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Abstract

This study explores the use of CoxFe3xO4 ferrites as photocatalyst for the degradation of a
model pollutant (Rhodamine B). Two different compositions (x = 1 and 1.5) were synthesized by a
hydrothermal route using nitrates as precursors. The structural studies showed that the powders
consist of nanometric (8-9 nm) monocrystalline particles of octahedral shape. X-rays and electron
diffraction results confirmed the cubic spinel structure. The n-type semiconductor behavior was
confirmed using Mott Schottky method and the direct band gap energies were obtained from diffuse
reflectance spectroscopy (DRS): 2.32 eV and 2.18 eV for CoFe>O4 and Coi.5Fe1.504 respectively. Due
to its lower charge transfer resistance (2.8 kQ/cm?), higher photocurrent density (1.18 pA/cm?), and
a longer lifetime (5.2 ns) of the photogenerated charges, the x = 1.5 composition presents the greatest
potential for this application. The response surface methodology (RSM) based on Box-Behnken
design (BBD) was used to optimize the rhodamine B photodegradation process under simulated
sunlight: RhB concentration, pH and catalyst mass. Under optimal conditions, the dye was completely
degraded in 180 minutes for x=1.5 while it was 240 minutes for x=1. Total organic carbon (TOC)
analysis shows an advanced mineralization and achieves a higher removal rate of 96% for x=1.5 after
180 minutes. Hydroxyl radicals and photogenerated holes are detected as the dominant reactive
species using radical scavenging experiments. An increase of cobalt concentration in ferrite-based
catalysts improves photocatalytic efficiency by reducing bandgap energy and improving charge

photogeneration and transfer processes.

Keywords: Response Surface Methodology. Cobalt ferrites. Dyes. Simulated sunlight irradiation.
Photodegradation. Rhodamine B.
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1. Introduction

Water pollution is a serious global problem that affects the environment and human health. As
industries grow and cities expand, more untreated or poorly treated wastewater is being released into
rivers, lakes, and oceans. This wastewater contains harmful substances like organic compounds,
heavy metals, and germs, which can harm wildlife and people. To protect our water resources, it is

crucial to improve wastewater treatment methods. [1-3].

Advanced Oxidation Processes (AOPs) offers a promising approach for wastewater treatment [4,5].

The reactions based on this process generate very reactive chemical species, such as for example
hydroxyl and superoxide radical species (OH" and O?") that can break down complex organic

pollutant’s molecules into smaller and less toxic species. Different materials have been explored for
(AOPs), such as titanium dioxide (TiO) and zinc oxide (ZnO), which are known for their high
bandgap energy and photocatalytic properties. [6,7]. More recently, another semiconductors
compounds are considered, among them, ferrites are widely studied [8-10]. Cobalt ferrite
nanoparticles are known for their many properties, optical, photoelectrochemical and chemical
stability, making them highly suitable for photocatalytic applications. It is well known that small
particles, which have a large specific area, improve photocatalytic activity. The morphology of the
particles can also have a certain influence due to the fact that the crystallographic faces of the particles
present a different cation distribution on the surfaces. The method of synthesis used to obtain CoxFes.
xO4 nanoparticles is a key aspect of this study. The choice of a hydrothermal route is significant
because it allows precise control of particle size, composition, crystallinity, and surface properties
[11]. The morphology of the particles is more controlled by the use of surfactant. These parameters
are decisive for the optimization of the photocatalyst's performance. In this study Rhodamine B
(RhB), which is a synthetic dye used in the textile paper and leather industries, was chosen as a model
pollutant. RhB is well known for its nondegradability, high chemical stability and solubility, which
makes it a persistent pollutant, harmful to health and environment [12]. The photocatalytic
degradation efficiency of RhB depends on several factors: the characteristics of the materials used
(surface area, chemical composition, optical properties) [13,14] but also on the experimental
conditions of the photocatalysis test. The optimization of these parameters can lead to the

development of more effective photocatalysts.

This work presents a study on the synthesis and characterization of CoxFe;xO4 cobalt ferrite
nanoparticles (x=1 and x=1.5) obtained from nitrates precursors. In literature, the studies focus on
AFexOq type ferrites, such as CoFe2Oa, with possible substitution of metallic cation A by another type

of metallic cation leading to MxA.xFe2O4 formula. In this work, another composition Coi.sFe;.504,
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for which iron cations are also substituted by cobalt cations, was synthesized and compared to the
first one (CoFe204). The structural and physical properties of these materials were carried out to
understand the degradation mechanism. This study is coupled with an optimization of some
experimental parameters of the Rhodamine B degradation test thanks to the combination of Response
Surface Methodology (RSM) and Box-Behnken Design (BBD) [15-18].We specifically focused on
the optimization of the pH and RhB concentration of the polluted solution and catalyst amount. The
influence of the composition on the structural, morphological, optical and photo-electrochemical
properties of the nanoparticles was studied and its effect on the photocatalytic degradation efficiency
was evaluated. The optimal conditions for the photocatalytic tests predicted by the RSM-BBD have
been validated by experimental studies. The radicals trapping tests and TOC analyzes allow the
identification of active chemical species but also the control of organic carbon. Finally, to explain the

photocatalytic degradation potential mechanisms were proposed and discussed,

2. Materials and Methods

2.1. Chemicals and reactants

Cobalt (II) nitrate hexahydrate (Co (NO3)2-6H>0O) and iron (III) nitrate nanohydrate (Fe
(NOs3)3-9H20) have been used as cobalt and iron precursors, respectively. The sodium hydroxide
(NaOH) was used to adjust the value of pH, while cetyltrimethylammonium bromide (CTAB, 98+%)
was employed as surfactant to control the shape of the nanoparticles [19]. All chemicals’ products

were purchased from Sigma-Aldrich and deionized water was used as the solvent.
2.2. Synthesis of CoxFe;xOs nanoparticles

Cobalt-ferrite nanoparticles (CoxFe3.xO4) were synthesized by a hydrothermal method. CTAB
was diluted in 17 ml of deionized water and stirred for 15 minutes. Co (NO3)2-6H>O was then added
and the mixture was stirred for a further 15 minutes. Finally, Fe (NO3)3-9H>O was added to the
solution. The quantities of Co and Fe nitrates were calculated to obtain the required Co/Fe atomic
ratios for x = 1 and x = 1.5 and 1.5g as a total mass of precursors. The pH of solution was adjusted to
12 by gradual addition of 12 ml of 1 M NaOH solution. The mixture was stirred for 30 minutes at
room temperature [19, 20]. The resulting solution was transferred to a teflon reactor and loaded into
an autoclave for heat treatment of 24 hours at 160°C. The resultant precipitate was rinsed several
times using deionized water followed by ethanol until the pH value was stable. The precipitate finally

dried at 80°C for 10 hours.

2.3. Characterization techniques
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The X-ray diffraction (XRD) characterization was performed on the samples using Empyrean
Panalytical diffractometer with a Cu-Ko beam source (wavelength A = 1.54 A). The XRD patterns
were registered in the range of 20 from 10° to 80° with step size of 0.02° at a scan rate of 1°/ minutes.
The specific surface area of the CoxFe3«O4 has been determined thanks to N> adsorption-desorption
isotherm at 77 K (Autosorb-iQ, Quantachrome, USA). A 200 kV FEI Tecnai G2 transmission electron
microscope coupled with an energy dispersive spectrometer (EDS) were used for both conventional
high-resolution images of the grains and chemical composition investigations. These
characterizations provided a view of the size distribution, crystalline structure, morphology, and

chemical homogeneity of the CoxFe3xO4 particles.

The optical properties of the particles were obtained thanks to a Shimadzu UV-1800
spectrophotometer with diffuse reflectance mode (DRS). The absorption spectra of the Rhodamine B
(RhB) dye used to evaluated the photocatalytic performance were collected in the wavelength range

200-800 nm using a UV-visible spectrophotometer [21].

The fluorescence (FL) and time resolved fluorescence emission (TRFL) decay studies were
performed using a Fluoromax (Horiba) fluorescence spectrophotometer. The excitation wavelength
was chosen to be 310 nm, and the emission wayvelength to be 465 nm. The decay curves were fitted

with a biexponential function according to Equation (1) [22]:
[t = ]1 e_ (t/Tl) + 12 e_ (t/TZ) (1)

where [;and [,are the intensities at different times of the decay and t; and t,are their
respective lifetimes. The carrier lifetime 7,,,,, was extracted using Equation (2) [23] :

_ (11T12+12T22)
tmoy = (13714 I272) 2)

2.4. Photoelectrochemical Measurements

The photoelectrochemical studies were carried out using an OrigaLys electrochemical
workstation equipped with a system of three electrodes. The reference and counter electrodes were
an Ag/AgCl electrode and a platinum foil, respectively. The working electrodes (WE) were made by
depositing the synthesized photocatalyst material on indium tin oxide substrates (ITO) by drop casting
method. The electrochemical and photoelectrochemical measurements were performed in aqueous
electrolyte solution of 0.1 M sodium sulphate (Na>SO4). The irradiation setup was a revoler Instytut
Fotonowy LED, it allows accurate control of the incident light wavelength. When a photocatalytic
material is exposed to light, charge carriers are created (electrons and holes). The photocurrent

technique measures the electrical current generated, provides information about the separation of
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charge carriers and the recombination dynamics. The measurements were recorded under the applied
potential of 1.2 V which was chosen to guarantee a stable and measurable current signal.
Complementary to photocurrent analysis, electrochemical impedance spectroscopy (EIS) was
conducted to study the charge transfer resistance given by the Nyquist plot. EIS measurement was
carried out with a three-electrode system in which a 5 mV AC signal was applied at the working
electrode over a frequency range of 0.01 Hz to 100 kHz. Mott-Schottky experiments were also carried
out to measure the electrochemical capacitance of the photocatalyst versus applied potential at a fixed
frequency of 500 Hz. By plotting the inverse square of the capacitance against the applied potential,
flat-band potential and charge carrier density were extracted, providing valuable understanding on

the semiconductor-type behavior of the CoxFes3.xO4 ferrite.
2.5. Photocatalytic Set-up

To evaluate the photocatalytic behavior of the ferrite, we studied the photodegradation of Rhodamine
B (RhB) under Simulated Sunlight. For the measurements, several RhB solutions with concentration
between 5 and 15 ppm and quantities of catalyst material from 50 to 100 mg were used. In a first step,
before exposure, the RhB solution with the ferrite was agitated for one hour to establish an
adsorption/desorption equilibrium between the Rhodamine B molecules and the surface of the
photocatalyst. To study the effect of the pH on the photodegradation performance, experiments were
performed at different pH values, typically ranging from 5 to 9. Note that pH affects the ionization of
functional groups on the surface, such as hydroxyl groups, which influences the overall charge of the
catalyst. During the photodegradation reaction, 3 ml of the solution were taken at various times to
follow the variation of the RhB concentration thanks to changes in the intensity of absorption peaks.
The main absorption band of RhB is known to be at 554 nm which was used as the reference
wavelength for the measurement of the dye concentration, the spectra were collected with a Shimadzu
UV-1800 Spectrophotometer. Total organic carbon (TOC) analyses allowed to determine the organic
carbon content of polluted solution. By comparing the initial value with that obtained after
photodegradation, it is possible to estimate the mineralization of rhodamine molecules. The
percentage of TOC removal was calculated using the initial and final TOC values according to the

formula:

TOC; - TOCf

TOC removal (%) = p—

x 100  (3)

Where TOC; is the measured value for initial solution and TOCy represent the measured value after

the photodegradation process.

2.6. BBD-RSM design and data analysis



Journal Pre-proof

The optimization of parameters for the removal of Rhodamine B has been performed using
the Box-Behnken design (RSM-BBD), based on statistical approach. This methodology is aimed not
only to determine the optimum conditions for maximum photodegradation, but also to assess high
degradation rates with minimal catalyst amount and higher RhB concentrations. In addition, RSM-
BBD is used to analyze the effects of interactions between the factors (experimental parameters)
[24,25]. In this factorial design, 3-factors and 3-level model (low (-1), medium (0), and high (+1))
were used which leads to a basic BBD cubic structure [26]. This model involves 17 experiments
corresponding to 12 factorial tests and 5 center tests. The results of the 17 experiments were exploited
using NemrodW software, a quadratic polynomial equation correlates the factors to the Y predicted

response (Y = % RhB photodegradation) Equation (4) [25]:
k -
Y =bo+ Xl bxi + Y biixf + N N biojxixg e (4)

Where k is number of factors, b; and b;.; represent, respectively, the linear effects and the
quadratic term of the X; independent variables, b;-; shows the interaction effects between different
pairs of X; Xj variables, € is the model error and by the model coefficient. To compare the effects of
the variable’s, coded variables are defined according to the following Equation (5).

%, = Xi = Xig (5)

X,

Where xi is the coded variable of X; real variable, Xip = value of X; at the center point and oX;
is the variation step of Xi. Equation 4 highlights the relationships between experimental parameters,
revealing synergistic or antagonistic effects. The choice of factors was based on literature related to
organic dyes degradation and 1nitial laboratory experiments. Table 1 shows the range of experimental

values of the parameters and their corresponding levels.

Table 1: Experimental range and levels in the BBD Model.

Levels
Factor
-1 0 +1
Xi: pH 5 7 9
X>: [RhBo] (ppm) 5 10 15
X3: Amount of catalyst (mg) 50 75 100

Coefficients of regression associated with each term in the model were estimated using
response surface methodology. The significance of model variables has been evaluated using Analysis
of Variance (ANOVA), with a 95% confidence level as the test criterion Three-dimensional (3D)
response surfaces and two-dimensional (2D) contour plots were generated thanks to the response

models. These plots allowed the prediction of the degradation rates for different combinations of
6
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parameters, thereby determining the optimal conditions for achieving maximum Rhodamine B

photodegradation efficiency.

3. Results and discussion

3.1. XRD analysis of CoxFe3—xO4 nanoparticles

The XRD patterns of the CoFe>O4 and Coi.sFe1 504 nanoparticles (Fig. 1) show a single-
phased spinel structure with a space group (Fd-3 m) and no additional peaks. The observed diffraction
peaks at 20 values of 18.38°, 30.35°, 35.66°, 37.14°, 43.18°, 53.58°, 57.08°, 62.75° and 74.71°,
correspond to (111), (220), (311), (222), (400), (422), (511), (440) and (533) planes respectively, are
in good agreement with the standard JCPDS No. 22-1086 [27] of CoFe;04 structure. The observed
shift of XRD peaks towards higher angles for Coi sFe1.504 compared to CoFe204 is due to the change
in the lattice parameters [20]. Indeed, for x = 1.5 there is more substitution of Fe** ions by Co?" ions,
which having a smaller ionic radius, gives a reduction of the lattice parameter. The average crystallite
size, estimated from the XRD data using the Scherrer equation, shows a slight decrease with the
cobalt content increases: from 9 nm for CoFe;O4 to 7 nm for CoisFe1 504, in agreement with the

literature [28].

=
< Co, ;Fe, 0O,
S
&
>
)
2
s CoFe, O,
£
JCPDS No 22-1084
10 ZIO 3'0 4'0 5'O GIO 7IO 80

20 (degree)
Fig. 1. X-ray diffraction patterns of CoxFe; «Os samples with x= 1 (pink) and x=1.5 (blue).

3.2. Surface morphology and BET Analysis.

The transmission electron microscopy (TEM) provides an overview of the nanoparticles (size,
morphology) and allows thanks to the energy dispersive spectroscopy associated, to determine their
chemical composition [29]. TEM images (Fig. 2.a and 2.b) reveal faceted and polygonal shapes which
suggest nano-octahedral morphologies for both compositions CoFe>O4 and CoisFe;sOs. It is

important to note that the TEM images represent 2D projections of the nanoparticles, and due to the
7
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viewing angle, their octahedral morphology may not be immediately apparent in all cases. Fig. 2.d.
clearly illustrates the different projections of an octahedron observed along various axes [19]. From
size measurements on the TEM images, size distribution histograms were plotted (Fig. 2.2’ and 2.b’),
leading to an average size of approximately 9 nm for CoFe>O4 and a slightly smaller size of 8§ nm for
Coi.5Fe1.504. The selected area electronic diffraction patterns (one example Fig. 2.c) were obtained
from several nanoparticles. They have the same appearance for both compositions and exhibit
punctuated rings corresponding to the plans of the spinel structure [27] in Bragg position. The slight
decrease in the cell parameter due to the increase in the cobalt rate, observed by XRD, is not

measurable on this type of pattern.

The EDS spectra (reported in S1) show the different emission peaks of O, Fe, and Co. The
atomic percent of each element is given from the peak deconvolution. In this study, we focused on
the Fe/Co ratio which allows to determine the x value in CoxFes;xO4 phases. For each composition,
several analyses were carried out and give the following values 0.92 + 0.08 for CoFe;O4 and 1.42 +

0.07 for Co1.5Fe1504, which is in good agreement with the expected one.

CoFez04

Count(%)

6 8 9 10 1 12 13
Particle diameter (nm)

Coq.5Feq,504

Count(%)
8

N
S

7 8 9 10 13

Particle diameter (nm)

Fig. 2. TEM micrographs of (a) CoFe;Os, (b) Coi.sFe1504and the size distribution (a’) CoFe2Os, (b”)
CoisFei504, ¢) Selected area electronic diffraction pattern of CoFe;O4, d) 3D and 2D aspect of an

octahedron viewed along different directions [19].
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The Brunauer-Emmett Teller (BET) method offers an approach to explain the adsorption
phenomenon in which gas molecules adsorbed to the surface of materials [30]. The BET technique is
widely used to measure the specific surface area by examining the adsorption behavior of gas

molecule on the surface of a solid [31].
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Fig. 3. N, adsorption/desorption isotherms of CoFe;Os (pink) and Co; sFeisO4 (blue).

The nitrogen adsorption-desorption isotherms for both CoFe2O4 and Co1.5Fe1.504 nanoparticles (Fig.
3) exhibit a IV type with a clear H3 type hysteresis loop, between the adsorption and desorption
branches, according to the classification of the International Union of Pure and Applied Chemistry
(IUPAC) [32]. This hysteresis loop indicates the presence of mesoporous textural porosity [33,34].
The results of BET measurements indicate that for the two compositions, nanoparticles exhibit
comparable specific surface areas (102 m?/g for CoFe;0O4 and 106 m?/g for Co1.sFe1.504) which are
significantly high compared to the values reported for CoFe>O4 nanoparticles prepared with other
methods, which are typically in the range of 40-90 m?/g [35,36] and this suggest that the two materials

have similar availability of surface sites for adsorption.
3.3. Optical property

The optical properties of cobalt ferrite CoxFe3xO4 (x = 1 and 1.5) were investigated using UV-
vis diffuse reflectance spectroscopy which makes it possible to obtain their band gap energy (Eg).
The Kubelka-Munk function F(R) was first applied to convert the reflectance (R) data into absorption

spectra. In a second step, Tauc's Equation (6) was used to extract the band gap energy values from

the absorption spectra by plotting (F(R)hv)'"Y versus hv [37] (Fig. 4):

(ahv)l/V =B (hv — Eg) (0)
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where o represents the absorption coefficient, h the Planck constant, v the frequency of the photon
and vy is equal to 1/2 for direct band gaps and 2 for indirect band gaps [38]. Several studies have
indicated a direct band gap for CoFe»04[39,40]. The bandgap energy corresponds to the intersection
of the extrapolated line segment of the curve and the energy axis. The obtained E, values for CoFe>O4
and Coi.sFe1504 were found to be 2.32 eV and 2.18 eV respectively (Fig. 4), indicating that both
materials absorb visible light and therefore are active in the visible range. In CoFe>Os spinel, the
valence band (VB) is predominantly given by the oxygen 2p orbitals with a contribution of 3d orbitals
of Fe**, on another side, the conduction band (CB) is composed of Co?** and Fe** 3d orbitals [41]. In
Cois5Fe1504, as the cobalt content increases, most Co?" ions occupy the B (octahedral) sites of the
spinel structure, altering the electronic interaction between Co?" and Fe** ions. The introduction of
additional Co?" cations change the distribution of d-orbital energies, reducing the energy difference

between the VB and CB [42], this is what is observed in the experimental results: a decrease of the

bandgap energy.
12{ ——CoF0, Q) 25| == CosFe; 504 D)
— linear fit s lin €21 fit

9 4 20 4
= -
4 = .
= 6 - = 15
g 2
S & 10

Eg=232¢eV Eg=2.18¢V

2.0 2.5 3.0 335 4.0 4.5 2.0 25 3.0 3.5 4.0 4.5
Energy (eV) Energy (eV)

Fig. 4. Tauc plots of a) CoFe,O4 and b) Coi sFe;.50..

3.4. Photo-electrochemical measurements

Photocurrent measurements are essential to understand the photocatalytic degradation of dyes,
since they give insights into the photo-generation of charge carriers, such as electron-hole pairs.
Electrochemical impedance spectroscopy (EIS) leads to study the resistance to charge transfer. The
EIS results are usually presented as Nyquist plots which typically show semicircular arcs given by
imaginary part of impedance (Z") versus the real part (Z'). It is well known that the diameter of the
arc is related to the resistance to charge transfer (Rct) [43]. Fig. 5.a. represents the Nyquist plots
obtained for the two ferrite compositions (CoFe>O4 and Co1.5Fe1.504). The curves are very similar,
displaying a semicircular portion typical of charge transfer resistance (Rct). However, the size of the
semi-circles in both materials is quite different. The CoFe>O4 catalyst shows a large semicircle

indicating a high Rct value of 3.3 kQ/cm? which is obtained from fitting the EIS data to an equivalent
10
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circuit model. This large semicircle indicates more resistance to charge movement at the electrode-
electrolyte interface, implying that the charge transfer process is slower compared to the x=1.5
composition. In fact, Coi.sFe1 504 exhibits a smaller semicircle, which corresponds to a lower Rct of
2.8 kQ/cm?. The lower Rct reflected an enhanced charge transfer mechanism, which indicates that
the addition of cobalt improves the separation of photogenerated electron-hole pairs and facilitates

faster charge movement across the interface [44].

The photocurrent response is a complementary study since it provides useful information on
the separation of photo-generated carriers in semiconductor materials [45,46]. Fig. 5.b, shows the
photocurrent response of indium tin oxide (ITO), CoFe>O4 and Co1 5Fe1 504 under 390 nm wavelength
at an applied voltage of 1.2V. The 390 nm wavelength was chosen because it is close to the visible
region of the spectrum and allows for a significant photocurrent response. Also, the choice of 1.2 V
vs. RHE as the applied potential is essential to ensure a positive photocurrent generation. ITO, which
is used as substrate, shows negligible photocurrent, confirming its lack of photoactivity. In contrast,
CoFe>0s4 generates a moderate photocurrent of 0.75 uA/cm? during the light-on period, indicating its
ability to absorb light and produce electron-hole pairs. At the same time, Coi.5Fe1 504 shows a higher
photocurrent density of 1.18 pA/cm?, indicating that the increase in cobalt level in the ferrite enhances
charge carrier generation. During the illumination time, the value of each photocurrent is stable,
which indicates an efficient charge separation and transport leading to lower recombination rate. The
higher photocurrent intensity in Coy sFe; 504 indicates that it is a potential more effective material for

photoelectrochemical applications compared to CoFe>Oa.

1.6 - 1.6

a) * X 1b) ——1ITO
144 * - = CoFe,0,
* * NE ——Co,sFe, ;0
1.2 * 212
* 000000 © < M
— 1.04 ® =
£ * ] P
= * ® =
2 0.8- * 00 Z 08
R o0 % [~ P
N
T 0.6+ =
i 5
0.4 W CoFepOy ; 0.4
© CoysFe; 504 o
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Fig. 5. (a) EIS graphs and (b) The transient photocurrent curves of ITO (black), CoFe>Os (pink) and
Coi.sFe1504 (blue).

3.5. Optimization of parameters using response surface methodology

11
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In this study, the influence of three experimental parameters process on rhodamine B
photodegradation efficiency was investigated using CoFe>O4 as catalyst. These parameters were pH
(X1) and initial RhB concentration (X2) of the polluted solution and mass of photocatalyst (X3); for
each of these factors, three values were tested (low (-1), medium (0), and high (+1)). A total of 17
experiments were conducted to investigate the effect of the three independent factors on the RhB
degradation rate and their interactions [47]. Table 2 presents the complete matrix of the experimental
design of the three variables studied, and the measured/expected responses i.e. Rhodamine B
degradation efficiencies (%). Multiple regression analysis of the experimental data, with coded

values, was obtained from the following Equation (7) [48] :

Y =86.66 + 13.66 x; — 6.17 x, + 7.35 x3 — 8.69 x — 5.06 x5 + 6.25 x5 — 0.17 xyx, — 2.92 x;x3 +
3.88 x,x3 (7)

Table 3 shows the results of the ANOVA (Analysis of Variance) employed to evaluate the
statistical significance of the regression models developed and to determine the effect of the terms
(linear, quadratic and interactions terms) on the response variable [16,49]. The correlation between
the predicted and experimental value is supported by the values of R? = 0.99 and adjusted R? = 0.98.
The significance of the value of the coefficient was evaluated using the p-value, which must be
inferior to 5% [49]. The results (Table 3) reveal that the individual factors pH (Xi), initial RhB
concentration (Xz) and catalyst amount (X3), as well as their quadratic terms (X2, X2%, X3?) and the
interaction terms X1X3 and X»X3, are significant, as can be seen from their p-values under 0.05.
However, the effect of the interaction between pH and initial RhB concentration (X1X>) is found not

to be significant, with a p value of 42.50.

Table 2: Design matrix for three variables with experimental and predicted responses using CoFe>Os.

pH  RhB(ppm)  Amount of catalyst(mg) Experimental Predicted Removal  Residues
Removal (%) (%)
1 5 5 75 63.03 65.25 -2.22
2 9 5 75 93.66 92.91 0.75
3 5 15 75 52.51 53.26 -0.75
4 9 15 75 82.46 80.24 222
5 5 10 50 62.67 60.30 2.37
6 9 10 50 92.86 93.46 -0.60
7 5 10 100 81.44 80.84 0.60
8 9 10 100 99.95 102.32 -2.37
9 7 5 50 90.41 90.56 -0.15
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10 7 15 50 68.84 70.46 -1.62
11 7 5 100 99.11 97.49 1.62
12 7 15 100 93.07 92.92 0.15
13 7 10 75 86.05 86.54 -0.49
14 7 10 75 86.30 86.54 -0.24
15 7 10 75 86.78 86.54 0.24
16 7 10 75 87.02 86.54 0.48
17 7 10 75 86.56 86.54 0.02

From the analysis of the b; and bi; coefficients (Table 3) the respective influence of the
different parameters on the response can be estimated. A positive coefficient means that the
corresponding parameter has a positive effect on the photodegradation. Conversely, negative value
leads to an antagonistic effect on the process. The highest value of the b; coefficient is obtained for
the pH parameter (bi), indicating that pH has the strongest positive influence on photocatalytic
performance compared to the initial RhB concentration (b>) and the catalyst amount (bs). This is
supported by the experimental results see Table 2. For example, in experiment 3, with 15 ppm of
RhB, at pH 5, and 75 mg of catalyst, the degradation efficiency was 53%. When the pH was increased
to 9 (Experiment 4), the photodegradation efficiency increased significantly to reach 82%, which
represents an enhancement of 57%. Increasing the catalyst amount from 50 mg to 100 mg improved
the degradation rate only by 30% (Experiments 5 to 7), while increasing the RhB concentration from
5 ppm to 15 ppm reduced it by 16% (Experiments 1 to 3). A (bi.;) positive quadratic coefficient means
that the parameter follows a linear variation, if it is negative, this means that it shows a maximum
value in response within selected ranges of parameters [50]. The negative quadratic coefficient for
pH (bi-1) and rhodamine concentration (b2-2) indicate that within the range of selected values, the
response passes through a maximum for these 2 parameters. Regarding the amount of catalyst, the
(b3-3) coefficient is linear, which was to be expected: for a given pH and pollutant concentration, the
percentage of degradation increases with the mass. At the level of the interaction terms, only the (ba-
3) coefficient is positive reflecting a synergistic effect between the concentration of RhB and the
amount of catalyst. A simultaneous increase of RhB concentration and catalyst amount increases the

degradation rate.

Table 3: Results of Analysis of variance ANOVA using CoFe,04 as a catalyst.

Source Coefficient Ecart-type p-value

Model -
b0 86.54 0,17 <0,01
b1l 13.66 0,13 <0,01
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b2 617 013 <001
b3 7.35 0,13 <0,01
bl-1 -8.63 0,18 <0,01
b2-2 -5.00 0,18 <0,01
b3-3 6.32 0,18 <0,01
b1-2 -0.17 0,19 42.5
b1-3 -2.92 0,19 <0,01
b2-3 3.88 0,19 <0,01
R? 0.99
Adj R? 0.98

To visualize the results, the response model can be represented by 2D contours and 3D
response surface plots, which allow to analyze the behavior of two parameters while the third is fixed
(Fig. 6). In the 3D response surface, we plot the % degradation as a function of two factors, in addition
the 2D contour plots represent a projection of the direct relationship between these two factors.
Together, they provide a more complete picture of the interaction of variables, pairwise, to guide
experimental design and process optimization of the deconposition [49]. Fig. 6a. shows the behavior
of the [RhBy]/catalyst amount pair corresponding to the highest value of bi-j coefficient, the
maximum degradation is obtained for pH = 9. In the same way for the pH/ catalyst amount pair, a
maximum degradation rate could be determined (10 ppm of [RhB]). However, in the case of the
pH/[RhBy] pair, the maximum is not reached over the range of values studied, this would occur for
pH values of less than 5 or greater than 9. By using Nemrodw software and 3D plots, it is possible to
predict the values of degradation for any set of parameters. The predicted value of the complete
photodegradation of RhB (100%), was achieved with a catalyst dosage of 95 mg, a pH of 9 and a
Rhodamine B concentration of 10 mg/L, demonstrating excellent agreement with the prediction.
However, under non-optimal conditions, as in Experiment 6 (pH =9, 10 ppm RhB, and 50 mg of
catalyst, which is nearly half of the optimal amount of 95 mg), the efficiency of degradation only
decreased slightly by 7 %, achieving a degradation of 93%. From a practical and economic point of
view, this last configuration, which gives an honorable rate of degradation, seems to be a better
alternative since it consumes half as much catalyst mass. These findings indicate that a higher
degradation rate can be obtained with a significantly reduced amount of catalyst, thus highlighting

the efficiency and practicality of the optimized conditions.
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Fig. 6. The 3D response surface plots and 2D contour plots of (a) RhB concentration and amount of catalyst
(b) pH and amount of catalyst (c¢), pH and RhB concentration.

3.6. Photocatalytic activity of CoxFesxO4

3.6.1. Adsorption and photolysis investigation

To investigate the contribution of adsorption to the degradation of Rhodamine B, dark
adsorption experiments were performed on CoFe;O4 photocatalysts. Fig. 7.a shows the UV-visible
absorption spectra of the polluted solution as a function of time where the principal peak at 554 nm
is characteristic of the RhB molecules. The decrease in absorbance of the characteristic peak over
time shows the decrease in RhB concentration in the presence of CoFe;O4 catalyst. As can be seen
after 30 min, all curves overlap which means that the adsorption-desorption equilibrium is reached.

The absorption of RhB decreased by 10% and stabilized after 30 min. This result indicates a negligible
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adsorption capacity for the as-synthesized cobalt ferrites. Complementary photolysis experiments
(Fig. 7.b) performed under solar light irradiation in the absence of catalysts with an initial
concentration of 10 ppm showed a reduction in RhB concentration of only 8% after 240 min. These
findings indicate that the removal of RhB during the illumination process is mainly due to

photocatalytic mechanism rather than physical adsorption or direct photolytic pathways.
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Fig. 7. UV-visible spectra of polluted solution (a) in absence of light and (b) in absence of catalyst.

3.6.2. Photocatalytic activity of CoFe2Q4 and Co1.sFe1504

The photocatalytic experiments were carried out under the optimum conditions determined
above for CoFe;04. The activity of Coi.sFe1.504 has been investigated under the same conditions to
be compared to the first one. Fig 8.a represents the UV-visible absorption spectra of the polluted
solution collected at different time intervals. The decrease in absorbance of the characteristic peak of
554 nm over time shows the progressive decrease of RhB dye concentration in the presence of
CoFexOq4 catalyst during the irradiation. From the absorption spectra, it is possible to calculate the
ratio Ct/Co (C: = RhB concentration of the solution at the time of the measurement, C,—= RhB
concentration of the initial solution). Fig. 8.b shows the (C¢/Cop) of the polluted solution versus time
plot for CoFe>;04 and Co15Fe1.504, as well as the photolysis process. Photolysis (photodegradation of
RhB in the absence of a catalyst) experiment showed a minor decrease in dye concentration, which
emphasizes the crucial importance of both catalysts in facilitating the photodegradation process. For
both catalysts, a similar trend can be observed, with a rapid decrease of RhB concentration in the first
100 minutes, followed by a slower decrease. 100 % of RhB was degraded in 180 minutes over

Co1.sFe1504 photocatalyst, whereas CoFe;0O4 required 240 minutes to reach the same level of RhB

degradation.
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Fig. 8. (a) Evolution over the time of the UV-vis absorption spectra of RhB solution in presence of CoFe;Oa.
(b) C/Cy evolution as function of time for photolysis, CoFe2O4 and Co; sFe; 504. (¢) Pseudo-first order
kinetic model of the photocatalytic degradation rate of the dye Rhodamine B. (d) Fluorescence Spectra and
(e-f) Time-resolved fluorescence lifetime spectra of CoFe>O4 and Co;sFe; 5s04.

To complete the comparison of the two samples, a first-order kinetic model was used for the
kinetic analysis of the degradation process, as illustrated in Fig. 8.c, where the logarithm of the
concentration ratio C¢/Cy is plotted against time. The kinetic constant for CoFe>O4 was obtained to be

k = -0.019 minutes™!, while a higher rate constant of k = -0.025 minutes' was measured for

Coi5Fe1.504. These results indicate that Coi.sFe1.s04 degrades RhB more quickly than CoFe>Os.

To better understand the charge carrier dynamics, fluorescence spectroscopy measurements were
performed. The fluorescent patterns give essential information about the carrier lifetime and
recombination of electron-hole pairs in the catalyst materials. Fig. 8.d presents the fluorescence
spectra of the two catalysts, they exhibit similar peaks at the same wavelength but with different
intensities. CoFe>O4 has a higher fluorescence intensity than CoisFei50a, this intensity is usually
correlated to the rate of carrier recombination So for x=1 there is more electron-hole recombination
than for x=1.5 thus reducing the availability of carriers to participate in photocatalytic reactions [51—
53]. The lower recombination rate results in longer carrier lifetimes. As shown in Fig. 8.¢ and 8.1, the
lifetime of charge carriers was determined by time-resolved fluorescence lifetime spectroscopy, for
Coi.s5Fe1504, 1s about 5.2 ns, while for CoFe>O4 they have a shorter lifetime of about 2.9 ns. The
longer lifetime for x=1.5 means that there are more electrons and holes present to participate in the
photocatalytic reactions. The increase in lifetime is linked to the higher cobalt content, which, as we

mentioned above, induces a reduction of the lattice parameters and the band gap energy.
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Consequently, in the lattice there is polyhedral distortion which can modify the electronic band
structure. This acts as an electron trap and slows down recombination [54], and facilitates diffusion

of charge on the surface, which promotes charge separation.
3.6.3. Radical trapping tests

To identify the principal reactive chemical species responsible for dyes degradation, radical
trapping studies were carried out. L-ascorbic acid (L-asc), ethylene-diamine-tetra-acetic acid
disodium (EDTA) and isopropyl alcohol (IPA) were used as specific scavengers for (O2™) superoxide
radicals, (h") holes and (OH") hydroxyl radicals, respectively [55-57]. During the tests, a lower
degradation rate indicates that the trapped species being tested is more active in the degradation

mechanism.

Fig. 9.a illustrates the RhB degradation efficiency in the presence of different trapping agents
when CoFe>O4 and Coi.sFe1.504 are used as photocatalysts. The measurements were taken after 180
minutes which corresponds to the time required for complete degradation for x=1.5. Both plots
display a similar trend over the different trapping tests, which indicates that the reactive species
responsible for the reactions are operating in a common way. CoisFeisO4 exhibits a superior
photocatalytic activity (100% degradation without scavenger), and for CoFe;Oys it is a little weaker
(90%). It should be remembered that the complete degradation for x=1 is obtained after 240 minutes.
The introduction of specific trapping agents led to more or less important modification of the
degradation efficiency. The addition of isopropyl alcohol (IPA), a trapping agent for hydroxyl radicals
(OH"), significantly decreased the degradation rate to 21%, emphasizing the crucial role of hydroxyl
radicals as a major oxidizing species in the process. In addition, EDTA, a scavenger for holes (h"),
also caused a significant decrease of the degradation rate to 24%, highlighting the role of holes in the
photocatalytic pathway. Furthermore, the addition of L-ascorbic acid, an O™ scavenger, decreased
the degradation rate to 82%, which suggests that the superoxide species contribution is relatively
minor when compared to hydroxyl radicals and holes. The same trend and the same involvement of
reactive species were observed for CoFe2O4, the different specific efficiency values resulting from

the longer reaction time previously discussed.
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Fig. 9. (a) Radical trapping tests and (b) Recycling test using CoFe;O4 and Co; sFe; sO4 (measurements after
180 minutes)

Recyclability is an important factor which determines the suitability of the photocatalyst for
practical use in real applications. To investigate this critical aspect, the recyclability of the two
photocatalyst was evaluated under optimized conditions for the photodegradation of Rhodamine B.
After each test, the catalyst CoxFe3.xO4 was recovered using a magnet [20], then washed with distilled
water and dried at 80°C to ensure its availability for the next cycle. These results showed that the
CoxFes;xO4 photocatalyst can be easily recycled and reused in the water solution, highlighting the
potential for practical applications. As shown in Fig. 9.b, Coi.sFe1.504 repeatedly maintains a high
degradation efficiency near to 100% across all runs, indicating excellent stability and recyclability.
Meanwhile, CoFe>O4 shows a slight decrease in efficiency during the same period, indicating a
gradual loss of activity close to 10%. This reduction in photocatalytic activity may be attributed to

the deactivation of active sites on the surfaces of recycle CoFe>O4 photocatalysts [58,59].
3.6.4. The total organic carbon (TOC) analyzes:

Fig. 10 presents the TOC removal rate as well as the degradation efficiency (measured by UV-
visible) using CoFe>O4 and CoisFe1504 after 180 min of irradiation under simulated sunlight. The
TOC value of initial solution was found to be 6.8 ppm, corresponding to 10 ppm of RhB, after 180
minutes of irradiation in the presence of CoFe2O4, the TOC level drops to 1.1 ppm, corresponding to
approximately 83% removal of organic carbon. For Coi.sFe1504, TOC value after the same time of
irradiation is 0.3 ppm which corresponds to 97% of reduction. The results clearly confirm that the
organic carbon from the RhB molecules has been efficiently degraded, demonstrating true

photodegradation and not simply decolorization.
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Fig. 10: TOC removal and photodegradation rate of RhB using CoFe;O4 and CoisFe;504.
3.6.5. Mott-Schottky measurement

For the photocatalytic mechanism, the position of the valence band (VB) and the conduction
band (CB) of the CoxFes.xO4 ferrite are important data that have been evaluated from the Mott-
Schottky (MS) plots measured at 500 Hz (Fig. 11.a). The Mott-Schottky Equation (8), which relates

the applied potential to the carrier density, is expressed as follows [60]:

G V=) ®

C2  egyd?eNp e
Where C is the interfacial capacitance, A is the area of catalyst, Np indicates the number of donors,
V represents the applied voltage, kg is the Boltzmann constant, T is the absolute temperature and e
.1 . ) .
the elementary charge. Hence, by plotting z versus voltage (V), a curve is obtained from which the
flat band potential Vi, can be determined by extrapolating the linear part of the curve and its
intersection with the voltage axis. The linear variation of Z with applied potential and a positive slope

are observed in the MS plots (Fig. 11.a) which confirm that CoxFes;xO4 photocatalyst are n-type
semiconductors [61-64]. The Vi, values for CoFe,O4 and Coi sFei 504 were found to be -0.28 V and
-0.17 V vs. Ag/AgCl, respectively. Moreover, the normal hydrogen electrode (NHE) potential of the
CoxFes3xO4 nanoparticles can be calculated by the following Equation (9) [65]:

Eagjager = Enup — 0197 (9)

where Eag/agci s the potential measured in relation with the Ag/AgCl reference electrode and Enxe is
the potential expressed in the NHE scale. The CoxFe;xO4 photocatalyst band-structure can be
determined by applying the equations below Equations (10)-(11)[66—68]:
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Ey, =Eyp — Ecp (11)
where Ecg and Evg is the conduction and the valence band potential respectively, Vi is the

flat band potential and E; is the band gap energy.
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Fig. 11. (a) Mott-Schottky graphs and (b) representation of the VB and CB potential in the NHE scale for
CoFe,04 and Coi sFe; 504

The CB potentials of the CoFe;O4 and Coi.sFei 504 nanoparticles were found to be -0.28 V
and -0.17 V.vs NHE, respectively. To obtain VB potential, the band gap energy Eg previously
determined by the DRS technique is added to the conduction band potential Ecg according to equation
(11). From the CB potentials and band gap values, the VB potentials for CoFe2O4 and Co1.sFe1504
nanoparticles were calculated to be 2.04 V and 2.01V vs. NHE, respectively. The valence and
conduction band positions for both materials, CoFe204 and Co1.s5Fe1504, are presented in Fig. 9.b.
The energy diagram allows us to set the redox potential of the active radicals around the VB and CB
potentials. This representation shows that the superoxide redox potential is more negative than the
CB potential indicating the lower contribution of the O2" radicals in the photo-degradation processes.
However, the VB potential is more positive than the hydroxyl redox potential, which explain the main
role of the hydroxyl radicals in the RhB degradation, the results of the previous scavengers’ tests are

corroborated by the position of the redox couple’s potential of the reactive species.
3.6.6. General discussion

The photocatalytic results showed that the complete degradation of Rhodamine B was
achieved for the two ferrite compositions (CoFe2O4 and CoisFe1sO4), indicating comparable
photocatalytic behavior. This similarity can be attributed to a close average grain sizes shown by MET
measurements, and in the two cases the grains have a nano-octahedral shape. The BET measurements
revealed a surface area of 102 m?/g for CoFe2O41s, and 106 m?/g for Co, sFe;504. This small difference
in surface area (< 4%) is not enough to impact on their photocatalytic activity. As the photocatalysis
is a surface process, this high value of specific surface area indicates that the two materials provide
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a nearly equivalent number of active sites for adsorption on surface and degradation of Rhodamine B
[69]. The notable difference that exists in the behavior of the ferrites is at the level of the complete
degradation time: Co, sFe;sOs degrades faster RhB (180 minutes) than CoFe2O4 (240 minutes). This
performance improvement for x = 1.5 may be attributed to changes in its electronic structure due to
the increase of cobalt content. In fact, there is a decrease in the band gap energy: from 2.32 eV (x=
1)to 2.18 eV (x=1.5), a narrower bandgap energy allows greater absorption of visible radiation, which
leads to a higher photogenerated charge density [70]. In addition, fluorescence spectroscopy (FL)
measurements reveal a higher FL peaks intensity in CoFe>O4 compared to those of Coi.sFe;.504, and
it is known that the FL peak intensity is correlated with the recombination rate of photo-generated
charge carriers (electrons and holes). In this case, more e/h" pair recombination occur in CoFe;O4
which reduces the quantity of active species for photocatalytic reactions and therefore reduces the
degradation rate [71]. Furthermore, the photocurrent response analysis indicates that Coi.sFei 504
exhibits a higher photocurrent response compared to CoFe;O4. This highest value suggests that more
electrons and holes are photogenerated and transported in CojsFeisO4 leading to faster dye
degradation [72]. Finally, electrochemical impedance spectroscopy (EIS) shows a lower charge
transfer resistance for x=1.5 compared to x=1, that enhancing the charge carrier movement across the

photocatalyst surface [73] and therefore facilitates the RhB degradation.

The trapping tests for reactive chemical species made it possible to highlight those which are
involved in the degradation of rhodamine. These mainly concern hydroxyls radicals (OH") and holes
(h"), with superoxide radicals (O,") playing a more minor role. To complete the experimental part of
the study, it is important to position the energy levels of the different parameters involved in the
photocatalytic process. Fig. 10 shows the valence band (VB) and conduction band (CB) potential for
the two compositions of ferrite. Following, the radical trapping tests, the potentials of the O»/O;™ and
H>O/OH" redox couples are also considered (-0.33 V and 1.99 V with reference to the normal
hydrogen electrode (NHE), respectively) [74,75]. The position of the redox potential of the radical
species with respect to the position of the VB and CB bands of CoxFe3.xO4 allows us to identify the
radical’s species which can be active during the process. As illustrated in Fig. 12, the VB potential of
the two samples is more positive than the potential of the H2O/OH’ redox couple which means that,
from a thermodynamic point of view, compounds have the ability to generate hydroxyl radicals (OH")
[76]. On the other hand, the CB potential of the CoxFes;xO4 catalyst is more positive to the potential
of the O>"/O; redox couple, so generation of superoxide radicals (O>") may not be favored [77]. These
thermodynamic considerations are in agreement with the radical trapping tests, for which hydroxyl
radicals (OH") and holes (h") were identified as oxidizing species, playing the major role in the

photodegradation of RhB.

22



Journal Pre-proof

E (V vs NHE)
1=

- - RhB

Degradation (OH*/OH")

| CO,+H,0
CoFe,0, Co,sFe 50,

Fig. 12. The proposed mechanism for Photodegradation of RhB using CoxFe3;.xOa.

Consequently, the photodegradation of RhB in the presence of the CoxFesxO4 semiconductor
photocatalyst consists of an initial excitation of the semiiconductor by the absorption of light energy,
leading to the generation of electron-hole pairs according to Equation (12). The holes photogenerated
in the valence band of the CoxFe3.xO4 semiconductor react with water molecules present in the
solution to form highly reactive hydroxyl radicals (OH") Equation (13). The photo-generated electrons
in the conduction band react with the oxygen dissolved in the solution to form reactive superoxide

radicals (O2"), which, in our case, do not play a primary role Equation (14)

Co.Fe;., 04 + hv — Co,Fes_,04(e”,h") (12)
H,0+h™ - OH" + H' (13)
0,+e - 05 (14)

RhB + OH* - CO, + H,0 + intermediate compounds.  (15)
RhB + 05, = CO, + H,0 + intermediate compounds. (16)

The hydroxyl radicals (OH") generated during the photocatalytic process are the primary oxidizing
agents responsible for the degradation of Rhodamine B. These reactive oxygen species (ROS) can
effectively degrade dye molecules, through a series of oxidation reactions [78]. As shown by the TOC
analyses, the oxidation reactions led to an advanced stage of mineralization, giving rise to carbon
dioxide and water Equation (15) [79]. Even if the role of superoxide radicals (O") is less important,

they still participate in RhB degradation according to Equation (16).

These experimental results must be compared to those in the literature, some of which are

mentioned in table 4. For the comparison, several parameters were taken into account. It is often
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mentioned that the synthesis method has an influence on the cationic repartition in the ferrite structure
(tetrahedral/octahedral sites) leading to a n or p type semiconductor [80]. The morphology and the
size of the particles play a role at the level of the reactivity of the particles, the small ones being more
reactive. The faceted particles exhibited different crystallographic plans: (100) for a cube and (111)
for an octahedron, the cations underlying these planes can be different and change the reactivity of
the faces [19]. The other parameters concerning the conditions of the photocatalytic application are
(pH, initial RhB concentration and mass of photocatalyst). In this work, CoFe,O4 was prepared by
hydrothermal method showed a 100% RhB photodegradation (10 ppm) within 240 minutes, which
exceeds various reported results in the literature (Table 4). Ferreira et al. [82] synthesized spherical
CoFe>04 nanoparticles with a grain size of 75 nm, achieving 90.9% photodegradation of Rhodamine
B (RhB) at a concentration of 5 ppm over 240 minutes using 0.1 g/L of catalyst. In comparison, Loan
et al. produced spherical CoFe,O4 particles with a smaller grain size of 20 nm, which resulted in 91%
degradation after 270 minutes with a higher catalyst concentration of 1 g/L for RhB at 10 ppm [81],
and using our Response Surface Methodology (RSM) model, we predicted the degradation efficiency
under similar conditions and achieved 98.7% after 240 minutes, indicating superior performance. The
increased activity of our cobalt ferrite catalyst is attributed to the smaller particle size (9 nm) and the
uniform nano-octahedral morphology, which increases the surface area and improves the charge

separation, critical parameters for photocatalytic efficiency.

In a second step, doped cobalt ferrites are compared to our synthesized CoFe>O4 which
remains competitive. For instance, Abdo et al. [82] synthesized Coo.5Cuo.sFe>04 using the combustion
method, obtaining a spherical morphology but achieving only 22% RhB photodegradation after 270
minutes using 5 ppm RhBand 1 g/L of catalyst. Coo.sMgo.4Fe204 prepared by the combustion method
achieved 99% RhB removal in 250 minutes [40]. The CoxFe;xO4 ferrite for x= 1 shows competitive

results.

In this work, another composition x=1.5, never reported in the literature in the field of
photocatalyst, was tested and showed 100% RhB degradation in only 180 minutes. This remarkable
result is likely due to changes in its electronic structure, resulting in a smaller bandgap and enhanced
carrier mobility, leading to faster degradation. These results show that Co1.sFe1 5041s a promising and

highly efficient photocatalyst, exceeding both undoped and doped CoFe>O4 or composite variants.

Table 4: Summary of the photocatalytic activities of cobalt ferrite in the Literature.

Grain [RhB] Catalyst Reaction Removal

Photocatalyst Synthesis method Morphology Ref
size (ppm) dose (g/L) time (min) efficiency (%)
Spherical-
CoFe,0O4 Co-precipitation shaped 58 5 0.5 180 34 [83]
CoFe,0, sol-gel Nano-cubic 38 5 0.6 120 28 [84]
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CoFe,0, combustion method Spherical 20 10 1 270 91 [81]
microwave-assisted Irregular
CoFe,0, 46 6 0.31 300 100 [40]
combustion shaped
o Irregular
CoFe,04 Co-precipitation - 5 0.1 90 37 [85]
shaped
L Quasi-
CoFe,04 Co-precipitation ) - 5 0.6 180 28 [86]
spherical
Spherical
CoFe, 0,4 Co-precipitation 75 5 0.1 240 90.9 [87]
shape
Nano- Present
CoFe, 0,4 Hydrothermal 9 10 0.95 240 100
octahedral Work
Combustion Irregular
CopsMgo 4Fer04 39 6 0.31 250 100 [40]
method shaped
. L Irregular
Nip.1C0g9Fe204 Co-precipitation - 5 0.1 90 83 [85]
shaped
Combustion spherical
COo,sCUQ,5F6204 - 5 1 270 22 [82]
method shape
Nano- Present
CoysFe; 50, Hydrothermal 8 10 0.95 180 100
octahedral Work

4. Conclusions

CoxFes.xO4 cobalt ferrites with two compositions (x=1 and x=1.5) were synthesized using a
hydrothermal method for application in photocatalysis. From the structural point of view, the powders
obtained show monocrystalline grains of nanometric size (8-9 nm) and octahedral shape, and they
exhibited a high specific surface area (over 100 m?.g™!), which makes them potentially powders highly
reactive. The combined optical and electrochemical measurements determined the semiconductor
type (n for both compositions) and their gap energy 2.32eV and 2.18 eV for x=1 and x=1.5
respectively, showing that they are sensitive to visible radiation. The photocatalysis tests were carried
out on a Rhodamine B solution, and their optimization was performed on the CoFe,O4 sample by
considering three experimental parameters of the test (concentration and pH of the initial polluted
solution, mass of the catalyst). The use of the response surface methodology (RSM) method enabled
the determination of conditions to achieve complete degradation, these were then validated
experimentally. The chemical species trapping tests and the study of the potentials of BV, BC and
redox couples revealed that hydroxyl radicals (OH") were the main actors in the degradation process
of RhB, with superoxide radicals (O>") playing a less important role. Finally, the composition x=1.5,
never tested in photocatalysis, shows that complete degradation is obtained more quickly than with
x=1 and that the efficiency value is preserved after 4 cycles. Thanks to the TOC results, we can see
that the degradation has allowed an advanced mineralization. These results show that for the
composition x= 1, the efficiency is in the same range that reported in the literature. Moreover, the

composition x = 1.5 presents a better efficiency than for x = 1 but also than the doped ferrites or the
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composites reported in the literature. To further improve performance, studies are currently in
progress on metallic cation -doped cobalt ferrite.
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