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In this study, a mixed oxide (Si0,/ZnO/Fe,0,/ZnFe,0,) was prepared using the anode recycled
from alkaline batteries and the silt fraction of mining tailings and applied as a photocatalyst under
solar irradiation and as a pseudocapacitor. The structure and morphology of the mixed oxide
revealed clusters of nanometric particles with rhombic and octahedral shapes. A 23 full factorial
design was performed to determine the effect of pH, hydrogen peroxide (H,0,), and photocatalyst
on methylene blue (MB) decolorization. The maximum efficiency was 96%, obtained using
2.35 x 10~° mol H,0, and 20 mg of photocatalyst at pH 3 for 30 min under solar irradiation. This
efficiency remained even after four successive decolorization cycles. Pseudocapacitive properties
showed that the mixed oxide exhibited favorable characteristics for application as electrochemical
pseudocapacitors due to its high capacitance (87.16 F g'), energy density (27.24 Wh kg') at
524.41 W kg of power density, and reversibility (93%). The studied mixed oxide has excellent
potential for use in photocatalytic reactions and electrochemical devices, contributing to
environmental sustainability and circular economy.
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Introduction

The Brazilian National Solid Waste Policy has as its
primary objectives the non-generation, reduction, reuse,
recycling, treatment, and environmentally adequate
disposal of solid waste, in this order of priority and
without distinction of waste class.! However, recent
reports®? indicate that such objectives are far from being
met, particularly with regard to reuse and recycling.
Batteries represent a worrisome source of waste. Every
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year, about 1 billion batteries are sold in Brazil, 6 billion
in Japan, and about 8 billion are commercialized in the
United States and Europe.” It is estimated that 85% of
all batteries used commercially worldwide are alkaline
batteries, amounting to 40 billion batteries sold annually.*#
According to the 2021 Brazilian Electronic Waste report
published by Green Electron, 53 million tons of electronic
waste (also known as e-waste) were incorrectly disposed
of worldwide, with Brazil occupying the 5" position in
the global ranking. In 2019, the country generated more
than 2 million tons of e-waste, less than 3% of which
was recycled, representing an alarming problem from an
environmental perspective.’
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Alkaline batteries can be found in most portable
electronic devices. After their useful life has ended,
these batteries have to be discarded, given that they are
non-rechargeable (primary cells). As a consequence,
alkaline batteries have to be frequently replaced and
are likely to be disposed of incorrectly.®” Adequate
disposal methods include landfilling, incineration, and
recycling. Recycling is the only practice that benefits
future generations, promotes sustainability, preserves raw
materials, reduces environmental pollution, and minimizes
risks to human health.??

Another problematic waste material is iron ore tailings,
a type of solid waste generated during iron processing
that has limited reuse potential by the industry. Of the
290 million tons of iron ore tailings generated annually in
Brazil, 94.58% is stored in dams, 2.87% is stored in tailing
piles, and only 0.003% is reused.'® In 2015, the Fundao dam
in Mariana, Minas Gerais State, collapsed, constituting one
of the largest socioenvironmental disasters in Brazilian
history.!"1? The dam, which was classified as high-risk
category III, contained about 45 million m* of iron ore
tailings. Residues released upon the collapse of the dam
buried the subdistrict of Bento Rodrigues and left a trail of
destruction extending to the coast of Espirito Santo State,
impacting 663.2 km of waterways.'?

A potential solution to the above-mentioned problems
lies in combining domestic waste (e.g., spent alkaline
batteries) and industrial waste (e.g., mining tailing) for the
synthesis of novel materials with multiple functionalities,
such as photocatalytic and pseudocapacitive, for example.

Photocatalysis is an efficient, simple, easy, reproducible,
cost-effective, and environmentally friendly method to treat
wastewater pollution. Photocatalysts used in wastewater
treatment are typically semiconductor materials activated
by photon absorption. Pollutant degradation occurs in
several steps involving oxidizing and reducing species
photogenerated on the photocatalyst surface by ultraviolet
(UV) or visible (Vis) light. When carried out under solar
irradiation, photocatalysis offers additional advantages, as
it relies on a renewable, green, and free energy source.'*!”

Hematite (Fe,0;) and zinc oxide (ZnO) have attracted
great attention in water treatment as photocatalysts in dye
degradation reactions.'®?* Fe,O, has a band gap of 2.1 eV,
with absorption in the visible region at 564 nm, allowing
the collection of about 40% of the photons from sunlight.
Natural abundance, low-cost synthesis, non-toxicity,
excellent chemical stability, and environmental friendliness
are other prominent characteristics of Fe,0,.1% ZnO,
with a band gap of 3.2 V, excels in terms of catalytic
activity and photocatalytic degradation owing to its high
electron mobility.? In addition, the semiconductor oxides
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Fe,0, and ZnO also exhibit good electrochemical activity
and have been studied for use in supercapacitors due to
their pseudocapacitive behavior, high energy density,
and efficiency.?”-*® Supercapacitors belong to the class of
electrochemical energy storage devices which offers high
energy and power density with long cyclic stability.?-*

Several studies reported the synthesis of Fe,O; and ZnO
from commercial reagents, such as nitrates,* chlorides,*
and acetates.*® In the current study, Fe,O, was recovered
from iron ore tailings and ZnO was recycled from the
anode of spent alkaline batteries. The materials were
used to produce a robust, economical, non-toxic, easily
accessible, and highly photoactive mixed oxide for use
as a photocatalyst in the removal of MB dye under solar
irradiation and for use as an electrochemical energy storage
device. By combining industrial and domestic waste for the
preparation of a bifunctional material, this article presents a
comprehensive solution that adds value to waste materials,
reduces the need for raw materials, and contributes to a
circular economy.

Experimental
Materials

All chemicals were of reagent grade and used as
received unless otherwise specified. Citric acid (C;H;O,)
and potassium hydroxide (KOH) were purchased
from Dindmica (Indaiatuba, Brazil). Ammonium
hydroxide (NH,OH) (28-30%), methylene blue (MB) dye,
H,0, (35%), and isopropyl alcohol (C;H;O) were purchased
from Neon (Suzano, Brazil). Carbon black VXC72 (Boston,
USA) was purchased from Cabot. Carboxymethyl cellulose
(CMC) was purchased from Exodo Cientifica (Sumaré,
Brazil). Nafion™ and hydrochloric acid (HCI) (37%) were
purchased from Sigma-Aldrich (St. Louis, USA). Sodium
hydroxide (NaOH) was purchased from Vetec (Duque de
Caxias, Brazil). Hydrochloric acid and sodium hydroxide
were used as 0.1 mol L' solutions for pH adjustments.

Dismantling and recovery of anode material from spent
alkaline batteries

Spent alkaline batteries were completely discharged,
manually dismantled, and separated into basic components
(plastic casing, separator, current collector, cathode, and
anode). The anode material was washed with 0.1 mol L'
citric acid and deionized water until pH 7 was achieved.
This step cleans and removes the KOH electrolyte from the
anode. Then, the anode material was oven-dried (404/D,
Nova Etica, Brazil) at 80 °C for 24 h and ground using
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an agate mortar and pestle for particle size reduction and
homogenization.

Collection and processing of mining tailing samples

Mining tailing samples were collected at the tailing
landfill of Fazenda Floresta, close to the dam of the
Risoleta Neves Hydroelectric Power Plant (Candonga
Power Plant). Figures Sla and S1b (Supplementary
Information (SI) section) show the landfill and the five
points selected for sample collection. Two samples were
collected from each sampling point, one from the surface
and one at 1 m depth, totaling 10 samples. Collections were
performed by the Candonga Project team and followed the
recommendations of ABNT NBR 10007:2004.3* According
to Figueiredo et al.* the tailings meet the criteria of the
cited norm for Class II B solid waste (non-hazardous
and inert).® Samples were processed according to the
steps of the Brazilian Agricultural Research Corporation
(EMBRAPA) sample processing procedure, as follows:
spreading, declumping, drying, sieving, quartering,
grinding, and storage.’’

Separation of tailing fractions

For separation of the sand fraction, a 25.00 g aliquot
of the tailing sample was weighed and transferred to a
400 mL beaker containing 100 mL of NH,OH, pH 10.
Then, the sample was subjected to ultrasonic dispersion
for 10 min in an ultrasound bath (UltraCleaner 1400A,
Unique, Brazil). The suspension was allowed to stand at
room temperature (25 °C), causing sedimentation of the
sand fraction at a rate of 4 s cm™'. The mixture was passed
through a 0.053 mm sieve to separate the sand fraction
from silt and clay fractions. The suspension containing silt
and clay was collected into a 600 mL beaker. The sediment
(sand fraction) was stored.

For separation of silt and clay fractions, the
aforementioned suspension was transferred to a 1000 mL
beaker and the volume was completed with NH,OH
solution, pH 10. The system was shaken vigorously and
allowed to stand. The clay fraction was separated from
the silt fraction by periodic siphoning (every 12 h), while
the pH was maintained at 10 by the addition of NH,OH
solution. The process was repeated until the suspension
became clear, indicating that the entire clay fraction had
been separated from the silt fraction. The suspension
containing the clay fraction was stored. The sediment
containing the silt fraction was oven-dried at 110 °C,
weighed, and stored for use in the preparation of the mixed
oxide. The silt content of the mining tailing sample was
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44.8% m m'. We decided to use the silt fraction rather than
the whole mining tailing sample because it contains higher
amounts of iron and lower amounts of silica.

Preparation of the mixed oxide from alkaline battery anode
and the silt fraction of mining tailings

The mixed oxide was prepared by mixing 1.47 g of the
silt fraction (8.29 mmol Fe) of mining tailings with 0.489 g
of alkaline battery anode material (4.15 mmol Zn)and 1.0 g
of CMC. CMC was used to produce a reducing atmosphere
during calcination, which is important for the formation
of the crystalline phase. After weighing, the materials
were grounded and homogenized using an agate mortar
and pestle and calcined in porcelain crucibles at 800 °C
for 3 h. The muffle furnace (LF00212, Jung, Blumenau,
Brazil) was heated at a rate of 4.4 °C min~'. The calcined
material was washed with distilled water and oven-dried at
80 °C for 24 h. The calcination step eliminates undesired
components (water, volatiles, unstable ions, among others)
and stabilizes the crystalline structure.

Full factorial design experiments

To minimize costs and operational time, we used a
23 full factorial design to identify the best conditions for
decolorization of 25.00 mL of 20 mg L' MB solution
(1.56 x 10" mol). The following three independent variables
were studied: pH, H,O, concentration, and catalyst (mixed
oxide) mass. Each factor was tested at two levels, coded as
—1 (low level) and +1 (high level). A full factorial design
provides insight into the effects of operational variables
and their interactions for process optimization. Factors and
their levels (real and coded values) are presented in Table 1.

Table 1. Levels of a 2° full factorial design

Coded and actual levels

=D (+D

Independent variables

pH 3 7
H,0, /(x10~° mol) 2.35 4.70
Mixed oxide / mg 20 40

All combinations of all factors in Table 1 resulted in
8 runs. Therefore, decolorization tests were performed in
100 mL beakers under solar irradiation with the conditions
listed in Table S1 (SI section). No apparatus was employed
in the experiment, only the beakers with the listed
conditions and sunlight.

Aliquots were collected at 0, 15, 30, 45, 60, and
90 min for absorbance measurements using a UV-Vis
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spectrophotometer (HACH, DR5000, Ames, USA)
at 665 nm. The response (dependent variable) was
decolorization efficiency, calculated using equation 1.

A,—A

Decolorization efficiency (%):( J x100 (1)

0

where A, and A are the initial and final absorbances of MB
solution, respectively.

Experimental data were analyzed using Statistica trial
version 11.0.%

Temperature, solar irradiation, and rainfall data for
the days when the tests were conducted are presented in
Table S2 (SI section). The temperature remained relatively
constant, there was no rainfall, and solar irradiation reached
a peak at 3 p.m. Meteorological data were collected by the
automatic weather station of Vitéria, Espirito Santo, Brazil,
located about 1 km from the municipality.

Additional tests were performed with pH at five
levels (pH 3-7). Reactions were conducted using
1.56 x 10-° mol MB, 2.35 x 10> mol H,0,, and 20 mg of
mixed oxide for 30 min under solar irradiation. The results
were used to construct a mathematical model describing
the dependent variable as a function of significant variables
(p < 0.05). Analysis of variance (ANOVA) was used to
assess the goodness of fit of the model to experimental
results.

Pre-saturation of the mixed oxide with the dye before
photocatalysis was unnecessary, as preliminary tests
indicated that the dye is not adsorbed by the mixed oxide,
as shown in Figure S2 (SI section).

Photocatalytic study and reusability assessment of the
mixed oxide under optimal conditions

A study of four reaction systems was carried out to better
understand the effects of each reaction component on the
photocatalytic process. Reactions were prepared in 100 mL
beakers and conducted under optimal conditions obtained
through the 23 full factorial design. Systems were as
follows: (1) 1.56 x 10° mol MB, (2) 1.56 x 10" mol MB +
20 mg of mixed oxide, (3) 1.56 x 10° mol MB +
2.35 x 10~ mol H,0,, and (4) 1.56 x 10°° mol MB +
2.35 x 107° mol H,0, + 20 mg of mixed oxide. MB
solutions had an initial pH of 3, were kept under solar
irradiation, and were analyzed spectrophotometrically at
times 0, 5, 10, 15, 20, 25 and 30 min. The experiments were
conducted in triplicate. The mixed oxide used in system 4
was filtered, washed with distilled water, dried at 80 °C
for 24 h, and reused in successive catalytic cycles under
optimal conditions.
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Preparation of the composite, working electrodes, and
electrochemical cell

Initially, a composite was prepared containing the
electroactive material (mixed oxide) and carbon black in a
mass ratio of 90:10. For the composite preparation, a mass
of 9.004 mg of the mixed oxide and 1.173 mg of carbon
black was dispersed in a solution of 400 uL of isopropyl
alcohol and 100 pL Nafion™, resulting in a solid/liquid
ratio of 10 mg per 500 puL. Then, the system was subjected
to sonication for 90 min.

For the preparation of the working electrode, a glassy
carbon substrate with a geometric area of 0.073 cm? was
used. Onto the substrate, 5 uL of the composite was added
through two additions of 2.5 uLL each. Then, the electrode
was dried at a temperature of 60 °C in an oven for a period
of 24 h.

For the electrochemical tests, the conventional three-
electrode system was employed: a mixed oxide composite
electrode as the working electrode, a platinum wire as
the counter electrode, and an Hg/HgO electrode as the
reference electrode. All measurements were conducted in
a 1.0 mol L' KOH electrolyte.

Cyclic voltammetry tests using potentiostatic scanning

The cyclic voltammetry tests using potentiostatic
scanning were performed starting from the open circuit
potential of —0.12 V (initial E = —0.12 V) with an initial
anodic scan up to a potential of 0.75 V, followed by a
cathodic scan back to —0.75 V. A study of the scan rate
was conducted using the values of 150, 125, 100, 75, 50,
25 and 10 mV s™.

Galvanostatic charge/discharge tests

The tests were conducted using the galvanostatic
charge/discharge chronopotentiometry method. During the
charge process, a constant current of 6.3028 x 10> A was
applied until reaching a potential of 0.75 V. Subsequently,
a current of —6.3028 x 10 A was applied during the
discharge process until reaching a potential of —0.75 V.
The charging time and discharging time were monitored.

The current (I) of 6.3028 x 10~ A was determined based
on the current density relationship (equation 2).
= @

m
where J is the current density (0.7 A g') and the m is the
mass of the mixed oxide (9.004 x 102 mg).
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Characterization techniques

X-ray diffractometry (XRD) analyses were conducted
using a diffractometer (Bruker, D8 DISCOVER, Billerica,
USA) with Cu Ka radiation (A = 1.540598 A) in the 260
range of 10 to 90° at a scanning rate 1° min~'. Scanning
electron microscopy (SEM) was performed using a
microscope (Shimadzu, SUPERSCAN SSX-550, Kyoto,
Japan) with an accelerating voltage of 20.0 kV and
magnifications of 500x (50 um) and 2000x (10 pum).
Energy-dispersive X-ray spectroscopy (EDX) analyses
were conducted using an energy detector (Bruker, XFlash®
Detector 6110, Billerica, USA) coupled to the SEM.
Transmission electron microscopy (TEM) was performed
using a microscope (JEOL, JEM1400, Akishima, Japan)
equipped with a LaB filament with magnifications of
200 and 100 nm. Inductively coupled plasma optical
emission spectrometry (ICP-OES) was performed using
a spectrometer (PerkinElmer, Optima 7000 DV, Waltham,
USA) with intensity measured in area mode, employing
axial view for analysis. The gases employed were as
follows: argon with 99.999% purity (Oxivit, Serra, Brazil)
for the plasma gas; compressed air passed through two
humidity filters for the auxiliary gas, and nitrogen with
99.999% purity (Oxivit, Serra, Brazil) for the nebulizer gas.

Results and Discussion

Characterization of alkaline battery anode by XRD and
ICP-OES

In alkaline batteries, the anode contains metallic zinc
and the cathode contains MnO,. In the anodic discharge
reaction, which produces energy, metallic zinc is oxidized
to Zn(OH), (equation 3) and/or ZnO (equation 4) in the
presence of KOH electrolyte.* In the cathodic reaction
(equation 5), MnO, is reduced to Mn,O;. The XRD patterns
of the alkaline battery anode are presented in Figure S3
(ST section). The diffractogram shows characteristic and
well-defined peaks of ZnO (PDF 00-036-1451). The sole
presence of ZnO peaks indicates that this is the major phase
of the anode material.

discharge

Zn,+20H = Zn(OH), + 2¢" 3)

©)
discharge

Zn(OH),——> ZnO+H,0 4)

discharge

2MNO,, + H,0,+2e” ——> Mn,0,, +20H™  (5)

ICP-OES analyses were performed to
determine the elemental composition of the anode
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material. The results revealed the anode contains
Zn (55.45 £5.38%) m m!, Mn (0.0072 £ 0.0011%) m m™!,
and Fe (0.00068 + 0.0004%) m m™'. Belardi ef al.** analyzed
the anode of alkaline batteries and found a Zn mass
concentration of 53.86% m m'. Valdrez er al.*' reported
a Zn concentration of 42% m m', whereas Cabral et al.*?
and Almeida et al.® found values greater than 60% m m'.
These discrepancies in results may be related to changes
in battery manufacturing throughout the years, differences
between battery brands, or differences in the number of
batteries analyzed and pre-treatment procedures (e.g.,
electrolyte removal) used between studies. Of note, the
low Mn percentage detected here indicates possible
contamination of the anode by the cathode during the
dismantling procedure.

Characterization of the silt fraction of mining tailings by
XRD and ICP-OES

The diffractogram of the silt fraction of mining tailings
(Figure S4, SI section) shows the presence of quartz (SiO,)
(PDF 01-086-1630) and Fe,O (PDF 00-024-0072) phases.
Almeida ef al.* also identified a kaolinite (A1,Si,05(OH),)
phase. In the current study, however, peaks relative to this
phase might have been masked by the high intensity of
SiO, peaks.

To complement XRD characterization results, we
determined the chemical composition of the silt fraction
by ICP-OES. The silt fraction was found to contain Fe
(31.49 = 0.40%) m m! and Al (0.367 + 0.005%) m m™.
These small amounts of Al may be related to the presence
of mineral kaolinite, which was reported by Almeida et al.*
and could not be detected by XRD in the current study.
Other elements, such as Zn, Mn, and Cu, were not detected,
likely being present at concentrations below the limit of
detection of the equipment.

Characterization of the mixed oxide by XRD, ICP-OES,
SEM/EDX, and TEM

Figures la-1c present the XRD, SEM, and TEM
results, respectively, of the mixed oxide. Comparison
with PDF data allowed us to identify peaks relative to
SiO, (PDF 01-087-2096), Fe,O, (PDF 01-073-2234),
ZnO (PDF 00-036-1451), and franklinite (ZnFe,0,)
(PDF 01-074-2397) phases in the diffractogram of
Figure la. The SiO, and Fe,O; phases were expected, as
they had been identified in the diffractogram of the silt
fraction (Figure S4, SI section), as well as the ZnO phase,
which was present in the diffractogram of the anode
material (Figure S3, SI section). The new phase, ZnFe,O,,
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has a lower band gap energy (1.9 eV) than Fe,0, (2.1 eV)
and ZnO (3.2 eV). This property facilitates photogeneration
of the electron-hole pair and increases the efficiency of
photocatalytic decolorization.”

The micrographs of Figure 1b depict the morphology
of the material at high resolutions. Both micrographs
display clusters of particles of varying shapes and sizes and
absence of pores on particle surfaces. The micrographs of
Figure 1c reveal clusters of particles of varying sizes and
irregular shapes, with nanometric dimensions and rhombus/
octahedral configuration (red arrows).

The EDX map of Figure 2 shows the distribution of
elements on the surface of the mixed oxide. Fe, Zn, and
O were homogeneously distributed. In the Si map, the
lack of gray color indicates low SiO, concentration on the
surface of the mixed oxide. Au, C, and Al are present. The
presence of Au is attributed to metallization during sample
preparation, Al is found in the substrate, and C composes
the sample holder.

(@)
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ICP-OES was performed to obtain more information on
material composition. The results indicated the presence
of Fe (49.31 + 0.99%) m m, Zn (20.20 += 021%) m m™,
Al(1.69 +0.01%) m m™, and Mn (0.06 + 0.0004%) m m'.
As performed by Cherpin et al.,*® powdered reagents were
mixed using mortar and pestle before heat treatment;
therefore, it was expected that the mixed oxide would
contain other elements, even if at low concentrations, such
as Al from the kaolinite phase of tailings and Mn from the
alkaline battery, as evidenced by ICP-OES of the battery.

Determination of significant effects on MB decolorization

Figure S5 (SI section) shows the results of the eight runs
of the 23 experimental design. Equilibrium was reached first
inruns 1, 3, 5, and 7, within 30 min. This time was used
for statistical analyses. Figure S6 (SI section) depicts the
Pareto chart for the 30 min reaction.

Pareto charts are used to identify the variables and

—— Mixed oxide
[l sio, [PDF 01-087-2096]
[ Fe,O, [PDF 01-073-2234]
[l 2nFe,0, [PDF 01-074-2397]
I nO [PDF 00-036-1451]

209 1)
e

Figure 1. (a) XRD of the mixed oxide, showing assigned phases (SiO,, Fe,0;, ZnFe,O, and ZnO), (b) SEM, and (c) TEM analysis of the mixed oxide,

showing clusters of particles of varying sizes and irregular shapes.
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Figure 2. EDX map of the mixed oxide showing the distribution of
elements on the material’s surface.

interactions that are significant. The effects of each
variable and interaction appear in order of significance
(p = 0.05, dotted red line). Effects that cross the line are
considered significant and those that do not cross the line
are considered non-significant.”’ The chart shows that only
the effect of H,0O, x mixed oxide was not significant. A non-
significant effect indicates that, within the studied range,
the highest or lowest level of the variable can be chosen
without having significant effects on the results.

pH was the variable that exerted the most significant
effect (=731.42) on the 30 min reaction. The effect
was negative, indicating that a lower pH increases MB
decolorization. The variables H,O, and mixed oxide had
effects of 40.21 and —23.07, respectively, indicating that
decolorization is enhanced by a high H,O, content and low
mixed oxide content.

Response surface and contour plots were constructed
to better visualize the effects of the studied variables
(Figure 3).

Figures 3a and 3b confirm the importance of pH for
decolorization efficiency. The highest efficiencies are
obtained at lower pH values. H,0,, by contrast, does
not provide such significant changes to decolorization
efficiency when an acidic pH is used. The interaction
effect of mixed oxide and H,O, (Figures 3c and 3d) had
little influence on the system (small variation of 68-72%)
compared with pH. Figure 3d shows that the highest
decolorization efficiency is obtained by using the lowest
levels of H,0, (2.35 x 10~° mol) and mixed oxide (20 mg).
Figures 3e and 3f reinforce the high influence of pH on the
studied process and de low influence of the mixed oxide.

Given that the effect of H,0, was not as significant as
that of pH in the 30 min reaction, the following assays were
carried out using the low level of H,0, (2.35 x 10~° mol)
and mixed oxide (20 mg). For pH, it was not possible to
determine the optimal value from Pareto, response surface,
and contour plots, necessitating optimization experiments.

J. Braz. Chem. Soc. 2024, 35, 5, e-20230184
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Determination of the optimal pH for MB decolorization and
model proposal

Figure S7 (SI section) presents the optimization graph of
pH (five levels) as a function of decolorization efficiency and
equation 6 presents the proposed quadratic model (valid for
pH values of 3 to 7). The quality of the proposed model was
assessed by ANOVA, and the results are described in Table 2.

Decolorization efficiency (% )=232.87-60.25pH +4.48 pH® (6)

The coefficient of determination (R?) of 0.9925 indicates
that 99.25% of the total sum of squares (SST) refers to the
fraction described by between sum of squares (SSB) and
only 0.75% corresponds to the fraction of within sum of
squares (SSW). The high R? value indicates an optimal
fit of the model to the data. At the 95% confidence level,
the F-critical for 2 and 3 degrees of freedom is 19.16. The
F-value for the same degrees of freedom is 198.90, about
10 times higher than the F-critical. This finding shows that
the model is reliable and can be used to make predictions
about decolorization efficiency as a function of pH.

Kinetics of MB decolorization catalyzed by mixed oxide
under optimal conditions

Figures 4a-4c depict the decolorization efficiency,
kinetics of decolorization, and resulting solutions,
respectively, after 30 min of reaction under optimized
conditions.

System 1, containing dye only, and system 2, containing
dye and catalyst, afforded the lowest decolorization
efficiencies, 2.07 + 0.06% and 3.40 + 0.04%, respectively
(Figure 4a). It can be inferred that solar irradiation alone
is not sufficient to decolorize MB, not even in the presence
of mixed oxide, as is the case of system 2. System 3,
composed of the dye solution and H,0,, afforded a higher
decolorization efficiency (15.18 + 0.09%).

The importance of the catalyst is made evident by
the results of system 4 (Figure 4a). The decolorization
efficiency increased to 96.21 = 0.12% after 30 min of
reaction. The zero-order kinetic equation (equation 7)
provided the best linear fit to the data of Figure 4b.

A,—-A=kt (7

where A is the absorbance at time t and k is the rate constant.

The rate constants of systems 1 and 2 were 0.0008
and 0.0011 mg L' min~!, respectively. There was
an improvement in the rate constant of system 3
(0.0054 mg L' min™'), and system 4 had the highest
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Figure 3. (a) Response surface and (b) contour plot of the variables H,O, and pH, (c) response surface and (d) contour plot of the variables mixed oxide
and H,0,, (e) response surface and (f) contour plot of the variables pH and mixed oxide.

Table 2. ANOVA for the proposed model in equation 6

N Degrees of )
Source of variation Sum of squares (SS) freedom Mean squares (MS) R F
Between (B) SSB=ZH‘,(9i ~¥)’ =2661.55 p-1=2  MSB= 5B 133077 R =SSB_ggops  p- MSB o509
=] p-1 SST MSW
S - SSW
Within (W) SSW =3 (y,-9,)" =20.07 n-p=3 MSW = = - 6.69
i1 -
Total (T) SST = (y, —y)* =2681.62 n-l=4
i=1

¥;: expected response, y: average (mean) of experimental responses, y;: experimental response, p: number of coefficients, n: number of experiments.

constant (0.0333 mg L' min~!). The half-life (t,,),
calculated by equation 8, was 697.50, 516.77, 97.86 and
15.85 min for systems 1, 2, 3, and 4, respectively. The
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presence of H,0, and catalyst was essential for obtaining a
faster and, consequently, more efficient MB decolorization
under the proposed conditions.
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Figure 4. (a) Decolorization as a function of time, (b) zero-order decolorization kinetics and (c) resulting solutions after 30 min under solar irradiation.
Conditions: (1) 1.56 x 107 mol of MB, (2) 1.56 x 10 mol of MB + 20 mg of mixed oxide, (3) 1.56 x 10 mol of MB + 2.35 x 10~ mol of H,0,, and
(4) 1.56 x 10° mol of MB + 2.35 x 10~ mol of H,0, + 20 mg of mixed oxide, pH 3.

L= % ®)

Similarly to this study, Yildiz et al.*® in the degradation
of Acid Orange 7 using FeSO,-7H,0 and H,0, in a Fenton
process, and by Azizi et al.** (enhanced Fenton process)
and Vianna and Torres* (using a TiO,/H,0,/UV combined
process) in the degradation of the azo dye Acid Red 18, found
the same zero-order reaction in their degradation processes.

As shown in Figure 4c, the resulting solutions of
systems 1-3 had an intense blue color, whereas that of
system 4 did not have a blue color, further demonstrating
the efficiency of the process. The final pH of system 4
after the decolorization assay was 5.8, not necessitating
an adjustment before disposal. The pH range allowed for
wastewater disposal is 5 to 9, as determined by Brazilian
environmental legislation.’' The increase in pH after
photocatalysis (from 3 to 5.8) may be associated with
the formation of weak organic acids from the MB dye
molecule. Some authors’>* have reported the formation
of formic acid, acetic acid, oxalic acid, and propionic
acid, as well as nitrate, ammonium, and sulfate ions. Other
byproducts and intermediates have also been mentioned,
such as phenolic compounds, which are aromatic organic
compounds with low biodegradability and high toxicity,
posing potential risks to human and environmental health.
Therefore, the use of effective methods such as advanced
oxidation processes, like photocatalysis, is necessary for
the treatment of these compounds.**

J. Braz. Chem. Soc. 2024, 35, 5, e-20230184

Reuse of mixed oxide

Figure 5 presents the reuse performance of the
mixed oxide over five cycles of MB decolorization. The
conditions were the same in all cycles (1.56 x 10° mol dye,
2.35 x 107 mol H,0,, 20 mg of mixed oxide, pH 3, 30 min,
solar irradiation). The decolorization efficiency remained
about the same for four cycles, being 95.18, 97.63, 95.71,
96.72% in cycles 1, 2, 3, and 4, respectively. After the 5"
cycle, the decolorization efficiency decreased to 83.35%.
Such a decrease in efficiency can be attributed to loss of the
material during catalyst filtering, washing, and drying for
use in subsequent cycles and/or, as stated by Gao et al.”" to
passivation of the catalyst surface with increasing number
of cycles. The maintenance of efficiency during the first
four cycles demonstrates that the mixed oxide has high
stability and can be reused and applied in a practical way
for the treatment of textile wastewater.

The reuse capacity of different photocatalysts for dye
degradation is shown in Table 3.

Compared with the results of Silva et al.>® here, the same
amount of MB (3.90 x 10 mol) was decolorized using
500 mg of the catalyst and 5.88 x 10~ mol H,0O, in just
30 min. Even after four successive cycles, the catalyst would
afford a 96% removal of the dye in the last cycle. Silva er al.®
used 250 mg of the catalyst to achieve 100% efficiency after
four cycles, a two times lower weight than that used here.
However, the reaction time was 270 min, 9 times longer
period, and the H,O, concentration was 2.21 x 10~ mol, a
3.8 times higher concentration. Another important factor is
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Figure 5. Decolorization of successive cycles with the mixed oxide.
Conditions: 1.56 x 10® mol of MB, 2.35 x 107 mol of H,0,, 20 mg of
mixed oxide, pH 3, and 30 min under solar irradiation.

that Silva er al.’® injected air (0.5 L min™") into the solution
for 4 to 6 h before the reaction, a step that was not necessary
in the present study. The injection of air into the solution
facilitates the generation of additional radicals as hydroxyl
radical (HO¢) and superoxide radical (O,*"), which contribute
to the degradation process (see “Reactions involved in the
photocatalytic process” sub-section).

In comparison with the reaction carried out by
Ivanets et al.” here, the same efficiency was achieved using
12.5 times less catalyst and 42.5 times less H,O,. The cited
study saturated the catalyst with MB solution (100 mg L")
for 30 min before the reaction and used a diode as a source
of Vis and UV-C lamps as a source of UV radiation, not
solar irradiation, as was used here.

Broadly speaking, to treat 1000 L of wastewater
containing 20 mg L-! MB at pH 3 with about 96%
efficiency, it would be necessary to use 800 g of the mixed
oxide catalyst, 0.94 mol H,0O,, and 30 min of reaction under
solar irradiation. The catalyst could be reused up to four
times without losing efficiency. Of note, the catalyst was
prepared from tailings of the mining industry and the anode
of a spent alkaline battery, representing a sustainable and
technological use of wastes that would otherwise cause
damage to the environment.

Table 3. Efficiency of photocatalyst reuse in dye decolorization

Synthesis of SiO,/ZnO/Fe,0,/ZnFe,0, from Spent Alkaline Batteries and Mining Tailings

Reactions involved in the photocatalytic process

The mixed oxide used in this study consists of the
semiconductors Si0O,, ZnO, Fe,0;, and ZnFe,O,. When
a semiconductor is excited with photons with sufficient
energy, from sunlight for example, an electron-hole pair is
formed on its surface. That is, electrons are conducted into
the conduction band (e ), generating holes in the valence
band (h*,;), as shown in equation 9. h*,; may react with
water molecules (equation 10) or hydroxyl anions (HO")
(equation 11) to form the highly oxidizing HO". In the
conduction band, e 5 can react with oxygen to form O,",
which reacts with hydrogen ions (H*) to form hydroperoxyl
radical (HOO") (equation 12). According to Casbeer et al.5!
HOO® decomposes rapidly into HO, a species with
higher oxidation potential (E = 2.80 V), exhibiting high
reactivity and low selectivity, serving as the primary radical
responsible for the degradation process. In this band, HO’
radicals are formed through the reaction of the electron with
H,0, (equation 13). In addition to these pathways, HO" can
also be formed from H,0, and O, (equation 14). In the
presence of UV light, the H,O, decomposes into two HO",
enhancing the process efficiency (equation 15). However,
it is important to note that the degradation efficiency of a
dye or any organic pollutant is negatively affected by excess
H,0,.2 A high H,0, concentration potentiates undesirable
reactions involving HO" sequestration. Finally, h*y; , given
their high oxidative potential, can promote direct oxidation
of the organic pollutant (MB) (equation 16), or oxidation
can occur via reaction with HO" (equation 17).166263

Cat™> Cat (hy,+ec;) 9)
where Cat = SiO,, ZnO, Fe,0,, and ZnFe,0,

hy;+H,0 > H + HO’ (10)
hy, +OH — HO’ (11
ez +0, >0, + H > HOO (12)
ez +H,0, >OH +HO’ (13)
H,0, + O, > OH +HO'+ 0, (14)
H,0, - 2HO (15)

hy, + MB — intermediates — degradation products (16)

Dye Catalyst Parameter Reusability

Reference Name Quantity / Type Mass / mg H,O, / mol pH Efficiency / % time in la.st

mol cycle / min
This work MB 1.56 x 10 Si0,/Zn0O/Fe,0,/ZnFe,0, 20 2.35x 107 3 96 (4™ cycle) 30
45 Rhodamine B 1.04 x 10° ZnFe,0,/Biochar(1:1) 100 1.47 x 103 3 65 (8" cycle) 60
58 MB 3.90 x 10° a-Fe,0,/CuFe,0, 250 221 x 107 6 100 (4™ cycle) 60
59 MB 1.56 x 10° MgFe,0, doped with La 250 107 6 90 (4" cycle) 270
60 MB 2.19 x 10° Co0/Zn0O 100 1.06 x 10 6 66.54 (4" cycle) 180

MB: methylene blue.
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HO+ MB — intermediates — degradation products (17)

When iron is present on the surface of the catalyst (=Fe),
Fenton reactions (equations 18-20) occur concomitantly
with the above-mentioned reactions.*

=Fe* + H,0, » =Fe* +OH +HO (18)
=Fe’* + H,0, » =Fe* + H + HOO' (19)
ey + =Fe'" —» =Fe™* (20)

Cycling of the Fe**/Fe* pair (equations 18-20) is critical
for the continuity of Fenton reactions and for enhanced
process efficiency.®

Finally, by establishing a correlation with the kinetic
study that demonstrated zero-order kinetics and considering
the optimization studies, it can be affirmed that the
decolorization rate remains unaffected by the concentration
of H,0, (ranging from 2.35 x 10 to 4.70 x 10 mol) and the
catalyst mass (ranging from 20 to 40 mg). In other words,
under these conditions, reactions 9-20 would not undergo
changes in velocity, thereby preserving process efficiency.

Electrochemical properties of mixed oxide

To investigate the electrochemical behavior of the mixed
oxide, a study of this composite was conducted at different
potential scan rates (10 to 150 mV s') using the cyclic
voltammetry technique in a 1 mol L' KOH electrolyte
solution (Figure 6).

Upon examination of the voltammograms, it was
observed that the oxidation potential (anodic peaks) shifted
towards more positive values as the potential scan rate
increased, accompanied by an increase in the magnitude of
the anodic current. Furthermore, cathodic peaks were also
detected during the reverse potential scan, indicating the
reversible nature of the mixed oxide behavior.5

Based on the data obtained from this study, a logarithmic
graph of the anodic peak current (log ) plotted against the
logarithm of the potential scan rate (log v) was constructed,
as illustrated in Figure S8a (SI section). Analysis of the
results revealed a linear relationship between log I, and
log v. The slope of the line, approximately 0.49, indicates
that the oxidation process is diffusion-controlled, as values
around 0.50 suggest diffusion control, while values of
1.0 indicate adsorption control. The observed linearity
between the anodic peak current (I,,) and the square root
of the scan rate (v'?) (Figure S8b, SI section) confirms
the diffusion-controlled nature of the system.®® The
same graphs constructed for the cathodic peak (cp) also
demonstrate a linear correlation between the parameters
log I, and log v (Figure S8c, SI section) and between I,

J. Braz. Chem. Soc. 2024, 35, 5, e-20230184
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Figure 6. Cyclic voltammetry of the mixed oxide at different scan rates
of 10, 25, 50, 75, 100, 125 and 150 mV s

and v'? (Figure S8d, SI section). Therefore, the cathodic
process is also diffusion-controlled, but only starting from
a scan rate of 25 mV s,

The presence of the redox peaks observed in Figure 6
can be related to the Fe**/Fe** redox reactions and indicate
that the process is governed by faradaic oxidation-reduction
reactions, exhibiting pseudocapacitor behavior.6”:8
Galvanostatic charge/discharge measurements were
conducted to analyze the pseudocapacitive performance of
the mixed oxide. The specific capacitance is derived from
the galvanostatic discharge curves (Figure 7a) using the
following equation (equation 21).

I At
C= (21)
mAV

where C is the specific capacitance (F g™'), I is the current
(A), At is the discharging time (s), m is the mass of the
active material (g) and AV is the potential window (V).

In the first cycle, the material exhibited a specific
capacitance of 107.64 F g'!, reaching its maximum value
0f286.60 F g ! after 15 cycles and stabilizing at 87.16 F g’!,
for current densities of 0.7 A g, as shown in Figure 7b.
The results can be attributed to the excellent electrode-
electrolyte contact, ensuring optimal utilization of the
electrode’s effective surface area and active sites by the
electrolyte.?’

The energy density (equation 22) and power density
(equation 23) were calculated through the following
equations.

2
E= 7(;(A\3/)6 (22)
X 3.
po J0E o
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where E is the energy density expressed in (Wh kg!) and
P is the power density expressed in (W kg™).

The mixed oxide exhibited energy density of
27.24 Wh kg! with power density of 524.41 W kg after
stabilization, which showed the great application prospect
for energy storage. The electrochemical energy storage
performance of the mixed oxide was superior than those
reported in literature such as ZnO/MnOx (16 Wh kg™ at
225 W kg1),® ZnMn,0, (25.51 Whkg'at 399.98 W kg1),”
MnO,/Fe,0; (15.58 Whkg" at 399 W kg"),” NiCo,S /Fe,O;,
(25 Whkg! at 54 W kg™").”

The mixed oxide has promising electrochemical
characteristics for application in pseudocapacitors, as it
presents high specific capacitance, energy density, power
density, charge efficiency and reversibility in charge/
discharge cycles (93.4% after 100 cycles).

Conclusions

The mixed oxide composed of SiO,, ZnO, Fe,0,, and
ZnFe,0, had irregular shape and a surface with adhered
fragments. Of the three variables studied, pH was the most
significant for increasing MB decolorization. The mixed
oxide showed better catalytic performance (about 96%
efficiency) in the decolorization of 1.56 x 10 mol MB
under the following conditions: 2.35 x 10~ mol H,0,, 20 mg
of mixed oxide, pH 3, 30 min, and UV solar irradiation.
The zero-order rate constant was 0.0333 mg L' min™’
and the half-life was 15.85 min for the system containing
H,0O, and mixed oxide; these values were 6 times higher
than that of the system containing MB and H,0, only.
Under optimal conditions, the mixed oxide proved to be
reusable for four successive catalytic cycles, with a mean
efficiency of 96%, indicating high stability. This study
demonstrates that effective photocatalysts can be prepared
by a sustainable method using mining industry tailings and
spent alkaline batteries for application in MB decolorization
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with solar irradiation. Furthermore, by applying the optimal
conditions, the efficiency of the process is guaranteed and
costs are minimized. In addition, the sustainable mixed
oxide is a bifunctional material that can also be applied
as an energy storage device due to its electrochemical
characteristics, including high specific capacitance
(87.16 F g, high energy density (27.24 Wh kg') at
524.41 W kg'! of power density, and excellent reversibility
in charge/discharge cycles (93%).

Supplementary Information

Supplementary information (sample collection points
for mining tailings, weather conditions on the day of the
photocatalytic optimization, experimental conditions of
the 23 full factorial design, adsorption study of the mixed
oxide, XRD of the alkaline battery anode and of the silt
fraction, decolorization efficiency of MB, Pareto chart,
pH optimization, and dependence of anodic and cathodic
current of the scan rate) is available free of charge at
http://jbcs.sbq.org.br as PDF file.
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