagonal-shaped nanoparticles. The micrographs of the 10Gd-BFO sample show
a material with a different morphology (Figure 5c) that confirms the findings of the XRD
analysis. Indeed, especially at high magnifications, nanoparticles with different shapes are
clearly distinguishable. An EDX analysis was also conducted on the most active sample,
2Gd-BFO. The map obtained (Figure 5d) shows a uniform distribution of all elements in
the sample.
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for Bi, Fe, O, and Gd elements on the 2Gd-BFO powder.

2.2. Photocatalytic Activity Results

Figure 6 displays the behavior of As(III) (Figure 6a) and As(V) concentration (Figure 6b)
in the dark phase and under visible light irradiation. All the Gd-doped samples adsorbed
As(III) in dark conditions while bare BFO appeared to be ineffective in the adsorption of
arsenite (Figure 6a). In particular, the amount of As(III) adsorbed increased by increasing
the Gd amount. However, 0.5Gd-BFO and 1Gd-BFO showed a similar behavior during the
dark phase, evidencing an As(III) adsorption efficiency of about 8%. On the other hand,
the highest As(III) adsorption efficiency (about 35%) was achieved with the 10Gd-BFO
sample. Once the light was switched on, all the photocatalysts showed a progressive
decrease in As(III) concentration in the aqueous solution. In detail, at fixed irradiation
time, the residual As(III) concentration for all the Gd-BFO samples was lower than that
observed when bare BFO was used as photocatalyst, indicating that the doping with Gd
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improved the photocatalytic activity under visible light [38]. Looking at the behavior of
As(V) concentration (Figure 6b), it is possible to notice that As(V) was not formed during
the dark phase, and it started to be produced only in the presence of visible light. During
the irradiation period, all the doped samples showed an As(V) concentration higher than
that observed in the presence of bare BFO. In detail, 1Gd-BFO and 2Gd-BFO allowed for
achieving the highest As(V) concentration. Considering the comparable band-gap energy
values of Gd-BFO samples, the better photocatalytic activity of these two photocatalysts
may be explained based on PL results. Indeed, such analysis evidenced that 1Gd-BFO and
2Gd-BFO have a lower e−/h+ recombination rate compared with both bare BFO and the
other doped photocatalysts. More in detail, the PL analysis also showed that the 2Gd-BFO
has an e−/h+ recombination rate lower than 1Gd-BFO, reflecting on the As(V) formation
rate that resulted slightly higher than that of 1Gd-BFO. However, the enhanced activity of
the Gd-BFO photocatalysts did not increase further when the Gd content was increased
at values above 2 mol%. Specifically, compared to 2Gd-BFO, 5Gd-BFO and 10Gd-BFO
photocatalysts evidenced a lower As(V) concentration, despite their lower band-gap energy
values. Possibly, the worsening of photocatalytic As(V) generation rate for Gd amount
higher than 2 mol% could be ascribed to the presence of gadolinium oxide species in
the 5Gd-BFO and 10Gd-BFO samples (as shown from XRD and Raman results), clearly
indicating that not all the Gd amount used in the photocatalysts preparation step was
introduced into the BFO lattice.
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For this reason, 2 mol% can be considered as the optimal gadolinium content for
BiFeO3 doping. The literature data confirmed the enhanced photocatalytic activity of
Gd-doped BiFeO3 under visible light in the case of photodegradation of Indigo Carmine
and Congo Red dyes, using a Gd amount very similar to that found in our work [39].

Once the optimal percentage of gadolinium was assessed, the influence of the catalyst
dosage was studied in the reaction system, by performing experiments with a catalyst
dosage of 0.5, 1, and 2 g/L. From Figure 7, it is possible to notice that the As(V) yield
increased from 64 to about 81% by increasing the 2Gd-BFO dosage from 0.5 up to 2 g/L.
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Figure 7. Influence of 2Gd-BFO photocatalyst dosage on As(V) yield after 180 min of irradiation.

Over a photocatalyst dosage of 1 g/L, the As(V) yield decreased (about 67% of As(V)
yield with a dosage equal to 2 g/L against about 81% As(V) yield achieved with 2 g/L
catalyst loading). This last result may be explained by the increased opacity of the aqueous
solution, making difficult the penetration of light inside the core of the photoreactor [11].
Therefore, the optimal dosage of photocatalyst was 1 g/L.

Photocatalytic tests in the presence of scavenger molecules (shown in Table 3) were
carried out to determine the reactive oxygen species (ROS) that play a significant role in
As(III) oxidation under visible light.

Table 3. List of radical scavengers used in the analysis.

Radical Scavenger Subtracted Species Concentration

Isopropyl alcohol OH·quencher 10 mM
Benzoquinone ·O2

− quencher 1 mM
Methanol h+ quencher 300 mM

Copper Sulfate e− quencher 1 mM

Figure 8 shows the behaviors of As(III) conversion (Figure 8) in the presence of the
selected scavenger molecules. From the obtained results, it is possible to observe that, by
trapping the superoxide and electrons, the photocatalytic efficiency worsened with respect
to that observed in the absence of scavengers, evidencing that the main ROS involved
in the photocatalytic oxidation of As(III) to As(V) are the photogenerated electrons and
superoxide.
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Figure 8. Behavior of As(III) conversion as a function of irradiation time during the photocatalytic
tests in the presence of scavenger molecules.

It is worthwhile to note that, when the h+ and OH· scavengers were added to the solu-
tion, the As(III) conversion increased, meaning that the consumption of photo-generated
OH· and h+ could increase the separation efficiency of photo-generated electron–hole pairs.
In this way, more electrons are available for the generation of the superoxide.

The effectiveness of the optimal 2Gd-BFO was also evaluated on drinking water
contaminated with 5 mg/L of As(III).

The obtained results are shown in Figure 9 and compared with the test with distilled
water. Both As(III) conversion and As(V) yield show a trend similar to the distilled water
results. So, 2Gd-BFO is a well-performant photocatalyst for the treatment of drinking water
polluted by arsenite.
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3. Materials and Methods
3.1. Gd-BFO Preparation

Gadolinium-doped bismuth ferrite (Gd-BFO) has been synthesized by sol-gel method.
Iron nitrate nonahydrate [Fe(NO3)3·9H2O], bismuth nitrate pentahydrate [Bi(NO3)3·5H2O],
and gadolinium chloride hexahydrate [Cl3Gd·6H2O] are the precursor salts used in the
preparation. An amount of 1.66 g of iron nitrate nonahydrate is added to 100 mL of ethanol,
and the solution is kept stirred. Once the iron salt is completely dissolved, 1.99 g of bismuth
nitrate pentahydrate is added to the solution. When the system is homogeneous, different
amounts of gadolinium chloride hexahydrate are added to achieve 0.5/1/2/5/10 mol%
of gadolinium in the final samples. The solution is kept stirred and is heated up to 60 ◦C
to facilitate the ethanol evaporation. With the help of a thermocouple, the temperature
is monitored so that it is always kept below the boiling point of ethanol. When most of
the ethanol is evaporated, the solution is transferred into a crucible and dried at room
temperature up to the formation of a gel. The crucible is then placed into a muffle and
annealed at 600 ◦C in static air for 2 h with a heating rate of 20 ◦C/min. The obtained
photocatalysts are named xGd-BFO, where x is the Gd nominal molar percentage.

3.2. Photocatalysts Characterization

Different techniques have been used to characterize the various samples synthesized.
The Raman spectra of the samples were recorded with a Dispersive MicroRaman system
(Invia, Renishaw, Italy), equipped with a 514 nm laser, in the range of 100–800 cm−1 Ra-
man shift. UV–Vis reflectance spectra (UV–Vis DRS) of powder catalysts were recorded
by a Perkin Elmer spectrometer Lambda 35 using an RSA-PE20 reflectance spectroscopy
accessory (Labsphere Inc., North Sutton, NH, USA). Band-gap energy of the photocatalysts
was determined from Kubelka–Munk function (FR) by plotting (FR × hν)2 vs. hν. To
investigate the effect of gadolinium doping on the optical properties of BFO powders, the
photoluminescence (PL) spectra were collected by means of a Perkin Elmer Spectrofluo-
rometer LS55 (PerkinElmer, Milan, Italy). The analysis was conducted using two different
excitation wavelengths (λex = 285 nm and λex = 460 nm), with spectra recorded in the
range of 300–550 nm for the lower excitation and in the range of 500–800 nm for the least
excitation wavelength. X-ray powder diffraction (XRD) patterns were collected on an X’Pert
Phillips diffractometer (Panalytical, Almelo, The Netherlands), with Cu Kα radiation of
1.541874 Å, to provide information on the crystal structure of the samples (,). The crystallite
size (L) was calculated by Scherrer formula: =kλ/βcosθ, where k is a constant equal to
0.90, λ is the X-ray wavelength equal to 0.154 nm, β is the full width at half maximum,
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and θ is the half diffraction angle. The morphology of synthesized powder was obtained
by field emission scanning electron microscopy (FE-SEM). The samples were dispersed
in ethanol and then, deposited on a silicon wafer and dried before being analyzed by
a Merlin FESEM instrument (Carl-Zeiss AG, Oberkochen, Germany), equipped with an
EDX (Energy Dispersive X-ray Analysis) probe (Oxford instruments, Abingdon, UK) for
semi-quantitative elemental analysis.

3.3. Photocatalytic Activity Tests

The activity of the prepared photocatalysts was tested on 100 mL of aqueous solutions
contaminated with 5 mg/L As(III). The As(III) aqueous solutions were prepared by mixing
1.33 mL of sodium arsenite (0.05 mol/L) in 1 L distilled water. A pyrex batch reactor
(Microglass Heim, Italy) (ID = 2.5 cm; height = 18 cm) provided with an air distributor
device (QAIR = 150 cm3 STP/min) was employed for photocatalytic tests. A visible LEDs
strip (nominal power: 10 W; emission wavelength: 400–700 nm) was used as the light
source. The LEDs strip was rolled up the external surface of the photoreactor. The used
photocatalyst dosage was 1 g/L. The suspension was left in the dark condition for 1 h before
switching the LEDs on for 3 h. The temperature of the solution was monitored during the
photocatalytic experiments, and it was equal to 3 about 0 ◦C during the irradiation time.

To determine the main reactive oxygen species (ROS) involved in the photocatalytic
oxidation of As(III) to As(V), additional experiments were performed in the presence
of scavenger molecules. In particular, isopropyl alcohol (10 mM), methanol (300 mM),
benzoquinone (1 mM), and copper sulfate (1 mM) were used as OH·, h+, ·O2

− and e−

scavengers, respectively [48–50].
During the activity tests, slurry samples were collected at different times to analyze

the As(III) and As(V) concentrations. Before the analytical measurements, the solution
samples were filtered through a 0.22 µ CA filter (SIMPLEPURE, Levanto, Italy) to remove
solid particles.

3.4. Analytical Measurements

As(III) concentration was evaluated by a spectrophotometric method based on the
formation of molybdenum blue reported in the literature [51]. In particular, since the
method can only measure the As(V) concentration, As(III) was evaluated as the difference
between the total arsenic (Astot) and As(V) concentration. Astot concentration was measured
after the solution was treated with a 0.1 M solution of potassium permanganate that
oxidized all the residual As(III) to As(V).

4. Conclusions

The results of this study demonstrate that gadolinium is an effective dopant for BiFeO3
to be used in the oxidation of As(III) to As(V) in the presence of visible light. In particular,
the amount of gadolinium was optimized, and it was equal to 2 mol%. Interestingly, Gd
doping set at 2% molar seemed to be the right compromise to reduce the presence of the
additional Bi2Fe4O9 phase and, at the same time, avoid the formation of gadolinium oxide.
In addition, the 2Gd-BFO sample showed the lowest charge carrier recombination rate.

2Gd-BFO photocatalyst, with a dosage of 1 g/L, allowed us to obtain the highest
photocatalytic activity in terms of As(V) formation. Furthermore, through experiments
performed in the presence of scavenger molecules, it was demonstrated that the photo-
generated electrons and superoxide were the dominant reactive species in the photocatalytic
mechanism. Finally, a photocatalytic test conducted on drinking water polluted by As(III)
showed that the optimal 2Gd-BFO photocatalyst oxidized As(III) to As(V) with an efficiency
very close to that observed in the presence of distilled water.
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