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Abstract: Annually, considerable amounts of polluted water are produced due to industrialization
based on processing in various industries. The purpose of this study refers to a process of obtain-
ing a photocatalytic system with a structure of metal oxides in the field of ultrasound, used in the
advanced treatment of wastewater resulting from the pharmaceutical and agricultural industries.
These photocatalytic systems allow wastewater to be treated in a relatively short time, being quickly
recovered and reused repeatedly. To quantify the efficiency of the photocatalyst in treating wastew-
ater, experiments were carried out in the presence of sunlight, in the absence and presence of the
photocatalyst, with a methylene blue solution.
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1. Introduction

Wastewater contaminated with various toxic compounds is a global environmental
problem. These compounds from the pharmaceutical industry or agriculture are frequently
detected in water resources around the world, proving to be harmful to human health
and even the entire ecosystem [1]. A huge amount of polluted water is also produced
annually due to industrialization based on processing in various industries, such as phar-
maceutical, textile, food, agricultural, petrochemical, etc. [2]. Over the years, various
conventional wastewater treatment methods, such as biological oxidation, carbon bed
adsorption, membrane separation, electrochemical treatment, and oxidation, have been
used. The limitations of these effective treatment methods have meant that the wastewater
is not recycled, leading to the research of additional treatment methods, which creates
additional stress on water availability [3]. It is a challenge for researchers to search for
different ecological and economic strategies for wastewater treatment that can be used
on an industrial scale [4]. Advanced wastewater oxidation processes represent promising
and ecological solutions capable of mineralizing harmful substances. In recent years, the
semiconducting properties of metal oxides and their use in photocatalytic water treatment
have been widely studied [5]. Photocatalysts, especially those based on titanium dioxide
(TiOy) or zinc oxide (ZiO), are intensively studied due to their high chemical stability,
promising efficiency, low cost, excellent photocatalytic activity, and non-toxicity, leading
to their use in the water treatment process [6]. Due to the short carrier diffusion path
along the walls leading to rapid mass transfer of reactants, TiO,-based catalysts are efficient
photocatalysts [7]. Therefore, their optimal size is a necessity for their successful application
in pollutant removal. TiO, does not produce toxins during degradation, which makes it
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sustainable and, therefore, preferable. The use of ultrasound to obtain photocatalysts based
on metal oxides has significant potential to improve the synthesis of nanoparticles, due to
the relatively easy applicability and the cavitation effects that can improve the synthesis
process, with time and ultrasound power being the important parameters in obtaining
nanomaterials with optimal and uniform dimensions [8,9].

In this context, the aim of this study refers to a process for obtaining, in the ultrasound
field, a photocatalytic system with the structure of metal oxides used in the advanced
treatment of wastewater resulting from the pharmaceutical and agriculture industries.

2. Materials and Methods
2.1. Materials

All the substances used to obtain the catalytic systems were of high purity and pur-
chased from Sigma-Aldrich (Darmstadt, Germany) and Scharlau (Barcelona, Spain). The
magnetic photocatalyst containing oxide components of Fe;O, TiO,, and La,O3; was ob-
tained from the co-precipitation—-calcination method [10]. A layer of iron oxide is deposited
over the mixture of titanium dioxide and lanthanum. The new photocatalytic system can
be activated in the presence of sunlight, being used to treat wastewater with organic com-
pounds from the pharmaceutical industry or agricultural waters. The new catalysts were
characterized using modern identification methods, such as XRD, FTIR, and SEM analysis.

2.2. Catalyst Preparation

The photocatalytic system was obtained via the co-precipitation—calcination method
of the following salts: LaCls, TiCly, and FeCl; in an ultrasound field.

The experiment was carried out in a reaction vessel under an ultrasound field, where
LaCls (0.06 g) was dissolved in distilled water. Distilled water (90 mL) and ice were added
to the mixture and kept under the ultrasonic field for 15 min. TiCly (3.9 g) is added dropwise
to the ice bath until the ice melts completely. We continued to add NH4OH until pH-7.5.
The mixture was kept under stirring for 30 min. The catalytic system based on TiO, was
washed with distilled water until pH-6. The photocatalyst was centrifuged and dried at
100 °C for 10 h and calcined at 450 °C for 3 h.

TiO,-LayO3 (2.5 g) is dissolved in distilled water (60 mL) under an ultrasound field for
10 min. Add FeCl; (4.5 g) for 15 min at room temperature and NH4OH until pH-7.5. The
formed mixture is kept under the ultrasound field for 30 min at a temperature of 25-30 °C.
The photocatalyst is washed with distilled water until pH-6. The resulting mixture is
centrifuged and dried at 100 °C for 10 h and calcined at 450 °C for 3 h.

2.3. Catalyst Characterization

X-ray diffraction (XRD) analyses were performed using the Bruker D8 Advance X-ray
diffractometer with CuKax radiation (kCu = 1.5406 A) operated at 40 kV and 40 mA. Data
were collected in the 26 range from 10.0° to 80°, with a scan rate of 0.2 degrees/min.

The FTIR analysis of the samples was performed in the attenuated total reflection
(ATR) mode, with a Perkin Elmer Spectrum GX spectrometer (Waltham, MA, USA) in the
range 4000-600 cm~1, with 32 scans and a resolution of 4 cm™1.

Surface morphology and cross-sectional microstructures were visualized using SEM
characterization with a Hitachi TM4000 plus II (Tokyo, Japan) equipped with an ESB

detector and vacuum conductor at an accelerating voltage of 5-15 kV.

2.4. Photocatalytic Degradation Preliminary Tests

The preliminary tests regarding photocatalytic degradation of the methylene blue (MB)
were performed in Erlenmeyer flasks. The MB solution of known concentration together
with the catalytic system was left in UV sunlight for 72 h. To quantify the contribution
of the photocatalyst, the experiments were performed in the presence of sunlight in the
absence and presence of the catalyst with a methylene blue solution.
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3. Results and Discussion
Catalyst Characterization

The presence of existing groups in the structure of the obtained photocatalysts can
also be identified in the FTIR spectra. For Fe,O3-TiO;-LayO (Figure 1B), we can observe
the characteristic peaks of Fe(I)-O groups at the wavelengths 445 cm 1, 474 cm~!, and
542 cm™1; for Fe(IIT)-O groups, we can observe the vibrations at 418 ecm~—! and 457 cm 1,
and the Ti-O groups are found at the wavelengths 429 cm ™!, 587 cm ! and 669 cm 1.

I
A M
1900 [ ]
/
47282 |
|
Fex03 ‘J‘
I |
““““ 54262 456.95
667.91
446 56
N
416.78
w TiOx-Lax0s-FexO3 |
Alz0p
. - N : 2887 |
491.00 44579 |
8029 41.58 668.07 47 3
708.52 610.87 23 156,
60221
$87.0% 41223
4383 I
469.84
T102-La;0s . 44996
w0772
1300.0 12%0 1200 1150 1100 1050 1000 950 900 850 $00 750 700 650 600 550 500 450 400.0
eme-1
aus}zfz
|
419.00
472.82
Fe,0,
152220 120666 68591 542.62456.95
667.91
446.56
Wt Ti0,-La,0, 41223
469.84
43831
492,72
449.96 405.24
73429
ar
463.84 445.39 |
Fe,0,-TiO,-La,0, 48067 456.9(
1504 29
15922 668.01 47360/ | |
155599 | 145391 685.03 587.02

O 1929 .29

1600.0 1500 1400 1300 1200 1100 100? 900 800 700 800 500 4000
cm-

Figure 1. The FT-IR spectra of TiO,-LayO-Fe;O3 (A) and Fe;O3-TiO5-Lay O (B).

In the case of TiO,-La;O-Fe,O5 (Figure 1B), the characteristic peaks of the Fe(II)-O
groups can be observed at the wavelengths 446 cm™!, 472 cm ™!, and 542 cm™!; for the
Fe(III)-O groups, the vibrations can be observed at 416 cm ™! and 456 cm ™!, and the Ti-O
groups are found at the wavelengths 429 cm~!, 587 cm~!, and 668 cm 1.

The crystal structures for TiO,-LayO-Fe, O3 and Fe;O3-TiO,-La,O were investigated
via X-ray diffraction analysis (Figure 2).

The XRD diffractogram of the photocatalysts (Figure 1) indicates the presence of peaks
corresponding to the hematite crystallization form related to Fe,O3 and TiO, peaks that
can be attributed to the anatase crystallization form.

The XRD diffractogram of Fe;O3-TiO;-LayO indicates the presence of peaks corre-
sponding to the hematite crystallization form related to Fe;O3 at 20 angles of 24.10° (012);
33.14° (104); 35.62° (110); 40.85° (113); 49.47° (024); 54.06° (116); 57.52° (122); 64.12° (300);
71.88° (1010); 81.23° (312); 83.04° (0210); 84.99° (134); and 88.69° (226). Peaks of TiO, can be
attributed to the anatase crystallization form (26 angles of 25.29° (101); 37.95° (004); 43.17°
(400); 48.19° (200); 68.10° (116); 79.12° (206)) [11]. For TiO,-La;O-Fe;O3, the XRD analysis
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shows peaks only for the crystallization forms hematite and anatase, corresponding to
metal oxides based on Fe and Ti. It should be mentioned that, with both photocatalysts,
no peaks characteristic of the crystalline phase of lanthanum oxide were observed at 26
angles of 27.36°, 39.62°, and 48.69°, suggesting the integration of lanthanum oxide in the
crystalline network of titanium dioxide [12].
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Figure 2. X-ray diffraction analysis of TiO,-LayO-Fe;O3 (A) and FepO3-TiO,-LayO (B).

The SEM images suggest an agglomerated morphology with a certain porosity for the
FeyO3-TiO,-LaO and TiO,-Lay O-Fep O3 catalysts (Figure 3).

2 I Map Sum Spectrum
Wt% o
340 0.2
304 0.2
234 0.2
73 0.2
40 0.2
0.6 0.1
0.2 0.0
0.1 0.0

Ti0,-La,0-Fe,0,

RENLERRE i

I Map Sum Spectrum
Wt% o

Fe 36.0 0.1
(0} 324 0.1

¢ Ti 233 0.1
i C 7.6 0.1

Al 03 0.0

03 0.0

0.1 0.0

Fe,05-Ti0,-La,0

g TITpia i i e 11y trprrng

Figure 3. Surface morphology of TiO;-LayO-Fe;O3 and Fey,O3-TiO;-LayO.
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The EDX spectrum confirms the majority presence of Fe, Ti, C, La, and O. For example,
for the TiO,-LayO-Fe;O3 photocatalyst, the Ti content was 30.4%, followed by Fe 23.4%
and, respectively, 4% La. But, in the case of the Fe;O3-TiO,-LayO photocatalyst, the Fe
content was 36%, while the Ti content decreased to 23.3%, and the La presence disappeared,
which is consistent with the XRD analyses.

The irradiation time and the adsorption balance between the photocatalyst and the
MB solution represent the most important parameters that control the photodegradation.
Samples were taken every 12 h, and the absorbance was read. It was observed that the
absorption peak of the MB spectra gradually decreases with the increase in the irradiation
time and then becomes constant. A decrease in color intensity from blue to colorless was
observed after approximately 72 h.

As can be seen in Figure 4, the MB removal increases with irradiation time, from
19.8 and 23.54%, after 12 h, to maximum values of 92.5% and 98.45%, after 72 h, for the
FepO3-TiO;,-LayO and TiO,-La;O-Fe, O3 photocatalysts, respectively. This behavior is in
agreement with the data presented by Khan I. et al. [13]. The highest degradation efficiency,
after 48 h, was observed for the TiO,-La,O-FepOs photocatalyst with an 85.74% MB removal,
compared with Fe;O3-TiO;-LayO of only 62.84% MB removal.
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Figure 4. MB Methylene blue degradation over time, MO (without photocatalyst), M1 (Fe;O3-TiO,-
LaZO), M1 (TiOz—La203-Fe203).

These results can be explained by the highest Ti content of 30.4% contained in the
TiO,-LayO3-Fe; O3 photocatalyst.

4. Conclusions

The photocatalytic systems based on oxide components of Fe;O, TiO,, and La,O3 were
obtained via the co-precipitation—calcination method in the presence of the ultrasound-
assisted field. These systems allow wastewater to be treated in a relatively short time,
quickly recovered, and reused repeatedly. Thus, the amount of photocatalyst and its reuse,
as well as the time of exposure to sunlight, are some of the most important parameters
in the successful implementation of the entire wastewater treatment process. In order to
quantify the contribution of the photocatalyst to the wastewater treatment, experiments
were carried out in the presence of sunlight in the absence and presence of the photocatalyst
with a methylene blue solution.
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