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Abstract: The CuFe,O4 photocatalysts were synthesized by the solution combustion synthesis
method, followed by heat treatment at a temperature range of 400 to 1100 °C. Later, they were
characterized for application in the photodegradation of synthetic dyes under visible radiation.
The X-ray diffraction results showed the presence of cubic and tetragonal phases of CuFe,O4 and
secondary phases of Fe,O3 and CuO, at low temperatures. The infrared spectrum profile confirms
the formation of the phases pointed out in the XRD. For most specimens, the scanning electron
microscopy examination revealed a morphology similar to porous flakes and a quasi-spherical shape.
On the other hand, samples heat-treated at 1100 °C displayed a plate-like morphology. The specimens’
band gap ranged from 1.49 to 1.58 eV, indicating that the material is a semiconductor. Regarding the
photocatalytic efficiency, the 400 °C heat-treated samples showed better activity when the visible
irradiation was used over the green malachite and rhodamine B dyes. The solution degradation rates
on the first and former dyes were 56.60% and 84.30%, respectively.

Keywords: copper ferrite; photocatalysis; dyes; visible radiation

1. Introduction

Wastewater from industrial processes is considered too be a potential source of con-
tamination to the environment due to its organic pollutants. Dyes are considered the main
agents that cause this pollution due to their large-scale use in the cellulose, chemical, petro-
chemical, and dyeing industries [1,2]. Because they are potentially toxic and difficult to be
degraded, dyes are considered as potential threats to human health and the ecosystem [3].
To solve these problems, photocatalysis presents itself as an essential mechanism for the
degradation of organic pollutants, especially for those in wastewater [4]. Since this process
involves a semiconductor that uses O, from the atmosphere, it can therefore be considered
as a green oxidizer [5].

When photocatalysts absorb visible or ultraviolet radiation, and the energy is greater
than or equal to their bandgap, it promotes a jump of their electrons located in the valence
band to the conduction band, leaving a space, also known as holes. Thus, electron-hole
pairs are formed and are responsible for the direct decomposition of organic pollutants
and the generation of reactive radicals that also contribute to degradation [6,7]. Materials
that have surface hydroxyls present high adsorption, since the adsorption behavior can be
influenced by natural surface defects such as hydroxyls and oxygen vacancies [8].
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As for the use of visible light irradiation, there is a growing number of works that
have employed this type of energy source in photocatalysis. This is due to the technique
being less harmful and more sustainable compared to UV light. Guo et al. [9] produced
a composite of CaWO,/Bi;WOg with a bandgap of 2.84 eV. In their work, an effective
photocatalytic activity under visible light irradiation in the degradation of rhodamine B
(RhB) and 4-nitrophenol (4-NP) was possible due to the narrow spacing between bands and
an effective separation of the electron-hole pairs. Later, they prepared an «-Fe,O3/Bi, WOq
composite with a high adsorption capacity and photocatalytic activity of acid red G and
rhodamine B dyes by using visible light because its structure also presented adequate
separation of the electron-hole pairs from the conduction band of the x-Fe,O3 to the
conduction band of BiyWOg [10]. Shi et al. [11] found that irradiation with visible light
could provide a higher rate of degradation and oxidation of atrazine through the Fenton
process of Fe3S,. This is possible because the visible light promotes a higher ratio of Fe(Il)
and Fe(IIT) on the surface of Fe3S, as well as on the redox effect of iron.

Iron-based semiconductor oxides have been shown to be promising materials for
photocatalytic and photoelectrocatalytic applications, mainly in the areas of environmental
remediation and the generation of solar fuel [12]. In the study conducted by Sun et al. [13],
it was found that the Fe304/H;O; system could remove allochlore by the Fenton process,
which can be accelerated by AA through the redox cycle of iron on the surface of Fe30,.
Sun et al. [14] demonstrated that amorphous zero-valent iron (ZVI) has a high inactivation
rate as well as good effectiveness in removing Escherichia coli bacteria from the aqueous
medium because of more reactive oxygen species, mainly OH, which are produced by
iron hydrolysis. Thus, materials that are composed of iron are considered as promising
in water treatment due to the production of more reactive oxygen species. Hu et al. [15]
produced zero valent iron oxalate with oxalic acid dihydrate with a high Cr(VI) removal
rate over a wide pH range by the action of a higher conductivity of protons generated by
the incorporation of oxalic acid. Therefore, they found that the transfer of protons is a
significant factor in the reactivity of iron to remove heavy metal ions. In the investigation
by Xu et al. [16], the adsorption process and the photochemical performance of oxalic acid
on the ferrihydrite surface was evaluated, and it was found that in the presence of visible
light and dissolved oxygen, there was an efficient production of OH due to the reaction
of Fe(Il) and O~ ,/e0O0H, generated by the photolysis of Fe(Il) and O~,/eOO0OH, which
provides an increase in the photochemical activity.

One of these compounds, ferrite, exhibits relevant magnetic, electrical, corrosion, and
optical properties. Thermal and chemical stability in aqueous systems makes them suitable
for several technological applications [17,18]. Copper ferrite (CuFe;Oy), for example, is
a semiconductor with an inverse spinel-type structure, and unlike other ferrites, it can
present cubic and tetragonal structure phases. The last is stable at room temperature,
whereas the cubic occurs at a temperature of 623 K [19]. The type of structure depends
on the distribution of ions between the tetrahedral and octahedral sites. Among the
other characteristics, copper ferrite has high thermal and photochemical stability, low
cost, and low toxicity, with a narrow band spacing of around 1.5 eV [20,21]. Due to these
characteristics, it can be a potential material for application in photocatalytic reactions
using visible or solar light for the photodegradation of organic compounds and dyes in
wastewater, mainly due to its narrow bandgap and magnetic behavior, which allows for its
recovery after reaction [22]. Tasca et al. [23] conducted research on CuFe,O4 and found that
the calcination temperature and chemical synthesis used to produce ferrite significantly
influenced the distribution of cations in the spinel structure and properties of the crystal.
The copper ferrite structure has also resulted from the synthesis and temperature method
to the obtention of the phases [24,25].

Nowadays, to produce CuFe;Oy4, several methods have been considered. The most
utilized ones are the solid-state reaction [23], co-precipitation [26], sol-gel [27], solvother-
mal [28], hydrothermal [29], and combustion [30]. It is worth highlighting the last method,
synthesis combustion, which is a fast process, effective, and has a low cost for preparing
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several materials, mainly nanomaterials and catalysts [31]. Based on the thermodynamic
concepts applied to propellants and explosives, synthesis combustion consists of a reac-
tion in an aqueous solution that contains stoichiometric quantities of the precursors and
a fuel [32,33]. The ratio between the oxidizer and reducer must be equal to 1 [34]. As
reducers, organic fuels such as citric acid, glycine, and urea are generally used. Normally,
these substances possess low decomposition temperature, in addition to low cost and easy
accessibility [35,36]. The combustion reaction in solution occurs at high temperature, and
the wide evolution of gases during the process provides a fine and porous morphology for
the material as well as a high surface area and controlled composition [37]. Thus, combus-
tion synthesis can be used in the production of nanomaterials with desirable characteristics
to be used in photocatalysis.

In a previous study published by the research group, solution combustion synthesis
was used to synthesize zinc ferrite (ZnFe,O,) with a band gap ranging between 1.74 and
1.92 eV, being used in the photocatalysis process under the irradiation of visible light to
degrade synthetic dyes [38]. In order to evaluate the photocatalytic performance of a ferrite
with a narrower band gap than ZnFe,Oy, in the present study, CuFe,O4-based photocat-
alysts were prepared by the combustion reaction in solution using urea as the fuel at a
temperature of 400 °C and the obtained ferrite reported here was inferior to that reported in
the literature. Furthermore, results based on the structural and morphological change of the
heat-treated samples over a wide temperature range from 400 to 1100 °C were discussed
in parallel with their photocatalytic performance. Subsequently, the characterization of
the powders produced was carried out using techniques such as X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy with electron
emission by a field emission gun (SEM-FEG), transmission electron microscopy (TEM)
and high-resolution transmission (HR-TEM), Brunauer-Emmett-Teller (BET), and diffuse
UV-Vis reflectance spectroscopy (DRS). In the photocatalytic tests, malachite green and
rhodamine B dyes were used as a reference to evaluate the photodegradation activity of
the samples using visible light.

2. Materials and Methods
2.1. Preparation of Copper Ferrites

For the synthesis of CuFeyOy, 0.0209 mol of copper nitrate trihydrate [Cu(NO3),-3H,0,
98%, Synth], 0.0417 mol of iron nitrate nonahydrate [Fe(NO3)3-9H,0, 99%, Sigma-Aldrich],
and 0.139 mol of urea [CO(NH;),, PA, Synth] were solubilized using 20 mL of deionized
water in a porcelain capsule.

The solution was constantly stirred and heated to 70 °C until the formation of a gel.
Then, the capsule was taken to a muffle oven at 400 °C for 10 min. After this process,
the materials were de-agglomerated in an agate mortar and subjected to additional heat
treatment at temperatures from 400 to 1100 °C for two hours, according to the flowchart
shown in Figure 1.
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Figure 1. A flowchart of copper ferrite solution combustion synthesis.

2.2. Characterization

The X-ray diffraction (XRD) analysis was performed using a Shimadzu diffractometer
(XRD 6000) with monochromatic copper K radiation (A = 1.5406 A) and operating at 40 kV
and 30 mA, a step of 0.09°, counting time 0.14 s, and scanning angle ranging from 20 to 80°.

From the XRD data, the average crystal size of the CuFe,O4 samples was calculated
using the Scherrer Equation (1).

097 1)
~ Bcosb (

where D is the average diameter of the crystallites (nm); the Scherrer constant (0.9) when
considering the spherical shape; A is the wavelength of the X-ray radiation (nm); f is the
width at half height (FWHM) of the peak with the highest intensity of diffraction in radians;
and 0 is the angle of the Bragg diffraction in degrees.

The infrared spectra were obtained by a Bruker spectrophotometer, model Equinox 55,
in the region of 400 to 4000 cm~!. The scanning electron microscopy images with a field
emission gun (SEM-FEG) were generated using an Inspect scanning electron microscope,
model S50-FEI, with a 20 kV incident electron beam. Transmission electron microscopy
(TEM) and high resolution transmission (HR-TEM) images were obtained using a FEI
TECNAI F20 microscope (The Netherlands) operating at 200 kV.

The specific surface area and pore size distribution of each sample was obtained by
the Brunauer—Emmett—Teller (BET) measurements through the Quanta chrome NOVA
2200 e equipment.

The optical properties were verified by UV-Vis diffuse reflectance spectroscopy (DRS)
using a Cary 5 G spectrophotometer (Varian, Inc., Palo Alto, CA, USA) with a wavelength
in the range of 200 to 800 nm and programmed to operate in diffuse reflectance mode.

The gap energy (Eg) of the samples was determined by using the UV-Vis spectra
according to the Tauc equation.

(ahv) = A(hv — Eg)" 2)

where o represents the absorption coefficient; hv is the photon energy; A is the proportion-
ality constant; Eg is the optical band gap and assuming 1 = 1/2 for direct allowed transition,
n = 2 for indirect allowed transition. For copper ferrite, the electronic transition is directly
allowed [39,40].
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2.3. Photocatalytic Test

The photocatalytic activity of the CuFe,O, samples was analyzed by discoloration
solutions of the green malachite (Isofar) and rhodamine B (Isofar) dyes. Visible light
irradiation was used from three complete spiral fluorescent lamps from the Taschibra brand
at 25 W each.

The concentration of dyes in the solution was 20 ppm for the green malachite and
5 ppm for the rhodamine B. In the experiments, the photocatalyst amount was 0.02 g for
100 mL of the green malachite solution and 50 mL of rhodamine B. They were subjected to
constant stirring in the dark for 30 min in a photocatalytic box to balance the adsorption/
desorption. Subsequently, the solution was exposed to visible light irradiation for 1 h, and
aliquots were removed at 10 min intervals, then centrifuged for 20 min at 300 rpm.

The discoloration process of the dye containing solutions was monitored by reading
the highest peak intensity by utilizing a lambda XLS spectrophotometer from Perkin Elmer,
at 617 nm for green malachite and 554 nm for rhodamine B. The photodegradation efficiency
in the photocatalytic experiments was estimated by applying Equation (3).

Degradation = <1 — ((j:> x 100 3)
1
where C and C; are the initial and final absorbance of the solution, respectively.

The experimental data were used to determine the velocity constants and the half-life
times to obtain the kinetic information of the photocatalytic tests with the CuFe,O4 samples.
As the photocatalysis processes belong to the pseudo-first-order reactions, Equation (4) was
used to calculate the velocity constants [30]:

In =t = —kt @)

where Cj is the initial concentration; C; is the concentration over time; k is the velocity
constant; and f represent the irradiation time. The speed constants were stipulated through
the linearization of the obtained graph.

With the speed constant data, the half-life was calculated using Equation (5).

In2
f12 = e @)

To analyze the photocatalysis mechanism, experiments were performed by employing
sequesters of reactive species in the dye solution. Here, 0.0589 mL of tert-butyl alcohol
(Neon, 99%) was used to confiscate -OH, 0.067 g of benzoquinone (Dynamic, 98%) to
capture 0%, 0.1061 g of silver nitrate (METALMS, 63.5%) to eliminate e~, and ammonium
oxalate (Neon, 99%) to remove the h* species [41].

3. Results and Discussion
3.1. XRD Analysis

The XRD patterns of the CuFe,O4 samples obtained from the combustion reaction
method and heat-treated at different temperatures are shown in Figure 2. The diffrac-
tion peaks of the copper ferrite samples treated at 400, 500, and 600 °C correspond to
the spinel cubic structure CuFe;O4 (JCPDS 077-0010) and specific Fe,O3 secondary phase
peaks (JCPDS 089-0599). In samples treated at 700 and 800 °C, characteristic peaks related
to the spinel of the CuFe,O; tetragonal structure (JCPDS 034-0425) and the Fe,Os phase
(PDF 089-0599) could be observed. The patterns of the samples at 900 and 1000 °C indi-
cate that the material presents a single phase with the diffraction peaks referring to the
CuFe;Oy4 tetragonal spinel (PDF 034-0425). It is also observed that, as the temperature
of the heat treatment is increased, the secondary phase disappears. The 1100 °C treated
sample comprises the phases of CuFe;O4 (JCPDS 034-0425) with a tetragonal structure
and CuO (JCPDS 089-2529). In short, what was observed is that the temperatures that



Catalysts 2022, 12, 623 6 of 18

the heat treatment employed considerably influenced the phase transition of the copper
ferrite. As the temperature increased, the peaks became more evident, indicating that the
compound’s crystallinity increased and the presence of metal oxide impurities significantly
decreased [42].

*

- CuFe,0, (PDF# 034-0425)
- CuFe,0, (PDF# 077-0010)
+ - Fe,04 (PDF# 089-0599)
- CuO (PDF# 089-2529)

*

[=]

Intensity (a. u.)

20 30 40 50 60 70 80
2 Theta (degree)

Figure 2. The CuFe;O4 XRD standards: (a) 400, (b) 500, (c) 600, (d) 700, (e) 800, (f) 900, (g) 1000, and
(h) 1100 °C.

Figure 3 shows the average crystallite size values of all samples. The results varied
between 8.2 and 49.8 nm and agreed with those reported in the literature [42,43]. According
to the table, it can be observed that when the heat treatment temperature increased, the
average size of the crystals also increased. This medium indicates that the dimensions of
the crystals were strongly dependent on the heat treatment temperature [40,44].

70

1 A Crystallite size (nm)
60 —

B

H

o

1
2
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w
o
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o
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0 4+——
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Figure 3. The crystallite size of CuFe,O, heat-treated at different temperatures.
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3.2. FTIR Analysis

Ferrites can be considered as crystals linked with their close neighbors either by ionic
and covalent forces or by van der Waals bonds. In ferrites, their metal ions are located in
two distinct subnets, which correspond to the tetrahedral (sites A) and octahedral (sites B)
positions. This configuration is due to the geometric configuration of the closest neighbors
to oxygen [45]. Thus, the two absorption bands representing the formation of ferrites
were around 400 to 1000 cm~! and correspond to the metal-oxygen bond located at the
tetrahedral and octahedral sites [46].

The Fourier transformation infrared spectra of the CuFe,O4 samples calcined at 400 to
1100 °C are depicted in Figure 4. The two characteristic absorption bands can be seen at
630580 and 480-400 cm~!. For the band that corresponds to the tetrahedral position, the
values were 594, 586, 564, 597, 609, 609, 622, and 603 cm 1, respectively, which were verified
in all of the analyzed samples. For the band that corresponded to the octahedral position,
the observed values were 496, 469, 465, 426, 439, 438, 426, and 425 cm ™!, respectively.

( Fe—O)\‘I
|

(h) I
@r I
f) [
e) |
d)

(<) |1

@ | X

Transmittance (a. u.)

|
| NOBZ | (CU'O)\
OH-7 | |

' I - I ) T T T Y T v T " |
4000 3500 3000 2500 2000 1500 1000 500
-1
Wavernumber (cm )

Figure 4. The FTIR spectra of CuFe,Oy: (a) 400, (b) 500, (c) 600, (d) 700, (e) 800, (f) 900, (g) 1000 and
(h) 1100 °C.

The variation in the absorption band position in the tetrahedral and octahedral sites
occurred due to the different values referring to the length of the Fe(Cu)-O bond [47].
Patil et al. [33] also observed the displacement of the absorption band in the spinel-type
ferrite according to the cation and phase transformation redistribution. The band at 1352
cm ™! can be related to NO; vibration, referring to the residual nitrate groups of the metal
nitrates [48].

The absorption band around 3400 cm ™! corresponded to the way of stretching of the
H,0 molecules and OH groups. At approximately 1600 cm~!, the band corresponded to
the flexion of the H,O molecules [49].

3.3. SEM-FEG Analysis

The SEM-FEG images for the CuFe,O,4 samples are displayed in Figure 5. Through the
micrographs of the copper ferrite samples, heat-treated at 400 to 1000 °C, agglomerates com-
posed of several almost spherical particles in the form of flakes were observed. The porous
structure of the material is mainly related to the combustion synthesis in solution [50].
As the temperature increased, the particles increased and tended to clump together, as



Catalysts 2022, 12, 623

8 of 18

evidenced in the images. This behavior is related to the growth of the grains and attributed
to the heat treatment [51]. However, at 1100 °C calcined for 3 h (Figure 5A-H), the mor-
phology changed to plate shape, indicating a phase transformation, as displayed by the
XRD results (see Figure 1).

Figure 5. The micrographs of CuFe;Oy4: (A) 400, (B) 500, (C) 600, (D) 700, (E) 800, (F) 900, (G) 1000,
and (H) 1100 °C.

3.4. TEM (HRTEM) Analysis

The TEM image of the sample calcined at 400 and 1000 °C is shown in Figure 6A,C,
respectively. It can be seen that the nanoparticles had an almost spherical shape, as shown
by the SEM images. As shown in Figure 6B,C the material had different sets of lattice
fringes that, according to the interplanar spacings, corresponded to the planes (311), (111),
(310), and (440) of ferrite and hematite [52].

Figure 6. The TEM image of CuFe,O4 samples: (A) 400, (C) 1000, (B,D) HRTEM image with d-space
values.

3.5. BET Analysis

The surface area and the pore size distribution of the samples calcined at 400 and
1100 °C can be seen in Figure 7A,B, and it can be seen that the samples presented a type
IV isotherm that corresponded to mesopores [53]. In Figure 6B, the pore size distribution
is shown, using the BJH method in the analysis. The surface area, pore diameter, and
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pore volume are shown in Table 1. The sample calcined at 400 °C had a surface area of
184.400 m? /g, while that of 1100 °C was 3.989 m?/g. This area difference can be attributed
to less pore formation at higher temperatures as a result of the rapid conversion rate of
oxides in the synthesized material [54].

| t 400 =) [—m—1100]
1504 ¢ | -
! /
- | H / S
3 1.4 ! 3
-.S, En — . .. -
g 1004 T ‘ x o
(7)) a .' (%3] :
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Figure 7. The adsorption-desorption isotherm (insertion—BJH pore size distribution) of the CuFe,Oy
samples calcined to: (A) 400 °C and (B) 1100 °C.

Table 1. The adsorption—desorption data of the CuFe,O4 samples.

Treatment Temperature of

Surface Area

Pore Volume

Pore Diameter

CuFe, 04 Sample (°C) (m?/g) (cm3/g) (nm)
400 184.400 0.291 2.184
500 128.284 0.159 2.181
600 36.859 0.145 9.262
700 17.540 0.128 16.821
800 6.458 0.019 2.183
900 5.562 0.057 2.160
1000 4.970 0.010 2.417
1100 3.989 0.006 2.141

3.6. DRS Analysis

Figure 8 presents the graphs to estimate the bandgap energies and the UV-Vis spectra
of the CuFe;O4 samples. The obtained values for the gap energy were around 1.49 to 1.58 eV.
Different parameters can affect the band gap such as crystallite size, lattice parameter, and
the presence of impurities as well as an increase in the calcination temperature as it caused
an increase in the particle size and a decrease in the lattice parameters of the structure [55].
A similar behavior to the band gap was reported in the study on porous TiO, airgels [56].
Thus, the light absorption occurred at wavelengths greater than 600 nm, indicating that the
powders could effectively absorb light in the visible spectra. Absorption in the visible region
may be associated with the transition of electrons from the O-2p level (valence band) to the
Fe-3d level (conduction band). Thus, ferrites are activated by visible light radiation [57,58].
The found gap energy values for the samples were lower than the reported ones in the
literature obtained by combustion in solution, which is equivalent to 1.90-2.15 eV [49,51].
Table 2 shows the comparison of the gap values and copper ferrite efficiency obtained in
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this study with others produced in different studies using the same synthesis technique
and irradiation source (more on these discussions are presented below).

— 400 °C —1100°C
Linear fit Linear fit
- 3 o
: 3 :) e s _ 1100 °C
= 3 o £
£ 8" z @
= g" = § J
S __— o T
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Figure 8. The UV-Vis spectra and energies of the optical band gap of the heat-treated CuFe,Oy4
samples: (A) 400 °C, (B) 1100 °C, (C) optical band gap energies of CuFe,Oy as a function of calcination
temperature.
Table 2. A comparison of the CuFe;O4 obtained in the work with others reported in the literature
with the same conditions.
. Synthesis . Band Gap . Degradation
Material Method Absorption V) Light Source %) Dye Ref.
1.96-1.84 Sun light 83% Malachite green [53]
CuFe; 04 Combustion visible 1.9 Xelr;‘ cr)rr:Parc 94.5% Malachite green [50]
1.49-1.58 LED 56.6-20.53% Malachite green This work

3.7. Photocatalytic Tests

The susceptibility of copper ferrite to visible light in the photocatalysis process was
analyzed with the malachite green and rhodamine B dyes. The absorbance spectra of the
malachite green solution with the photocatalyst and photolysis are shown in Figure 9.

The adsorption of the dye by the photocatalysts was evaluated during the adsorption/
desorption equilibrium time without visible irradiation. The adsorption and the photocat-
alytic activity were detected due to the peak reduction in the dye absorption over time. The
photocatalytic performance of the samples was reduced as the heat treatment temperature
increased.

The efficiency and reaction kinetics graphs are displayed in Figure 10 and show the
results of the photocatalysis tests.
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The corresponding values to the kinetic constant, half-life, and the percentage of
discoloration of the solution with the green malachite dye are shown in Table 3. Here, the
photocatalytic behavior of the CuFe,O4 photocatalysts can be well verified.

Table 3. The experimental photocatalytic data of the green malachite discoloration solution in the
CuFe;Oy4 heat-treated samples.

Temperature (°C) k x 10-2/min—1 t1» (min) Discoloration (%)
400 1.40 0.49 56.60
500 0.98 0.70 43.16
600 0.80 0.86 39.08
700 0.64 1.08 31.59
800 0.55 1.26 29.42
900 0.54 1.28 27.52
1000 0.42 1.65 20.94
1100 0.42 1.65 20.53

The kinetic constant of the photocatalyst calcined at 400 °C was 1.4 x 1072 min~!
and the half-life was 0.49 min, while for the highest temperature of 1100 °C, it was
0.42 x 1072 min~! and 1.65 min. A higher temperature of the employed heat treatment
led to the constant kinetic decreasing and the half-life increasing. The same behavior can
be observed when related to the solution’s discoloration percentage, which was 56.60%
for 400 °C and 20.53% for 1100 °C. Thus, the order of efficiency of the photocatalysts was
400 > 500 > 600 > 700 > 800 > 900 > 1000 > 1100 °C.

According to the data, the 400 °C sample had a higher photocatalytic performance,
which may be associated with the smaller size of the crystallite. The growth of the crystals
during heat treatment led to more significant sizes, decreasing the number of active sites
on the surface, causing the reduction in the photocatalytic activity in the material [59].
Secondary phases should also be considered as a factor that can influence the photocatalytic
activity of the samples such as CuO and Fe,Os. The presence of Fe,O3 decreased the
recombination of the charge carriers and improved the photocatalytic activity. When
comparing the a-Fe;O3 and CuO phases, copper oxide had a smaller bandgap and could
be excited by lower energy [58—60].

In the photocatalytic degradation experiments with rhodamine B, the same conditions
applied to the green malachite were used. Figure 11 shows the changes in the UV-Vis
spectrum at the highest absorbance peak (550 nm) of the dye over time in solution with the
photocatalyst and photolysis.

The photocatalysts promoted the adsorption of rhodamine B, although less than that
of the test with green malachite. All samples showed the degradation capacity of the dyes.
With the increase in the irradiation time, the absorption peaks corresponding to the dye
reduced progressively and decreased with time [61,62].

Figure 12 shows the photodegradation efficiency of the samples and the kinetics graph
of the reaction of the tests when using visible light as a source of irradiation. Table 4 shows
the values of the kinetic constants, half-life, and percentage of degradation of the dye in the
solution of the photocatalysts.



Catalysts 2022, 12, 623

13 0f 18

—— Rhodamine B —— Rhodamine B
0.9+ (A) ——0 min 0.9+ (B) — 0 min
~——10 min —— 10 min
Pl ——20 min g —— 20 min
~ 074 —30 min 0.7+ —30 min
- ——40 min 3 ——40 min
7 ey ~— 50 min 8 064 —— 50 min
e o5 60 min § 05 60 min
® @
¥e] +£
<} 2
2 2
<
300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)
——O0min h h )
F—— 10 min (C ) b
El .
o
S L -
(]
O o
c
o t o
0
[ L e
o
n | i
o]
< | .
400 450 500 550 600 650 700
Wavelength (nm)
Figure 11. The absorption spectra of the rhodamine B solution using CuFe;Oy4 at: (A) 400 °C,
(B) 1100 °C, and (C) photolysis.
18 . == 20 e
164 (A) —A—500 14 500 (B)
d —e— 600 254« 600
144 —<¢—700 |« 700
1 —e—800 e 800
12 —v—900 201y
] —e— 1000 le x
1.0 = = ——1100[ ~ .. [e
o \W S SN % 15
QO s A
S o ——te—e, | S
c 104
0.6 - =
0.4 - 0.5
0.2 4 u u &
] > = 00+ % % O —e
0.0 T 2 T T T T T T T T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (min) Time (min)
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Table 4. Thee experimental photocatalytic data of the decolorization of the rhodamine B solution
from the heat-treated CuFe,O4 samples.

Temperature (°C) k x 10~2/min—1 t1/» (min) Discoloration (%)
400 2.30 0.30 84.30
500 0.55 1.26 28.97
600 0.46 1.50 25.67
700 0.40 1.73 24.07
800 0.17 4.07 11.02
900 0.14 4.95 8.23
1000 0.14 4.95 8.20
1100 0.13 5.33 7.98

The rhodamine B solution degradation rate was 84.30% for the 400 °C sample, with a ki-
netic constant of 2.3 x 1072 min~! and a half-life of 0.30 min. For the thermally treated pho-
tocatalyst at 1100 °C, the rate reached about 7.98%, the constant about 0.13 x 102 min~ 1,
and the half time was 5.33 min. It was verified that the photocatalytic performance also
decreased as the heat treatment temperature increased.

Therefore, the 400 °C sample showed greater photocatalytic efficiency than the other
CuFep;O4 samples treated at higher temperatures in the two photocatalytic degradation
experiments. As for the dyes, green malachite was more adsorbed by the photocatalysts
than by rhodamine B. However, the degradation of the solution with rhodamine B dye
was more remarkable than with green malachite when using the calcined photocatalyst at
400 °C; the kinetic constant was 1.4 x 1072 and 2.3 x 1072 min~! for green malachite and
rhodamine B, respectively. This difference can be related to the molecular structure of the
organic dyes.

3.8. Photocatalytic Mechanism of CuFe,Oy

To indicate the reaction mechanism, photocatalytic tests were carried out with the
use of hijacker reactive species. The 400 °C sample was used in the experiments due to its
significant photocatalytic performance when compared to the other heat-treated samples
and the green malachite dye was employed. Figure 13 shows the obtained results. It
can be seen that when adding BQ (benzoquinone) and TBA (tert-butyl alcohol) to the
photocatalytic test, the degradation of green malachite by CuFe,Oy4 presented a reduction.
This points out that the reactive species that predominate in the photodegradation reaction
are superoxide (O?~) and hydroxyl (¢OH) while the other hole (h*) and electron (e™)
species have less influence on the process.

The photocatalytic degradation mechanism of rhodamine B and green malachite dyes
are shown in Figure 14. The photocatalysis process starts when the solution with the dye
and the photocatalyst is exposed to a light irradiation source, in the case of visible light.
With the irradiation, the electrons in the semiconductor are excited and move from the
valence band (VB) to the conduction band (CB), generating holes in the BV. The electrons
and holes are responsible for the active species formation, which are fundamental in
photodegradation. The electrons present in CB can react with the oxygen adsorbed in the
environment and provide superoxide, while the holes in the VB with the water produce
hydroxyl. These formed species are highly reactive and in contact with the dye molecules
lead to the degradation of these dyes [63]. The following equations can represent the
degradation process.

CuFe,O4 +hv — e~ +ht, (6)

CuFe;O4(e7)+ 0, - Oy, 7)
CuFe;O4 (h+) + H,O — eOH, (8)
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Figure 14. The reaction mechanism of the decolorization of dyes over CuFe;Oy.

4. Conclusions

The combustion reaction in the solution method was used to synthesize the CuFe;O4
photocatalysts that were heat-treated at 400 to 1100 °C and later used in photocatalysis.
Based on the experimental results, the following conclusions can be drawn:

1. The calcined samples at 400 to 600 °C showed a cubic structure and a secondary phase
of Fe;Os. From 700 to 1100 °C, they presented a tetragonal structure; in specimens
treated at 700 and 800 °C, the Fe,O3 phase was still present but disappeared at
900 °C. The CuFe,O4 photocatalysts had crystal sizes around 8.2 to 49.8 nm. The SEM
micrographs showed nearly spherical particles in the form of porous flakes and high
agglomeration. The TEM images (HRTEM) also indicate the formation of spherical
particles and lattice fringes corresponding to the (311), (111), (310), and (440) planes.
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2. The infrared spectra confirmed the presence of ferrites with absorption bands in
the range of 400 to 1100 cm™~! that correspond to the metal-oxygen bond in the
tetrahedral and octahedral sites. The BET analysis revealed the surface area and pore
size distribution of the samples, in which that at 400°C had a smaller surface area
compared to that at 1100 °C. The optical responses of the CuFe,O, samples showed
their absorption in the visible spectrum, with energy gap values ranging from 1.49 to
1.58 eV.

3. Photocatalysts were used in the photocatalytic tests with visible light irradiation using
synthetic green malachite and rhodamine B dyes. The samples showed adsorption in
the photocatalysis experiments. The dye solution’s degradation rate was 56.60% and
84.30% for the CuFe;O4 photocatalyst treated at 400 °C using green malachite and
rhodamine B, respectively.

4. The results show that the 400 °C sample had a higher photocatalytic efficiency than
those heat-treated at higher temperatures for both dyes. This may be associated with
the secondary phase Fe,O3 and the smaller size of the crystallites.
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