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Abstract: This work investigated the photocatalytic properties of polymorphic nanostructures
based on silica (SiO2) and magnetite (FesO4) for the photodegradation of tartrazine yellow dye.
In this sense, a fast, easy, and cheap synthesis route was proposed that used sugarcane bagasse
biomass as a precursor material for silica. The Fourier transform infrared (FTIR) spectroscopy
results showed a decrease in organic content due to the chemical treatment with NaOH solution.
This was confirmed through the changes promoted in the bonds of chromophores belonging to
lignin, cellulose, and hemicellulose. This treated biomass was calcined at 800 °C, and FTIR
and X-ray diffraction (XRD) also confirmed the biomass ash profile. The FTIR spectrum
showed the formation of silica through stretching of the chemical bonds of the silicate group
(Si-O-Si), which was confirmed by DXR with the predominance of peaks associated with the
quartz phase. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy
(EDS) confirmed the morphological and chemical changes due to the chemical and thermal
treatments applied to this biomass. Using the coprecipitation method, we synthesized FesO.
nanoparticles (Np) in the presence of SiO,, generating the material Fes04/SiO2-Np. The result
was the formation of nanostructures with cubic, spherical, and octahedral geometries with a
size of 200 nm. The SEM images showed that the few heterojunctions formed in the mixed
material increased the photocatalytic efficiency of the photodegradation of tartrazine yellow
dye by more than two times. The degradation percentage reached 45% in 120 min of reaction
time. This mixed material can effectively decontaminate effluents composed of organic
pollutants containing azo groups.

Keywords: decontamination; organic pollutants; photocatalyze; sugarcane; magnetite
nanoparticles; coprecipitation

1. Introduction

The development of technologies [1] for effluent decontamination has been
growing due to the increase in industrial processes [2] since industrial products
contaminate the environment, causing enormous damage to humanity. Advanced
Oxidation Processes (AOPs) [3] bring advantages, such as efficiency in oxidizing
these pollutants, while not generating secondary products. Different configurations of
photocatalyst materials based on metals and metal oxides have been widely
investigated in the literature to improve AOPs [2,4,5]. Important aspects for efficient
photodegradation of pollutants, such as physicochemical and morphological
properties, are highlighted within these nano- and microstructured photocatalysts.
Considering the separation between the valence band (VB) and conduction band (CB),
a favorable band gap to inhibit recombination between the holes (h*) generated in the
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VB and the photogenerated electrons (e™) in the CB of the semiconductor plays a
crucial role. Recombination is more strongly favored in semiconductors with band gap
values above 3.0 eV [6], making the photodegradation of pollutants difficult.
Therefore, ensuring a high quantity of positive and negative charges in the
semiconductor generates a greater quantity of radicals due to the attack of these
charges on molecules in the medium, such as H,O and O..

Textile and food dyes constitute a significant category of pollutants that cause
damage to the environment when present in an inappropriate form. These organic
molecules have a high molecular mass and generally do not undergo natural
degradation in the environment. Since dyes are molecules rich in electrons, in the
presence of HO® and O3 radicals, they tend to undergo degradation reactions,
reducing into smaller molecules that can degrade more easily in the environment.

Several studies [7] have widely investigated the intrinsic modification of oxides
(doping) consisting of metals belonging to groups II to IV to decrease the energy
required to promote electrons, facilitating the formation of h*/e~ charges that will
generate radicals to react with polluting organic molecules. In contrast, the formation
of heterojunctions [8,9] in the structures of materials based on metal oxides is also a
strategy reported in studies on inhibiting charge recombination in the semiconductor.
Ashiegbu and Potgieter [10] demonstrated that the formation of heterojunctions in the
composite consisting of zinc oxide and tungstate was decisive for the rapid
photodegradation of the methyl orange dye. In the same sense, Shahazad et al. [11]
also proved that the formation of heterojunctions in the nanomaterial consisting of
silver and titanium oxide increased the lifetime of the charges generated in the catalyst,
enhancing the photodegradation reaction of the methylene blue and methyl orange
dyes. When analyzing all these works, it is evident that the synergy caused by the
formation of a heterojunction is crucial in the photocatalytic performance in the
degradation of dyes.

Titanium oxide (TiO,) is commonly used to treat specific nanoparticles in
photodegradation. However, it presents some disadvantages, such as the high cost of
the ionic precursor, the time-consuming synthesis routes, and the limited use in the
visible spectrum [12]. In contrast, magnetite nanoparticles (FesO4) [13] have also
become widely used in effluent decontamination. This is mainly due to the low cost
of the precursor salts, the rapid and simple synthesis routes, the ability to control
physicochemical and morphological properties, and the reuse of the photocatalyst
through external magnetic collection. Jaehun et al. [14] developed a composite
material consisting of graphene oxide, tungstate, and magnetite for the photocatalysis
of malachite green dye and chromium ions. The synthesized material generated the
formation of heterojunctions that enhanced the photodegradation of the dye and
chromium ion.

From the point of view of magnetite synthesis, the literature [15] presents several
routes for obtaining it. However, synthesis through the coprecipitation method stands
out from the others due to the ease with which magnetic nanoparticles are formed in
an aquatic environment. Factors such as room temperature, speed of selection of iron
ions in a basic medium, and control of particle size are factors that make this route
widely used for the synthesis of this material.
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Thus, this work proposed the synthesis of a mixed material based on SiO, and
Fes0, for the photocatalytic degradation of tartrazine yellow dye. We obtained
photocatalyst material by combining low-cost materials, biomass reuse from
sugarcane bagasse, and rapid synthesis. We analyzed the morphological and
physicochemical properties of the Fe;04/SiO2-Np to understand the photodegradation
mechanism of the tartrazine yellow dye (-N = N-) in an aqueous medium. In this
regard, this work focused on the proposal of a low-cost material with the reuse of a
biomass that is often discarded irregularly to serve as a support in the synthesis of
magnetite. This easy and fast synthesis of the Fe304/SiO, nanocomposite meets the
objective of a versatile and efficient material in the degradation of organic dyes,
compared to other materials that present complex, expensive, and time-consuming
configurations to obtain for the same purpose.

2. Materials and methods

2.1. Obtaining silica (SiO2)

Figure 1a shows the sugarcane bagasse biomass collected from a street market
located in the city center of Catal&d, Goi&, Brazil. The biomass was washed with
distilled water to remove impurities and small insects. Then, it was cut into small
pieces and placed in an oven at 80 °C for 24 h to remove excess water. Finally, it was
crushed in a blender to obtain particulate material, as shown in Figure 1b. This
pulverized material underwent chemical treatment with an NaOH solution (1.0 mol
L1 for 1 h. Then, it was washed with distilled water until the wash water reached a
neutral pH (pH = 7). After the treated and washed biomass was completely dried, it
was burned in a muffle furnace at 800 °C at a heating rate of 10 °C/min for 1 h to
obtain biomass ash, as presented in Figure 1c.
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Figure 1. (a) Photographs showing the sugarcane bagasse biomass; (b) washed and
pulverized biomass; (c) biomass ash.

2.2. Synthesis of the Fe3O4/SiO2 nanoparticles

The synthesis of Fe304/SiO, nanoparticles used analytical grade reagents without
further purification. Ferric chloride (FeCls), ferrous chloride (FeCl,), and ammonium
hydroxide (NH4OH) were purchased from Aldrich. Fes04/SiO,-Np was synthesized
by the coprecipitation method [16] with some modifications. First, the solutions were
prepared using distilled water: 25 mL of FeCl, (1 mmol L) and 50 mL of FeCls (1
mmol L™2). In a three-necked glass flask, 25 mL of FeCl, and 50 mL of FeCls; were
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added under constant stirring, with a controlled atmosphere (N gas), at 50 °C. Then,
150 pL of NH4OH (7 mol L) were added. Instantly, 50 mL of SiO, suspension (0.1
g L) were added, followed by another 150 uL of NH4OH. The system was turned off
minutes after the solution had changed from yellow to black. After the addition of 150
uL of NH4OH to the solution, an abrupt change from yellow to black occurred, typical
of magnetite. The addition of another 150 puL was necessary to ensure a complete
supply of iron ions. This entire synthesis procedure lasted only 5 min.

2.3. Photodegradation of tartrazine yellow dye

For photocatalytic degradation, a 50 ppm stock solution of tartrazine yellow dye
was prepared in double distilled water. Photodegradation experiments were carried out
with a solution of 50 ppm of tartrazine yellow dye. First, 0.5 g L™ of Fe304/SiO2-Np
was directly added to 100 mL of tartrazine yellow dye solution and placed in a photo-
reactor. Then, the mixture was placed under magnetic stirring and subjected to the UV
irradiation from a mercury vapor lamp of 125 W. The mixture was stirred for 1 h in
the absence of light to promote the adsorption of tartrazine yellow dye on the
photocatalyst (which was considered as time 0 in all graphs). After 1 h, the reactor
lamp was turned on, and the reaction was conducted for 120 min. At 15-minute
intervals, 3 mL of the solution was collected and analyzed using a UV-Vis
spectrophotometer at a maximum wavelength of 426 nm, which corresponds to the
maximum absorbance of the azo group of tartrazine. For each aliquot removed, an
external magnetic field was applied to separate Fe3O4/SiO2-Np from the solution.

2.4. Characterizations of Fe3sO4/SiO2-Np

UV-Vis spectroscopy experiments were performed in a Varian
spectrophotometer at 25 <C, ranging from 200 to 800 nm, using a 1 cm long quartz
cuvette. The morphology and size of Fe;04/SiO2-Np were analyzed in a field emission
gun scanning electron microscope (FEG-SEM) Jeol Brand, JSM-7100FT, using the
secondary electrons. For the FEG-SEM analysis, a small amount of Fe3O4/SiO.-Np
was dripped on carbon tape. Chemical mapping was performed by energy dispersive
X-ray spectroscopy (EDS) coupled to FEG-SEM. The X-ray diffraction (XRD)
analyses were performed on a Shimadzu XRD-6100 diffractometer operated at 30 kV
and 30 mA and equipped with Cu-Ka radiation and a graphite monochromator in a
range from 5°to 85< The Fourier transform infrared (FTIR) spectroscopy analysis
was carried out in a Cary 630 FTIR Spectrometer (Agilent) in attenuated total
reflectance (ATR) mode, with a wavelength range between 4000 and 500 cm™ and
resolution of 4 cm™.

3. Results and discussion

3.1. Production of SiO2 from sugarcane bagasse biomass

The sugarcane bagasse biomass, after being washed and powdered, was initially
treated in a basic medium in an NaOH solution (0.1 mol L™). After this chemical
treatment, the natural biomass color slightly changed from a whitish color (Figure 2a)
to a slightly pinkish color (Figure 2b). This slight color change is associated with the
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reaction between the hydroxyl ions (HO™) and the lignocellulosic biomass units
[17,18]. Figure 2c shows the FTIR spectra to highlight this reaction. The FTIR spectra
for natural biomass (black line) and biomass treated with NaOH (0.1 mol L) (red
line) indicated vibrational stretching modes [19,20] associated with O-H, C-H, C=0,
and C-O bonds, respectively, at 3400, 2899, 1718, and 1240 cm™. We can also observe
a vibrational mode corresponding to the angular deformation of the C-O-C group at
1039 cm™. Most of these vibrational modes appeared with lower peak intensity and
shifted to lower wavenumbers. This demonstrates that the basic medium tends to
reduce the organic content as the HO™ ions react with the lignocellulosic biomass
units, as reported in other studies [21,22]. Reducing this organic content in this pre-
treatment is important to reduce the biomass calcination time, facilitating the
conversion to ash.
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Figure 2. (a) Photographs of natural biomass; (b) biomass treated with NaOH (0.1
mol L™); (c) Fourier transform infrared (FTIR) spectra for natural biomass (black
line) and biomass treated with NaOH (0.1 mol L™2) (red line).

When the biomass treated in a basic medium was subjected to heat treatment at a
temperature of 800 <C, for one hour in the muffle furnace, the material changed its
color to a grayish tone, typical of products arising from the combustion of organic
matter. Figure 3 shows the SEM images to detail this morphology and to analyze this
change from organic to inorganic matter. Typical plant structures, such as fibers
(Figure 3a) and plant cells with hexagonal geometry (Figure 3b), are clearly visible
and highlighted in red in natural biomass [23]. Figure 3c,d show that these fibrous
and cell structures disappeared completely, followed by the presence of micropores
[24] in the biomass sample calcined for 1 h at 800 <C. These characteristics
demonstrate the formation of ash with a shapeless and randomly spread particle profile
[25].
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Figure 3. (a) Scanning electron microscopy (SEM) images for natural biomass with
50x magnification; (b) with 500x magnification; (c) scanning electron microscopy
(SEM) images for biomass ash with 500x magnification; (d) and with 3000x
magnification.

X-ray diffractometry was used to obtain information on the crystallographic
behavior of the ash and natural fiber. In this sense, the diffractogram in Figure 4a was
performed with angles ranging from 10 to 75 degrees, where the main peaks that
represent the crystallographic phases of the silica present in the ash are indexed. The
peaks located at approximately 26 = 21.88< 32.32< 36.44< 37.84< 45.04< 48.60%
and 57.28<can be attributed to crystalline SiO» (quartz) [26]. In contrast, Figure 4b
shows that the natural biomass is an amorphous material [25]. The peaks at 26 = 16°
and 22 <indicate a certain crystallinity of the cellulose [27,28]. In Figure 4c, the EDS
results also confirmed the basic composition of the biomass ash, which presents
oxygen and silicon with high energy and other metals, such as potassium, sodium, and
magnesium, with low energy.
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Figure 4. (a) X-ray diffraction (XRD) patterns for biomass ash; (b) natural biomass;
(c) chemical mapping performed by energy dispersive X-ray spectroscopy (EDS).

3.2. Synthesis of Fes04/SiO2 nanoparticles

The synthesis of magnetic iron oxide nanoparticles (FesO.-Np) was carried out
based on the coprecipitation method [16] in the presence of SiO, and NH4OH, as
detailed in part 2 of Section 2. Figure 5a shows a sequence of photographs after the
synthesis and the qualitative test of external magnetization applied to the material
suspension. In this image, the dark brown coloration and the response of the material
in the direction of the applied external magnetic field can be noted. These
characteristics suggest the successful formation of FesOs [16,29]. UV-Vis
spectroscopy and XRD analysis confirmed the formation of FesO.. Figure 5b shows
the behavior of the Fes04/SiO,-Np, represented by the red line spectrum. The studied
range showed typical no absorption bands, but an elevation in the baseline is a typical
characteristic of FesO. in aqueous suspension [16,30]. There were not absorption
bands associated only with SiO, (blue spectrum). In Figure 5c, the UV-Vis absorption
spectra enabled us to estimate the band gap between SiO, and Fe;O4/SiO.-Np
materials. Considering the Tauc plot (ehv < E)" [31], where « is the absorption
coefficient, h is Planck’s constant, v is the photon frequency, n is equal to 2 (direct
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transitions), and E is the energy in eV, and extrapolating the tangent line to the curves,
we obtained the band gap energy of 2.65 eV and 2.35 eV for SiO; and Fe3;04/SiO2-Np,
respectively. The decrease of 0.3 eV for the Fes04/SiO,-Np can be explained by the
formation of a heterojunction generated in the mixed composite [32]. The XRD
diffractogram in Figure 5d, for the Fe;04/SiO»-Np, showed high intensity and narrow-
based peaks at 26 = 23°(111), 31=(220), 32°(311), 47<=(400), 52°(422), and 58<
(511), which correspond to FesO4 [33]. Broadness of diffraction peaks indicates the
nano-crystalline nature of the sample [34]. There were no crystallographic peaks
associated with SiO; (see Figure 4a). This can be explained by the greater mass
generated by Fe;O4 nanoparticles superimposed on the SiO; surface.
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Figure 5. (a) Photographs showing the qualitative test of FesO4 with a neodymium
magnet; (b) UV-Vis spectra for SiO; (blue) and Fes;04/SiO2-Np (red); (c) Tauc plot
for obtaining the band gap energy of SiO; (blue) and Fe;04/SiO2-Np (red); (d) XRD
diffractogram for Fe304/SiO2-Np.

Figure 6 presents the SEM and EDS results for Fes04/SiO>-Np to better
understand how FesO,4 formation occurred in the presence of SiO,. Figure 6a shows
structures with distinct geometries and dimensions with smaller particles with
approximately spherical geometry agglomerated and larger particles with
approximately cubic geometry. Figure 6b,c show the EDS spectra when performing
the chemical mapping at points 1 and 5, highlighted by the red circle, exactly in the
two distinct geometric profiles. Interestingly, the chemical constitution at these points
converges to SiO; in the particles with cubic geometry (point 1) and other metal oxides
(point 5), mainly FesO.. Figure 6d shows octahedral geometry shapes when scanning
other points of the material and increasing the resolution. This geometrical
polymorphism in the Fez04/SiO»-Np (spherical, cubic, octahedral) completely agrees
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with the XRD diffractogram in Figure 5d. The Fe;O, particles (smaller) have a larger
surface area and represent, to a greater extent, the X-ray reflections when compared to
the SiO; reflections, which practically disappeared in this diffractogram. Analyzing
these images and others, the average diameter obtained from the spherical particles
was 200 nm for Fe;Oa. In contrast, the dimensions of larger particles with cubic
geometries have an edge with a length of 1.5 pm.

Figure 6. (a) Scanning electron microscopy (SEM) image highlighting the location of the chemical mapping points
performed by energy dispersive X-ray spectroscopy (EDS) with red circles (points 1 and 5); (b) and (c) energy
dispersive X-ray spectroscopy (EDS) spectra for points 1 and 5; (d) scanning electron microcopy (SEM) image of
Fes0. polymorphic nanostructures at 20,000 x magnification.

By analyzing the SEM images associated with the XRD and EDS results, we can
propose a mechanism for the formation of polymorphic nanostructures. After adding
150 uL of NHOH to the solution containing Fe?* and Fe** ions, precipitation occurred,
followed by a decrease in the oxidation states of the iron ions. This process is
developed by the mass nucleation and agglomeration between nanoparticles with
approximately spherical geometry. With excess NH,OH (by adding another 150 pL)
and SiO; particles, the nucleation process of additional iron ions occurs, forming
spherical particles deposited on the surface of SiO, microparticles. Interestingly, other
nucleation and growth processes of nanoparticles occur in the absence of SiO, and
generate other geometric shapes, such as cubic and octahedral geometries. Figure 7
presents the mechanism proposed for this synthesis.
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3.3. Photodegradation of tartrazine yellow dye

The photocatalytic properties of SiO, and FezO4/SiO, materials were studied in
photodegradation reactions of tartrazine yellow dye. Figure 8 shows the UV-Vis
absorption spectrum (300 to 800 nm) of tartrazine yellow dye with a maximum
absorption band at 426 nm. This band is attributed to the absorption of n electrons
existing in the Azo group (-N = N-) [35,36], belonging to the chemical structure of the
dye, as highlighted in Figure 8. Figure 8b presents the photodegradation experiments
considering this 426 nm wavelength and reacting the tartrazine yellow dye with light
(gray), SiO; (black), and Fe;04/SiO2-Np (red). The percentage of degradation of the
tartrazine yellow dye by light was 10% in 120 min due to the photolysis of light
[16,37]. In the photodegradation experiments with SiO, we directly added 0.5 g L™
of SiO; to the tartrazine yellow dye solution. The same procedure is performed for the
Fe;04/Si0,-Np. Thus, when exposing the tartrazine yellow dye solution to UV light
and SiOy, the percentage of degradation reached only 19% in 120 min. However, the
percentage of degradation in the Fe3O4/SiO.-Np was two times higher, reaching 45%
in 120 min. These analyses enabled us to establish a mechanism of action of these
materials. For SiO,, most of the photogenerated electrons in the CB quickly encounter
the holes in the VB, resulting in few radicals to degrade tartrazine yellow dye [38]. In
contrast, Fes04/SiO,-Np presents mixed regions called heterojunctions. These
heterojunctions [8,9] alter the quantum efficiency to inhibit recombination between
electrons and holes, increasing the quantity of charges in the material that generate the
05~ and HO* radicals [9,39]. Thus, the degradation efficiency of the tartrazine yellow
dye increased from 19% with SiO; to 45% with the Fe3O4/SiO.-Np. The lower-than-
expected efficiency in photodegradation may be attributed to the geometrical
polymorphism of the material and the low quantity of heterojunctions between the
materials, which cause recombination between electron/hole charges intrinsically.
Some studies reported that the formation of composite materials with core@shell
structures tends to create numerous heterojunctions, which decreases the band gap,
facilitating transitions and charge generation in the catalyst [40,41]. In this work, the
synthesis did not generate a core@shell system, which reduced the number of
heterojunctions and decreased the degradation efficiency. However, this rapid and
simple synthesis is still advantageous for large-scale application in the
decontamination of effluents composed of organic compounds since the synthesis

10
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reuses a biomass commonly discarded and with low-cost chlorides, and the material
is magnetically reusable.
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Figure 8. (a) UV-Vis adsorption spectrum of tartrazine yellow dye highlighting its
chemical structure; (b) tartrazine yellow dye concentration as a function of
photodegradation time to photolysis (gray), SiO2 (black), and Fe;0./SiO»-Np (red).

4. Conclusion

The use of biomass from sugarcane bagasse was successfully used as a precursor
material for silica with crystallinity. This material was a support for the synthesis of
Fes0. nanoparticles. It generated some heterojunctions that increased the efficiency of
photodegradation of tartrazine yellow dye. In a rapid, simple, and inexpensive
synthesis route, the mixed material using polymeric nano- and microparticles resulted
in a 45% degradation percentage of the tartrazine yellow dye in 120 min of reaction
time. This implies that this material can act in agueous systems in the decontamination
of dyes containing the azo group. This easy and fast synthesis of the Fe3;04/SiO>
nanocomposite meets the objective of a versatile and efficient material in the
degradation of organic dyes, compared to other materials that present complex,
expensive, and time-consuming configurations to obtain for the same purpose.

11
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