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Abstract

In this work, CoFe,0,/TiO, nanostructure was prepared through a facile and effective solvothermal route for efficient use in
the degradation of the Erionyl Red A-3G model pollutant under ultraviolet irradiation. Characterization analysis indicated the
successful heterojunction among the precursors. The composite presented band gap value of 2.75 eV, being smaller than that
of the pristine TiO,, as well as mesoporous structure. The catalytic activity of nanostructure was investigated by employing
a 2% factorial experimental design with 3 central points. The optimized reaction conditions were set as pH=2 and catalyst
dosage=1.0 g L"! for an initial pollutant concentration of 20 mg L!. The prepared nanohybrid presented remarkable catalytic
activity, reaching color removal efficiency of 95.39% after 15 min, as well as total organic carbon (TOC) removal of 69.4%
after 120 min. The kinetic studies of TOC removal followed the pseudo-first order model, with a rate constant of 0.10 min'.
Moreover, the nanostructure presented magnetic behavior, being easily separated from the aqueous medium through the use

of a simple external magnetic field.
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Introduction

Advanced oxidation processes are promising technologies
proposed for the complete degradation of organic pollutants
through the generation of highly reactive free radicals capa-
ble of oxidizing various stable molecular structures (Hol-
landa et al. 2021). Within the various advanced oxidation
processes, heterogeneous photocatalysis stands out due to
the coupling of oxidation and reduction reactions induced by
the application of light irradiation to the surface of semicon-
ductor materials without the need for adding any precipitat-
ing agent to remove the solid catalyst (Vieira et al. 2019).
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Over the years, titanium dioxide (TiO,) has been the most
explored catalyst for heterogeneous photocatalysis, widely
used due to its high photocatalytic efficiency under ultravio-
let light (Lazarotto et al. 2020; Silvestri et al. 2020). How-
ever, even though TiO, constitutes a heterogeneous phase
with water, the difficulty in recovering this material at the
end of the reaction constitutes a challenge for its use on a
commercial scale (Vaiano et al. 2020).

Thus, even though these technologies have been devel-
oped and improved over the last 20 years, several opera-
tional drawbacks limit their application, such as lack of
light absorption efficiency in photocatalysis, in addition to
the need for several mechanical unit operations (Rossatto
et al. 2020; Fuziki et al. 2021). In this context, coupling
two or more semiconductors is proposed as a compelling
alternative, since it reduces the band gap value, allowing
a more effective reaction conversion without the need for
using highly energetic light sources. Moreover, semicon-
ductors can improve electron mobility and reduce electron-
hole combinations. Thus, it becomes obvious that increasing
the overall efficiency can decrease the overall process time,
thereby reducing operational costs (Oseghe and Ofomaja
2018; Vieira et al. 2022).
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It is possible to combine TiO, with other semiconduc-
tors with much smaller band gaps, such as cobalt ferrite
(CoFe,0,), which also shows magnetic character, allow-
ing the final catalyst obtained to be separated through the
application of a simple external magnetic field (Van et al.
2021; Mapossa et al. 2021). In other words, the coupling
of CoFe,0,, with an approximate band gap of 1.5 eV, with
TiO,, that presents a band gap higher than ~3 eV, is capable
of tuning and tailoring the band gap of the synthesized hybrid
phase (Ciocarlan et al. 2020; Krishna et al. 2020). Thus, the
resultant material acquires an intermediate and more effective
band gap for the use in photocatalysis, while also resulting in
a magnetic catalyst. Heterojunction structures between TiO,
and CoFe,0, have been previously proposed as suitable pho-
tocatalysts in the degradation reactions of different organic
molecules in an aqueous environment (Mourdo et al. 2010;
Balu et al. 2011; Sathishkumar et al. 2013).

A few works addressing degradation of different types
of Erionyl dye by heterogeneous photocatalysis have been
reported in the literature. For instance, phodegradation of
erionyl blue dye (Acid blue 260) has been evaluated in aque-
ous medium by sunlight and palladium catalysts (Pérez-Oso-
rio et al. 2019). Erionyl Red B dye (Acid Red 151) has been
degraded by photocatalytic process using activated carbon/
TiO, composite under UV irradiation (Silva et al. 2006).
TiO, catalyst (Degussa P25) under UV irradiation has been
employed for degradation of Navy Erionyl R 180% (Zayani
et al. 2006). However, to the best of our knowledge, Eri-
onyl Red A-3G has not yet been investigated as target pol-
lutant molecule on photocatalytic studies. Thus, CoFe,O,/
TiO, heterojunction was selected as a photocatalyst and
prepared herein for use on the degradation reaction of the
respective pollutant molecule. In this work, CoFe,0,/TiO,
nanostructure was prepared by the solvothermal route and
posteriorly applied as a photocatalyst for Erionyl Red A-3G
removal in an aqueous medium under ultraviolet irradiation.
The catalytic activity was investigated using a 22-factorial
experimental design with 3 central points, where the pH and
catalyst dosage were the investigated variables.

Methodology
Preparation of composite

The CoFe,0, particles were obtained through the solvother-
mal route by mixing cobalt chloride (CoCl,.6H,0) and iron
chloride (FeCl;.6H,0) salts at the proportion of 1:2 mmol of
Co:Fe. The salts were dissolved in ethylene glycol under mag-
netic agitation, and 60 mmol of sodium acetate (NaC,H;02)
was added to this solution. The mixture was transferred to
a Teflon-lined stainless steel autoclave, which was kept at
200 °C for 24 h. The solids obtained were filtered, washed

with distilled water and ethanol, and air-dried for 24 h. The
material was used as a precursor in the CoFe,0,/TiO, com-
posite preparation, designed at 10:90 (CoFe,0,:TiO,) mass/
mass ratio. The TiO, used was commercially obtained. The
synthetic procedure followed the same step used in preparing
the precursor material (CoFe,0,). The CoFe,0,/TiO, com-
posite obtained was named 90Ti.

Characterization techniques

X-ray diffraction analysis (XRD) was performed on a
Miniflex (Rigaku) diffractometer, with Cu-Ka radiation
(A=1,54051 A) and energy source operating at 30 kV and
10 mA. Fourier transform infrared spectroscopy (FTIR)
was recorded on an IRPrestige-21 (Shimadzu) spectrometer
through the transmittance recording method and KBr as a
sample dispersing medium. Particle size distribution was
estimated by dynamic light scattering (DLS), using colloi-
dal Ludox TM-50 as the dispersant phase, with nanoparticle
analyzer model SZ-100 (Horiba Scientific). The histograms
obtained were analyzed, and the limit of detection of the
method was in the range of 0.3 to 8000 nm. The textural
properties were analyzed by N, adsorption/desorption iso-
therms at liquid-nitrogen temperature (77 K) using an ASAP
2020 instrument. Surface area (Sggr) and pore size distribu-
tion were calculated according to Brunauer, Emmett e Teller
(BET), and Barrett-Joyner—-Halenda (BJH) methods (Sing
et al. 1985; Thommes et al. 2015). The morphology of the
catalysts was investigated through scanning electron micros-
copy (SEM) coupled do energy dispersive spectroscopy
(EDS) with a JSM 6010LV (JEOL) microscope. The band
gap of the samples was calculated according to the Kubelka-
Munk method (Vieira et al. 2020), with data obtained through
diffuse reflectance at the ultraviolet (UV) and visible (Vis)
method, using Cary 5G UV-Vis (Varian) spectrophotometer.

Photocatalytic experiments

The catalytic potential of the synthesized materials was
investigated in a laboratory-scale batch system designed for
photocatalysis, as shown in Fig. 1. The system consisted of
an annular reactor made of borosilicate, with an approximate
volume of 1 L, constructed around an encapsulated UV lamp
(mercury vapor, 250 W). The reactor temperature was kept
at 20 °C, enclosed by circulating and constant water flow
controlled with a thermostatic bath. All the parts previously
described were built inside a sealed box for entire isolation
from any external light sources. The experiments consisted
of a reaction volume of 400 mL at a temperature of 20 °C.
The initial concentration of the target pollutant Erionyl Red
A-3G (also named as Acid Red 447, CAS No. 141880-36-6;
widely used in the textile industry) chosen for the experi-
ments was fixed at 20 mg L -1, whose value is within the
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Sealed box Table 1 Experimental design matrix with the coded and uncoded val-
ues for X, (pH) and X, (catalyst dosage) variables and results
= <
] — —M‘_“ Experiment X, X, pH Catalyst dosage R%
i :<}* C.J Cooled water flow (g Lil)
§ = — 1 -1 -1 2 0.1 25.15
] 2 +1 -1 4 0.1 28.79
_ % e 3 -1 +1 2 1.0 95.40
¥ UV lamp 4 +1 +1 4 1.0 64.72
Sampling Thermostatic bath 5 0 0 3 0.55 76.23
6 0 0 3 0.55 70.77
7 0 0 3 0.55 69.97
Magnetic stirrer

Fig.1 Schematic representation of the laboratory scale batch system
designed for the photocatalysis experiments

range of the concentration of textile dyes discarded in indus-
trial effluents (Yaseen and Scholz 2019). The optimal pH and
catalyst dosage were investigated by employing an experi-
mental design described in the following section. Adsorption
equilibrium was reached by stirring the catalyst and dye in
the dark, and after, the photocatalytic reaction was started
by turning on the UV lamp.

Analytical procedures

The degradation of the Erionyl Red A-3G dye solution was
monitored by molecular absorption spectrometry technique
on a UV-Vis spectrometer (UV-2600, Shimadzu), at the
maximum absorption wavelength of 552 nm. The R% was
estimated as shown in equation 1, where C, and C are the
dye concentrations at initial and 7 time, respectively.

R (%) =

Co-C
- 100

Co ey

Total organic carbon (TOC) was measured by TOC-
Lcprcpn €quipment (Shimadzu) for optimal experimental
condition. Sample preparation consisted of filtration with
PTFE syringe filters (0.22 pm, AllCrom). The TOC minerali-
zation efficiency (%) was calculated according to equation 2,
where TOC,, and TOC stand for the TOC concentration for
the initial and final sampling points during the reaction.
TOC

T I effici =(1——).1
OC removal efficiency (%) TOCo 00 2)

Experimental design
The optimized experimental conditions were found by

employing a 2>-factorial design with triplicates at the cen-
tral points, and the efficiency was estimated by setting color
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removal efficiency (R%) as the response. The two inde-
pendent variables investigated were pH and catalyst dosage
(g L™, coded as X, and X,. Variable X, ranged from 2 to 4,
and X, ranged from 0.1t0 1.0 g L~!, as presented in Table 1.
Responsive surface methodology (RSM) results were inter-
preted with Statistica software. All models were validated,
and the statistical significance of the set of linear and quad-
ratic coefficients and their interactions were obtained by
analysis of variance (ANOVA) with a 95% confidence inter-
val (p <0.05). The pH values chosen for the experimental
design were determined according to the development of a
set of preliminary experiments, described in detail in the
next sections. Based on those results, the pH values selected
were 2, 3, and 4. The catalyst dosage values were selected
according to the literature, being 0.1, 0.55, and 0.1 g L,
since the range between 0.1 and 1 g L™! is often employed
successfully in photocatalytic reactions for the degradation
of environmental pollutants (Parhizkar and Habibi 2018;
Wang et al. 2021).

Results and discussion
Characterization results

Characterization results for the used samples in this work are
shown in Fig. 2. From Fig. 2(a), it is possible to observe the
XRD patterns for the 90Ti, TiO,, and CoFe,0, samples. It is
possible to confirm that there was the monophasic formation
of CoFe,0,, as it is shown by the presence of the character-
istic peaks in 20 at 18.17°, 30.23°, 36.68°, 35.24°, 43.28°,
53.21°,56.84°, and 62.33°, as well as its respective reflection
planes (111), (220), (311), (222), (400), (422), (511), and
(440), matching the crystallographic record card no. JCPDF
22-1086 and other results reported in the literature (Vlazan
and Stoia 2018; de Oliveira et al. 2019). The more relevant
peaks which have resulted from the merging of CoFe,O, and
TiO, are highlighted for the composite 90Ti sample accord-
ing to its respective precursor material, i.e., anatase phase
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Fig.2 a XRD and (b) FTIR patterns for the different samples. Parti-
cle size distribution histograms for (c1) 90Ti composite, (¢2) TiO,,
and (c¢3) CoFe,0,. (d) N, adsorption—desorption isotherms for 90Ti

for TiO, and characteristic monophasic peaks for CoFe,O,,
indicating that the heterojunction between powders was suc-
cessful. The decrease in the relative intensity of the phase
added in smaller concentration is expected for composites
with two or more precursors, as it has been shown for similar
composites obtained by hydrothermal and reflux condensa-
tion routes (Sun et al. 2020; Fuziki et al. 2021).

In the FTIR spectra shown in Fig. 2(b), it is demonstrated
that all the samples have characteristic bands at around 3457
and 1633 cm!, which can be attributed to the stretching
of —OH surface groups, possibly due to free and adsorbed
water. In addition, the band at around 591 cm™ confirms
the oxygen-metal stretching at tetrahedral sites, indicating
the formation of metallic oxides for all samples. For the
CoFe,0, sample, the presence of a small peak at 429 cm’!
indicates Co—O bonding at tetrahedral sites. For the 90Ti
sample, however, the characteristic Co—O peak is showed by
the broad band of Ti—O bonding (Sun et al. 2020). Moreover,
other studies have obtained similar patterns for nanoparticle
synthesis employing ethylene glycol as a synthesis medium

hv (eV) Diameter (nm)

composite, with inserted isotherms for TiO, and CoFe,O,. (e) Tauc
plots and band gap values for 90Ti, TiO,, and CoFe,0O, samples

(Vlazan and Stoia 2018). In Fig. 2c1-c3, it is shown the
samples’ frequency histograms and average particle size dis-
tribution. The average particle size obtained for 90Ti, TiO,,
and CoFe,0, was 102.7, 54.6, and 23.0 nm. Moreover, the
dispersion behavior can be classified as monomodal, with
a leptokurtic and slightly asymmetric distribution profile.
The N, adsorption-desorption isotherms for the 90Ti
composite are presented in Fig. 2(d) and inserted given the
plots for CoFe,0, and TiO, precursors. It can be observed
from the plots shown that the behavior for N, adsorption
isotherms follows classifications II and III (Sing et al.
1985). Thus, the materials present multilayer adsorption and
mesoporous structure characteristics. Moreover, the slight
hysteresis loop can still be classified as H3 type, which indi-
cates non-rigid aggregates with plate-shaped particles and
slit-shaped pores. The Sggr for CoFe,O,, TiO,, and 90Ti was
calculated to be 27.20, 7.99, and 6.34 m> g'l, with an average
pore volume of 0.09, 0.03, and 0.04 cm® g!, respectively.
At last, in Fig. 2(e), the Tauc plots are shown for esti-
mating the band gap values for each material, determined
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according to the Kubelka-Munk function (Vieira et al.
2022), based on the UV-Vis diffuse reflectance spectra. The
band gap values estimated for CoFe,0,, TiO,, and 90Ti were
calculated to be 1.38, 3.15, and 2.75 eV, according to the
extrapolation of each respective inflection point. Thus, the
addition of CoFe,0O,, even at small proportions to TiO,, can
result in the narrowing of the optical band gap, caused by the
contribution of crystalline defects present in the TiO, struc-
ture (oxygen vacancy), as well as the presence of transition
elements (Co, Fe) (Stefan et al. 2021). Complementarily,
in Fig. S1, it is possible to observe a characteristic optical
behavior for TiO, at the UV region, from 200 to 380 nm,
limited at around 400 nm. The CoFe,O,, on the other hand,
exhibited optical activity over a wide wavelength range, cov-
ering both the UV and visible regions, with an absorption
threshold close to the wavelength of 900 nm. At last, it is
possible to see that for the 90Ti sample, an intensification
of absorption in the UV region and extended optical activity
to the visible region occurred, with an absorption limit for
wavelengths close to 900 and 775 nm.

In Fig. 3, it is presented the SEM micrographs for the
90Ti, TiO,, and CoFe,O, samples. The images were mag-
nified 30,000 times, and by the estimated visible size scale,
it is possible to observe that the SEM analysis followed the

Fig.3 SEM micrographs for

the 90Ti, TiO,, and CoFe,O,

samples, and elemental map-

ping and EDS analysis for the
90Ti sample
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particle size distribution obtained through DLS analysis,
which pointed to the formation of nanosized particles. For
the 90Ti sample, it is possible to see uniform clusters and
roundly shaped, whose color is closer to the white color of
the TiO, nanoparticles, added in greater proportion, with
smaller dark spots and characteristic of CoFe,O, nano-
particles. The morphology shown in the micrograph for
CoFe,0, nanoparticles is characterized by the formation of
non-uniform clusters resulting from the agglomeration of
the nanoparticles caused by the interfacial surface tension
during the synthesis. Similar morphological results were
reported by Heydari et al. (2021) and Nabi et al. (2020),
which have observed the formation of irregular, semi-spher-
ical nanoparticles, and constituting agglomerates. For TiO,,
a predominant spherical shape with clusters was observed
under the literature reports (Heydari et al. 2021; Abram and
Drazi¢ 2021).

From the elemental mapping, also shown in Fig. 3, it is
possible to see a homogeneous distribution of Ti, Fe, and
Co, with only a few spots concentrating more on Fe and
Co over others, demonstrating the successful heterojunction
between TiO, and CoFe,0, at the 90Ti composite. In this
way, the homogeneous distribution of metals over a com-
posite sample is fundamental for photocatalytic purposes

Sum Sped
Ti Element Weight (%)  Atomic (%)
Ti 38.31 17.61
Fe 1.75 0.69
0
i Co 0.79 0.30
1
Co o 59.15 81.41
Fe
Ti Co
LA Fe Fe
T bl ) T T T T on "- T T T T T T T T
0 2 4 6 8 10 12 14
Full Scale 138540 cts Cursor: 14.472 (122 cts) keV|




Environmental Science and Pollution Research (2023) 30:75078-75088 75083
(Oliveira et al. 2016; Oliveira et al. 2018). According to the 100 ./.__—————I l/ll
EDS analysis, the composite sample (90T1) contains 38.31%, ®

1.75%, and 0.79% of Ti, Fe, and Co, respectively. The
remaining sample composition can be attributed to oxygen
in the oxide form. Ultimately, it is possible to infer that the
CoFe,0,/TiO, composite was successfully obtained through
the proposed solvothermal route, with very interesting prop-
erties, such as a 2.75 eV band gap, being a value smaller
than that for pristine TiO,. The decrease in the band gap
value is a very desirable trait for catalysts, especially when
they are designed to be photoactivated because if energy
absorption by the material occurs on longer wavelengths,
it allows successful applications of the produced catalyst
using less energetic regions of the electromagnetic spectrum
(Silvestri and Foletto 2017; Hafeez et al. 2019). In this way,
the formation of the CoFe,0,/TiO, heterojunction, as shown
by characterization results, can enhance the separation of
electronic charge flow during the reaction and reduce charge
and electron-hole recombination on the surface of the mate-
rial, favoring the photocatalytic process (Vieira et al. 2022).

Photocatalytic activity

Photocatalytic experiments were carried out to investigate
the effects of a wider pH range using 90Ti catalyst, possi-
ble to see the results in Fig. 4. The reaction conditions were
the volume of 400 mL, initial concentration of target pol-
lutant of 20 mg L™}, and catalyst dosage of 0.55 g L\, Four
experiments were carried out at pH values of 2, 4, 5, and 7.
From Fig. 4, it can be observed that the degradation of the
contaminant occurred at greater intensity for acidic pH val-
ues (pH < 5). For pH =2, total contaminant degradation was
reached within 60 min. At pH=4, the time needed for the
same efficiency as for pH=2 to be reached doubled, result-
ing in the need for 120 min of reaction. Lastly, no significant
difference was reached for pH=35 and 7, with maximum
removal of 63% after 120 min. These results can be explained
as resulting from a combination of factors, such as the fact
that the target pollutant is an anionic dye that becomes nega-
tively charged under pH =4, as well as 90Ti catalyst particles,
exhibit positively charged surfaces, enhancing the interaction
between catalyst-pollutant by physical attraction (Oliveria
et al. 2017; dos Santos et al. 2019; de Oliveira et al. 2019).
Ultimately, according to the results, pH range between 2 and
4 was selected for the experimental design.

The photocatalytic results for all the investigated experi-
mental conditions according to the factorial experimental
design are shown in Table 1, expressed as R% after 15 min
of reaction. The highest R% value was reached by run 3,
with pH =2 and catalyst dosage=1.0 g L"!. As a tendency,
it is possible to observe that lower R% was reached for lower
catalyst dosages were used, but pH also played an important
role in the efficiency.

80 —

60 //

40- __—

Removal efficiency (%)

A/‘ —u—pH 2

20 —e—pH4
A—pHS

] —v—pH7

O T T T T T T T T
0 15 30 45 60 75 90 105 120

Time (min)

Fig.4 Color removal (R%) as a function of pH using 90Ti catalyst
(reaction conditions: initial dye concentration=20 mg L' and cata-
lyst dosage=0.55 g L)

The quantitative significance of the effects for the studied
variables was analyzed using a Pareto diagram, shown in
Fig. 5(a). The most relevant effects are caused by variable
X, (catalyst dosage). It is also possible to observe that the
effects caused by variable X, (catalyst dosage) exert a linear
influence on the model. In contrast, variable X, (pH) exerts
a quadratic effect, but both are significant for the R% values
obtained. Moreover, the analysis of the meaning behind the
positive and negative values for X, and X, shows that as
the catalyst dosage increases and pH decreases, the higher
the R% value. In Fig. 5(b), it is presented the response sur-
face obtained for the experimental design. According to the
model, the optimized conditions were pH=2 and catalyst
dosage=1.0 g L'!. The equation representing the model is
given in Eq. 3, obtained with a 95% significance level and
R? equal to 0.994.

R(%) = —140.58 + 116.19X, — 18.81X; — 19.07 X,X, (3)

The R% profiles over time for each experimental design
run are shown in Fig. 6. From Fig. 6, it is possible to
observe that even after 120 min, the experiments carried
out with the lowest amounts of catalyst (0.1 g L") did not
achieve significant R% values, despite the pH value used.
For the optimized condition, it is possible to see that the
total R% was reached at 60 min, followed by an experi-
mental condition in the central points, which resulted in a
total R% at 90 min.

Experiments with pristine TiO, and CoFe,O, were car-
ried out under the same optimized conditions, i.e., pH=2
and 1.0 g L™! of catalyst dosage. In addition, the effects
of direct photolysis were also investigated by irradiation
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Fig.6 R% profiles obtained for each experimental run according to
the factorial experimental design

of light only, with the solution at pH 2. The experimental
results are shown in Fig. 7. It is possible to observe that the
90Ti catalyst presents superior catalytic activity compared
to the other catalysts, reaching an efficiency of 95.39%
after 15 min. Its performance was followed by TiO,, which
reached approximately 94% removal after 120 min. For
CoFe,0,, the maximum removal performance reached was
68% after 120 min.

Moreover, the contribution of direct photolysis by
application of light only was limited to approximately
30% at 120 min. According to the R% profiles obtained,
it is possible to infer that the association between TiO,
and CoFe,0, in one unique semiconductor structure can
enhance the photocatalytic activity of the composite
over the pristine catalysts. The photocatalytic results are

@ Springer

—— Optimized condition —O—TiO, —h— CoFe,0, =/ Light only
100 o

80

Removal efficiency (%)

0 15 30 45 60 75 90
Time (min)

105 120

Fig.7 Comparison of the dye removal efficiencies obtained for the
optimized condition (pH=2, catalyst dosage=1.0 g L) using 90Ti
catalyst against TiO, (pH=2, catalyst dosage=1.0 g L'!), CoFe,0,
(pH=2, catalyst dosage=1.0 g L") and light only

under the characterization results, such as the decrease
observed for the band gap of the final composite, espe-
cially if compared to pristine TiO,. In other studies, it
has been reported that metal/metal coupling can improve
light absorption and lower band gap values of the modified
composites, resulting in improvements of approximately
40%, 30%, and 35% for the degradation of methylene blue,
rhodamine B, and crystal violet (Revathi et al. 2020). In
addition to the optimization of band gap, these effects
observed toward the increase for R% for 90Ti catalyst can
also be attributed to the increase in electronic mobility
efficiency and decrease in electron-hole recombination
factors (Vieira et al. 2022).
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Fig.8 Concentration variation profile of TOC and (b) first-order
kinetic plot for the TOC removal under optimized conditions (pH=2
and catalyst dosage=1.0 g L")

In Fig. 8(a), it is shown the removal profile of TOC dur-
ing the photocatalytic degradation of dye. As can be seen
from Fig. 8(a), satisfactory TOC removal is achieved within
120 min of reaction, around 70%. It is well known that the
TOC removal rate is slower than the color removal rate dur-
ing photodegradation reactions of dyes, needing more time
for its complete removal (Aleboyeh et al. 2008; Anchieta
et al. 2014; Anchieta et al. 2015). The rate constant for the
TOC removal was estimated by linear regression from the plot
of In (TOC/TOC,) against time (Fig. 8b), which followed a
pseudo-first-order model. The first-order rate constant (k) for
the TOC reduction was 0.10 min~" (R>=0.98). Several studies
have shown that the TOC reduction in an aqueous environment
involving catalytic reactions for the degradation of organic
molecules follows pseudo-first-order kinetics. For instance, the
degradation reaction of Reactive Red 141 dye using ZnFe,0,
catalyst (Anchieta et al. 2015), degradation of bisphenol A
with Ag;PO,/Gd,BiTa0; catalyst (Luan et al. 2022), degrada-
tion of Amaranth over metal-doped TiO, (Divya et al. 2012),
and removal of Acid Orange 7 by UV/H,0O, process (Aleboyeh
et al. 2008), they all followed pseudo-first-order kinetics.

In Table 2, a summarization of the most relevant photocata-
lytic parameters of different heterojunctions between TiO, and
CoFe,0, is presented, which were then applied for the deg-
radation of different organic molecules. From the data com-
pilation, it is possible to conclude that all the heterojunctions
show promising results for the degradation of various envi-
ronmental pollutants. Specifically, it is possible to infer that
the 90Ti catalyst prepared in this work presented satisfactory
catalytic activity toward Erionyl Red A-3G dye degradation.
In addition, the catalyst also shows magnetic behavior (Fig. 9),
allowing it to be separated after the reaction is completed by
applying a simple external magnetic field, demonstrating its
further applicability potential.

Table 2 Comparison among the photocatalytic activities of different heterojunctions between TiO, and CoFe,O,

Structure Molecule Operating conditions

Efficiency Reference

TiO,-guanidine-CoFe,0, Malic acid (MA)

Quartz halogen lamp (150 W); [malic acid] = 0.5

60% in 90 min  (Balu et al. 2011)

mM; [catalyst] =2 g !

TiO,/CoFe,0, Procion Red MX-5B
mg L
TiO,/CoFe,0, nanofiber Methylene blue
65mg L
CoFe,0,-3D TiO, Methylene blue
-1

gL

TiO,/CoFe,0, Diuron

UV lamp (8 W); [dye] = 10 mg L [catalyst] = 80
Hg lamp (300 W); [dye] = 25 mg L™'; [catalyst] =
Hg lamp (8 W); [dye] =5 mg L [catalyst] = 4

High-pressure Hg lamp (125 W); [diuron] = 40 mg

90% in 170 min (Fu et al. 2005)
95.87%in5h  (Lietal. 2012)
98.89% in6h  (Haw et al. 2016)

99% in 90 min  (de Oliveira et al. 2020)

L}, pH = 3.0; [catalyst] = 0.5 g ™!

CoFe,0,/TiO, nanowires Bromocresol green

High-pressure Hg lamp (100 W); pH = 4.6; [dye]

60% in 120 min (Liu et al. 2021)

= 8.3 x 10 M; [catalyst] = 0.18 g L™!

CoFe,0,/TiO, Erionyl Red A-3G

Hg lamp (250 W); [dye] = 20 mg L™!; pH = 2.0;
[catalyst] = 0.55 g L't

100% in 60 min This work

@ Springer



75086

Environmental Science and Pollution Research (2023) 30:75078-75088

A plausible mechanism for Erionyl Red A-3G degrada-
tion could be explained as follows (Haw et al. 2016): when the
CoFe,0,/TiO, composite is irradiated by UV light, TiO, in com-
posite absorbs more light and thus generates more charges. This
causes a transfer of electrons (¢”) from valence band (VB) to con-
duction band (CB) in TiO,, creating holes (") on its VB (Eq. 3).
Subsequently, the photogenerated electrons (¢”) migrate from CB
of TiO, to that of CoFe,0, (Eq. 4), and this promotes an effective
e’/h* pair separation, contributing to an inhibition of photogen-
erated charge recombination, which lead to the improvement of
photodegradation activity. The e on the CB of CoFe,0, reacts
with O, to generate O," radical (Eq. 5), which degrades pollutants
(Eq. 6), while &* on VB of TiO, directly oxidizes organic mol-
ecules (Eq. 7), as well as reacts with OH" or H,O to generate *OH
radical (Eq. 7), which also acts as an oxidizing species (Eq. 8).

TiO, + hv — ¢~ + ht (3)
CoFe,0, — TiO, — CoFe,0, — TiO,(e™) 4)
e +0,—-0," )
O," + Erionyl dye — Degradation products 6)
h* +OH™ /H,0 - ‘OH+H" @)
‘OH + Erionyl dye — Degradation products 8

Reusability test

Catalyst reusability is an important parameter that can
simultaneously informs the activity and stability of the
material. In this work, the catalyst was used for fourth con-
secutive reuse cycles, under the optimal experimental con-
ditions ([dye] =20 mg L™'; pH=2.0; [catalyst] =0.55 g L™}
After 60 min of reaction for each cycle, the degradation

(a) (®)

S —————

Fig.9 Images of the nanohybrid particles (a) dispersed in water, and
posteriorly (b) subjected to the external magnetic field

@ Springer

efficiencies obtained were 100%, 97.20%, 95.25%, and
90.50% for the 1st, 2nd, 3rd, and 4th cycles, respectively.
The results show a photocatalytic potentiality around 90%
even after four cycles of reaction, revealing that the catalyst
has good efficiency and stability.

Conclusion

The magnetic CoFe,0,/TiO, composite was successfully
prepared through a facile solvothermal route. The catalyst
presented intrinsic characteristics, such as a smaller band gap
value than pristine TiO, and magnetic properties. Compared
with pristine TiO,, CoFe,0,/TiO, catalyst displayed superior
photocatalytic efficiency due to its smaller band gap. The
nanohybrid catalyst presented remarkable activity toward
Erionyl Red A-3G dye degradation, reaching 95.39% color
removal after 15 min of reaction and TOC removal of 69.4%
after 120 min. These satisfactory values achieved can be
attributed to the reduced value of the band gap caused by the
heterojunction, as well as the presence of mesoporosity on
the surface of the particles. TOC removal kinetics followed
the pseudo-first-order model, presenting a rate constant of
0.10 min"!. Furthermore, its magnetic property makes it an
easily separable material from an aqueous medium by using a
magnet. The catalyst is reusable over four consecutive cycles.
In summary, the composite prepared in this work has intrin-
sic properties that make it a potential catalyst for use in the
reduction of organic pollutants in aqueous environments.
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