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Abstract 

Selenium contamination in water bodies is a concerning issue due to the harmful effects of the 

excessive selenium intake to human health. Heterogeneous photocatalysis can be successfully applied 

in selenium reduction, but the photocatalyst recovery in the end of the process still needs improvement. 

The present work investigated the application of magnetic photocatalysts (TiO2/CoFe2O4) in the Se(IV) 

photoreduction. The sol-gel method was used in the photocatalyst synthesis, and a central composite 

design was considered to guide the experiments. The effects of titanium isopropoxide mass ratio used 

in the synthesis, calcination temperature and pH on Se(IV) reduction were evaluated. The results 

indicated a strong influence of the calcination temperature and solution pH values closer to 3.5 showed 

the best removal results. In the optimum conditions, it was possible to promote more than 99% 

selenium removal after 2 min of exposure to radiation. The rutile phase presence in the photocatalysts 

presented a negative impact in the removal efficiency. In addition, the synthesized photocatalysts were 

magnetically recoverable, which favored the catalyst recovery and reuse in the photoreduction of 

Se(IV). 

 

Keywords: Photocatalysis; Experimental Design; Heavy Metal; Magnetic Photocatalyst
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1. INTRODUCTION 

Selenium (Se) is a trace element naturally found in rocks, soil and foods [1–3], whose intake 

in small amounts is essential for living organisms [3,4]. Large amounts of Se in the diet, however, can 

be harmful. In rodents, for example, both excessive or deficient Se intake can affect the normal hair 

growth [5] and the sperm quality  [6] of these animals. In humans, chronic Se intoxication (selenosis) 

has nail and hair loss, fatigue, irritation, and nervous problems as main symptoms [3]. Some studies 

conducted with a group of residents of a city in northern Italy suggest that long-term consumption of 

water containing high Se(VI) levels may be related to the increased incidence of certain types of cancer 

and neurodegenerative diseases [7–9]. Also, spinal and craniofacial deformities observed in young fish 

of a lake (Kentucky) were attributed to the high Se concentration in these animals tissues (on average, 

7.1 mg kg-1) [10]. In aqueous solution, Se is most commonly found as inorganic anions – selenide 

(Se2-), selenite (SeO3
2-) and selenate (SeO4

2-) [11–13] – which are considered to be more toxic than 

organic Se forms, such as selenomethionine [3].  Besides, Se contamination in aquatic environments 

is even more alarming because of its bioaccumulation capacity in the food chain [2].  

Thus, there is a concern about controlling selenium intake, which for an adult should not exceed 

the maximum daily limit of 400 µg [14]. Also in this sense, the Brazilian Ministry of Health established 

a maximum permitted selenium concentration of 0.01 mg L-1 in water as the potability standard [15]. 

Unfortunately, certain human activities, such as mining, agriculture and the burning of fossil fuels 

(such as coal) have been affecting the natural cycle of selenium, leading to an increase in its 

concentration in certain areas [2,16]. There are, for example, reports of Se concentration increase in 

soil and water in regions close to coal-fired power plants [10,17]. 

According to the World Health Organization, selenium concentration in water must not exceed 

40 µg L-1 [18]. Given the harmful effects of selenium pollution, different physical, chemical and 

biological techniques have been applied to Se removal from water [1,19]  These techniques, however, 

present some limitations: biological processes, for example, are limited by the inhibitory effect of 

formed elemental Se, chemical techniques normally depend on high-cost reagents, while physical 

methodologies, like adsorption, can only concentrate selenium ions [13]. Thus, heterogeneous 

photocatalysis stands out for overcoming these limitations, allowing the recovery and reuse of the 

catalyst and for being a photochemical process that can be carried out under sunlight [20–23].  

Heterogeneous photocatalysis consists of the application of a photocatalyst (semiconductor), 

which, by absorbing photons with energy equal or greater than its band-gap, produces electrons/holes 

(e-/h+) pairs capable of promoting redox reactions of substances adsorbed on the photocatalyst surface 

[21,24]. This process has already been proved capable of reducing the Se (IV) and Se (VI) forms to 
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elemental selenium, thus removing Se from the aqueous medium [13]. Studies conducted in this regard 

have indicated that the process can be carried out using titanium dioxide as a photocatalyst, under 

acidic pH conditions and with the addition of formic acid [25]. The existing literature, however, is 

limited to the application of TiO2-based photocatalysts in the form of fine suspended particles [13,25–

30]. Thus, there is still much to explore about the type of photocatalyst used in Se reduction, especially 

with regard to the catalyst separation improvement. Photocatalysts are normally used in suspension, 

which guarantees a large surface area available for reactions, in addition to reducing limitations of 

mass and photon transfer presented by immobilized catalysts [31]. However, the use of suspended 

catalysts entails costs and time spent in post-treatment catalyst separation [32]. Recently, the use of 

catalysts with magnetic cores is gaining attention since they combine the large surface area of 

suspended catalysts and the ease of magnetic separation [33–35]. 

In this context, in the present work, magnetic photocatalysts, TiO2/CoFe2O4, were synthesized 

by the combination of sol-gel methodologies and applied to selenium photoreduction. The study 

focused on the evaluation of the effects of the synthesis parameters on the photocatalytic properties 

and activity of the catalyst. The considered effects were titanium isopropoxide/CoFe2O4 mass ratio and 

calcination temperature used on the synthesis, and also pH used during photocatalysis as an operational 

condition. Both the synthesis process and the photocatalytic tests were guided by a central composite 

design (CCD). The use of an experimental design methodology is justified since it provides greater 

efficiency in the acquisition of information about the process and reduction of time and costs associated 

with the realization of tests [36,37].  

2. MATERIALS AND METHODS 

2.1. Synthesis of the photocatalysts 

The TiO2/CoFe2O4 photocatalysts were synthesized in two consecutive stages: (I) magnetic 

material (CoFe2O4) preparation, followed by the (II) magnetic particles coating with a TiO2 layer. The 

reagents used in the catalyst synthesis were cobalt nitrate (Co(NO3)2.6H2O, 98% Synth), iron nitrate 

(Fe(NO3)3.9H2O, 98% Synth), anhydrous citric acid (99.5%, Perquim), monoethylene glycol (99.5%, 

Dinâmica), titanium (IV) isopropoxide (TIPO, 97%, Aldrich) and absolute ethanol (≥99.9, Honeywell). 

Cobalt ferrite (CoFe2O4) was synthesized using the Pechini method [38], with minor 

adaptations. An aqueous solution containing Co(NO3)2.6H2O and Fe(NO3)3.9H2O, in a molar ratio of 

1:2 (Co:Fe), was mixed with citric acid (CA) aqueous solution, in a molar ratio of 3:1 (CA:M, with M 

representing the metal ions in the solution). Under magnetic stirring, the mixture temperature was 
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raised to 60 ºC and kept constant for 30 min. Ethylene glycol (EG) was then added to the solution, in 

a mass ratio of 40:60 (EG:CA). The mixture temperature was raised to 85ºC and maintained constant 

until the formation of a dark, reddish polymeric resin. This whole process took place inside a laboratory 

fume hood. The resin was then transferred to a crucible and calcined at 400ºC during 5h, with a heating 

rate of 1 ºC min-1. Finally, the calcined material (CoFe2O4) was crushed and stored for later coating 

step. 

In the next step, the obtained cobalt ferrite particles were covered with a TiO2 layer, using a 

sol-gel process adapted from the work of Li et al. [39]. About 100 mg of the magnetic material 

(CoFe2O4) were dispersed in 40 mL of a titanium isopropoxide and ethanol solution. Different titanium 

isopropoxide/CoFe2O4 ratios (m/m) were obtained by varying the amount of titanium isopropoxide in 

ethanol between 5 and 20% (v/v) (see experimental design section in Supplementary Material, Table 

S1). The suspension was sonicated for 8 minutes, after which 12 mL of an ethanol/ultrapure water 

mixture (5:1, v/v) were added dropwise to the suspension, kept under vigorous magnetic stirring. The 

suspension remained under agitation for 12 h, at 25 ºC and 200 rpm. The precipitate was magnetically 

separated, using a neodymium magnet (N35, neodymium-iron-boron alloy, dimensions 40mm x 40mm 

x 30mm, with an approximate 0.5 Tesla magnetic field at 5mm, with a force capable of lifting 69kg of 

iron), dried and calcined at a given temperature (Tcalc, ºC), for 5 h. The heating rate was 1 ºC min-1; 

every 100 ºC interval, the temperature was kept constant for 30 min.  

2.2. Experimental Design 

The TiO2/CoFe2O4 catalysts were synthesized by using different titanium isopropoxide/cobalt 

ferrite mass ratios (TIPO/CoFe2O4, m/m), during the coating step, and different calcination 

temperatures (Tcalc, ºC), during the thermal treatment step. The variation in these parameters followed 

two distinct central composite designs (CCDs). The first experimental design (CCD1) evaluated the 

effects of the two factors mentioned above (TIPO/CoFe2O4 mass ratio and Tcalc) on the properties of 

the photocatalysts, determined by different characterization methods. The second experimental design 

(CCD2) was applied in order to evaluate the performance of catalysts in the photoreduction of Se(IV), 

considering the effects of three factors: the pH of the medium, TIPO/CoFe2O4 mass ratio and Tcalc. 

Table 1 and Table 2 describe the variables and levels for CCD1 and CCD2, respectively. 

Table 1 - Factors and Levels of the Two-Factor Central Composite Design (CCD1) 

Variables (Factors) 
Levels 

-α -1 0 1 +α 

x1: Tcalc (ºC) 300 359 500 641 700 

x2: TIPO/CoFe2O4, (m/m) 19.2 27.8 48.0 68.2 76.8 
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It was necessary to use two different experimental designs due to the difference between the α-

values in a two-factor CCD (CCD1, α = 1.44) and in a three-factor CCD (CCD2, α = 1.68). To make 

the analysis more efficient, reducing the number of experiments and, at the same time, ensuring that 

the results of the two CCDs covered the same range of conditions for the synthesis of the catalysts, the 

two CCDs were designed so that levels (0), (-α) and (+α) of variables TIPO/CoFe2O4 mass ratio and 

Tcalc coincided (See Supplementary material, Figure S1). The difference between them, therefore, is 

restricted to levels (-1) and (+1). A second-order model was adjusted to the results obtained from the 

experimental designs, in order to build a response surface.  

Table 2 - Factors and Levels of the Three Factors Central Composite Design (CCD2) 

Variables (Factors) 
Levels 

-α -1 0 1 +α 

x1: Tcalc (ºC) 300 381 500 619 700 

x2: TIPO/CoFe2O4, (m/m) 19.2 30.7 48.0 65.3 76.8 

x3: pH 2.0 2.61 3.5 4.39 5.0 

 

2.3. Catalysts characterization 

The catalysts synthesized according to CCD1 had their structure characterized by X-ray 

diffraction (XRD) analysis, (MiniFlex 600, with Cu Kα radiation, λ = 1.5406 Å) operated at 40 kV and 

15 mA. The Scherrer equation (Eq. 1) was used to estimate the average crystallite sizes for anatase, 

rutile and cobalt ferrite phases. In Equation 1, 𝑑𝑚 is the average crystallite size, 𝑘 is a dimensionless 

constant (Scherrer constant), which depends on the shape of the crystallite (assumed 0.893), 𝜆 is the 

wavelength of incident radiation, in nanometers, Ø is the diffraction angle in radians and L is the full 

width at half maximum (FWHM) of the peak, given in radians [40,41]. 

𝑑𝑚 =
𝑘. 𝜆

cos(Ø) . 𝐿
 (1) 

Anatase and rutile phase percentages present in the TiO2/CoFe2O4 photocatalysts were 

determined using the Spurr and Myers Equation (Equation 2), in which 𝑓𝐴 corresponds to the fraction 

of anatase in the sample, while 𝐼𝐴 and 𝐼𝑅 are, respectively, the intensities of the diffraction peaks (101) 

of anatase and (110) of rutile [41,42]. 

 

𝑓𝐴 =
1

(1 + 1,265
𝐼𝑅

𝐼𝐴
)
 

(2) 
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Besides, CCD1 catalysts had their surface evaluated by scanning electron microscopy (SEM) 

and energy-dispersive X-ray spectroscopy (EDS) (Tescan Scanning Electron Microscope, Vega 3 

LMU equipped with dispersive energy detector –EDS- Oxford, AZTec Energy X-Act).  

The N2 adsorption/desorption method was used, in association with the model proposed by 

Brunauer, Emmet and Teller (BET), to determine the specific surface area of the materials. The point 

of zero charge (PZC) of the catalysts was obtained by using a batch equilibration method [43,44], 

described in more detail in the Supplementary Material.  

Furthermore, photoacoustic spectroscopy (PAS) analyzes were performed in the ultraviolet–

visible (UV-Vis) spectral regions with equipment consisting of: xenon arc lamp at 1000 W (66926, 

Newport Corporation/Oriel) as the light source; monochromator (74100, Newport Corporation / Oriel); 

mechanical modulator (SR540, Stanford Research Systems); lock-in amplifier (SR830, Stanford 

Research System); and standard photoacoustic cell (aluminum, 10 mm in diameter and 1.5 mm in 

thickness) with transparent quartz window (6 mm in diameter and 2 mm in thickness) and capacitive 

microphone (4953, Brüel & Kjaer, 12 mm in diameter, a gain of 50 mV Pa-1, frequency response 

between 3 and 10 kHz, positioned at 15 mm from the chamber). All photoacoustic spectra were 

obtained at 23 Hz and recorded between 225 and 700 nm. The data were acquired using a personal 

computer, and the PAS spectra were normalized with respect to the carbon black signal. The 

photoacoustic spectra in the UV-VIS region obtained were used to find the direct band gap energy by 

the intersection of the line given by Equation (3), with the x-axis of the plot.  

In Eq. 3,  Eg is the band-gap energy, hν is the photon energy and A is the absorption coefficient. 

2.4. Photocatalytic tests 

In each photocatalytic test, 250 mL of selenium solution (500 µg L-1 of Se (IV) + 50 µL of 

formic acid, 85%) and 0.0250 g (0.1 g L-1) of photocatalyst were used. The pH of the solution was 

adjusted between 2 and 5, according to the experimental design (CCD2), using HCl and NaOH 

solutions. After photocatalyst addition, the suspension was kept in the dark during 30 min, to achieve 

the adsorption equilibrium. The lamp was then turned on and, over the time of exposure to radiation 

(40 min), samples were collected, filtered using syringe filters (0.22 μm pores), diluted in 10% HCl 

solution, to adjust their concentration to the calibration curve, and stored for selenium concentration 

measurements by atomic absorption spectrophotometry with hydride generation (HG-AAS). To 

(𝑎(ℎ𝜈))
2

= 𝐴(ℎ𝜈 − 𝐸𝑔),  (3) 
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estimate the error, the five replicates of the CCD2 central point were considered, with 95% confidence 

in the Student's t-test. 

The photocatalysis experiments were carried out in a photocatalytic chamber with a metallic 

body, equipped with a mercury vapor lamp (250 W) positioned above a 600 mL glass reactor. The 

temperature of the solution was controlled using an ultra-thermostatic bath (Twater = 20 ºC) and a 

magnetic stirrer was employed to ensure vigorous and constant mixing. 

Adsorption and photolysis tests were also carried out to verify the contribution of these 

processes in the Se(IV) removal. The experimental conditions were similar to those previously 

described, with the difference that, in the adsorption test, the suspension was kept in the dark (without 

radiation), while in the photolysis test, there was no addition of a catalyst to the solution. 

Finally, a reuse test was performed. Five photocatalysis cycles (of 10 min each) were carried 

out in the same conditions of the CCD2 test with the best results. At the end of each cycle, a certain 

amount of Se(IV) standard solution and formic acid were added to the suspension, considering the 

reduction of the reaction volume caused by the sample collection, to reestablish the initial 

concentration of selenite for the start of a new cycle. Between cycles, no adsorption step was performed. 

3. RESULTS  

3.1. Characterization results 

The CCD1 led to synthesis of nine TiO2/CoFe2O4 photocatalysts (Figure 1a), whose visual 

aspect were quite different from the pure cobalt ferrite (Figure 1b) and the pure titanium dioxide 

(Figure 1c) samples. The synthesis parameters have affected the catalysts characteristics, like color 

and phase compositions, as summarized in the Figure 1a.  
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Figure 1 - (a) Diagram showing the nine catalysts synthesized following the 

CCD1 and their phase composition according to the Rietveld refinement 

results, (b) pure cobalt ferrite and (c) pure TiO2 samples. 

 

The main properties of the CCD1 catalysts (specific surface area, PZC and band gap) are 

summarized in Table 3 The characterization results of the photocatalysts are discussed in more detail 

in the following sections. 

Table 3 - Specific surface area, point of zero charge (PZC) and band gap values for TiO2/CoFe2O4 catalysts 

(CCD1) 

Catalyst Specific surface area (BET, m² g-1) PCZ 
Eg (eV) – Linear 

method 

S-359-27.8 78 6.78 2.99 

S-641-27.8 14 7.41 2.43; 3.06; e 3.47 

S-359-68.2 119 6.75 3.10 

S-641-68.2 17 7.31 2.46; 2.96; e 3.49 

S-300-48.0 130 7.35 3.11 

S-700-48.0 51 7.06 2.54; 3.06; e 3.48 

S-500-48.0 29 6.69 2.89; 2.97; e 3.44 

S-500-19.2 40 7.07 2.97 

S-500-76.8 51 6.95 3.07 

S-500-48.0 (replicate) 24 7.09 - 

S-500-48.0 (replicate) 26 6.91 - 

3.1.1. SEM/EDS  

The obtained SEM images indicated that the TiO2/CoFe2O4 photocatalysts (Figure 2b) 

presented a much rougher surface in comparison to the pure cobalt ferrite (Figure 2a), as consequence 

of the TiO2 coating. The changes in TIPO/CoFe2O4 mass ratio and calcination temperature during the 
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synthesis did not significantly affected the appearance of the surfaces of the photocatalysts (Figures 

S3 and S4). The estimated elementary surface composition, given by the EDS analysis, demonstrated 

that titanium and oxygen are the most abundant elements on the surface of the catalysts (Figures S5 

and S6). 

 
Figure 2 SEM images (1000X) of (a) CoFe2O4 and (b) TiO2/CoFe2O4 photocatalyst (S-500-48.0). 

 

3.1.1. Specific surface area and point of zero charge (PZC) 

The specific surface area values of TiO2/CoFe2O4catalysts (Table 3) varied between 14 and 130 

m2 g-1. Pure ferrite, on the other hand, presented a surface area of 49 m² g-1, indicating that the TiO2 

coating significantly affected the material surface area. The sol-gel process is capable of producing 

catalysts over a wide range of specific surface area values, which may justify the variation observed 

in TiO2/CoFe2O4 samples. Lenzi et al. (2011), for example, obtained catalysts throughout the sol-gel 

process with specific surface areas varying from 17 m2 g-1 to 311 m2 g-1, depending on the calcination 

temperature [45]. A strong negative linear relationship (Experimental design, Supplementary Material) 

between Tcalc and the surface area was observed for the present samples, so that an increase in the 

calcination temperature led to a considerable decrease in the specific surface area. This is a 

consequence of sintering and crystallite growth that occurs at higher temperatures [46]. The 

TIPO/CoFe2O4 mass ratio, in turn, showed a slight positive linear effect and, thus, the use of higher 

concentrations of titanium isopropoxide during synthesis favored the production of catalysts with a 

larger surface area, for a given temperature. As previously discussed, SEM images showed that the 

TiO2 shell presented a granular and rough aspect (Figure 2), which may be responsible for the increase 

in the surface area of the catalyst as the TIPO/CoFe2O4 mass ratio increased. Besides, an interaction 
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between factors was observed, since the effect of the TIPO/CoFe2O4 mass ratios increase was more 

pronounced when lower calcination temperature were used (see Table 3, comparison between samples 

S-359-27.8/ S-359-68.2 and S-641-27.8/S-641-68.2). Likewise, the effect of Tcalc was more 

pronounced at higher TIPO concentrations. 

In turn, the experimentally obtained point of zero charge values ranged from 6.69 to 7.41 (Table 

3 - Specific surface area, point of zero charge (PZC) and band gap values for TiO2/CoFe2O4 catalysts 

(CCD1)Table 3), with an average value of 7.03. In the literature, slightly different values for the 

titanium dioxide PZC were reported, such as 6.4 [47], 6.8 [48] and 6.95 for Degussa TiO2 P-25 [49].  

3.1.2. XRD Characterization: diffractograms, crystallite size, and phase distribution 

Figure 3 shows the XRD results. The diffractograms of the magnetic material (CoFe2O4 –Figure 

3a) presented peaks at 2θ values around 30.1º, 35.4º, 37.0º, 43.0º, 53.4º, 56.9º and 62.6º, associated, 

respectively, with the reflection planes (2 2 0), (3 1 1), (2 2 2), (4 0 0), (4 2 2), (5 1 1) and (4 4 0) of 

the spinel structure of cobalt ferrite (ICSD 00-022-1086). The observed peaks are similar to those 

reported by different authors, like Fu et al., for CoFe2O4 particles synthesized by co-precipitation and 

coated with TiO2 [50], by Houshiar et al., in CoFe2O4 samples produced by precipitation, co-

precipitation and combustion method [51], and by Ercolino et al. in mixed Fe-Co spinel samples 

prepared by solution combustion using higher iron contents [52]. In the synthesized TiO2/CoFe2O4 

photocatalysts (Figure 3b-j), however, the characteristic peaks of the cobalt ferrite became almost 

imperceptible, mainly for larger TiO2 content. Only a reduced signal of the cobalt ferrite peak around 

35º remained visible in the diffractograms. This type of response to the TiO2 coating on magnetic 

particles was already expected, as previously observed by Fu et al. (2005) in core-shell CoFe2O4/TiO2 

particles with higher titanium dioxide contents [50]. The disappearance of the core material peaks may 

be considered as an indirect proof of the complete coating of the core by the shell material, in core-

shell structures [53].  
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Figure 3 - Diffractograms of (a) cobalt ferrite and (b-j) TiO2/CoFe2O4 

catalysts produced from solutions with different TIPO/CoFe2O4 mass 

ratio and calcined at different temperatures. 

Regarding TiO2 phase composition, it have been considerably affected by the calcination 

temperature.  In CoFe2O4/TiO2 catalysts calcined at temperatures less than or equal to 500 ºC (Figure 

3b-d, f, h, and j) TiO2 was found, predominantly in the anatase form – from 90% to 98% of anatase, 

according to the Spurr equation (Table 4). In the diffractograms, this phase formation is confirmed by 

the peaks at 2θ values around 25.4º, 37.7º, 48.0º, 53.8º, 55.0º, 62.6º and 68.6º, corresponding to the (1 

0 1), (0 0 4), (2 0 0), (1 0 5), (2 1 1), (2 0 4) and (1 1 6) crystalline planes of anatase (ICSD 01-071-

1167). Likewise, similar peaks were observed by Fu et al. (2005) [50], in the diffractograms of 

CoFe2O4/TiO2 nanoparticles calcined at temperatures above 300 ºC. The rutile phase of TiO2, in turn, 

was only observed in samples calcined at higher temperatures (Figure 3e, g and i). Thus, the peaks at 

27.4º, 36.1º, 39.2º, 41.2º, 44.0º, 54.3º and 56.6º can be indexed, respectively, to the (1 1 0), (1 0 1), (2 

0 0), (1 1 1), (2 1 0), (2 1 1) and (2 2 0) crystalline planes of rutile (ICSD 01-076-0318). The elevation 

of the temperature above 500 ºC during the heating treatment caused a considerable increase in the 

percentage of rutile (Table 3), which was the predominant phase in the photocatalysts calcined at 641 

and 700 ºC – from 97 to 99% of rutile according to the Spurr Equation. Neris et al. (2018) [54], also 
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observed the predominant formation of rutile in (Co,Mn)Fe2O4@TiO2 particles calcined at 700 ºC. The 

present results are also in agreement with the experimental results reported by Kandiel et al. (2013) 

[55] and Singh and Mehata (2019) [56] about the possibility of obtaining rutile from anatase at 

temperatures equal to or greater than 600 ºC.  

Table 4 - Anatase and rutile phase percentages calculated using the Spurr and Myers Equation; all phases 

percentage determined by the Rietveld Refinement; and average crystallite size for CoFe2O4, anatase and 

rutile phases calculated using the Scherrer equation 

SAMPLE 

Phase percentage 

(%) – Spurr and 

Myers Equation 

Phase Percentage (%) – Rietveld Refinement* Crystallite size (nm) 

Anatase Rutile Anatase CoFe2O4 Rutilo Fe2TiO5 CoTiO3 
CoFe2O4 

(311) 

Anatase 

(101) 

Rutile 

(110) 

Cobalt 

ferrite 
- - -  - - - 17.6 

- - 

S-359-27.8 95 5 89.0 10.5 0.5 - - 18.6 12.2 - 

S-641-27.8 3 97 1.0 7.4 83.3 5.7 2.6 55.1 26.9 98.0 

S-359-68.2 93 7 91.4 7.5 1.1 - - 26.2 8.8 - 

S-641-68.2 1 99 0.1 2.9 91.6 4.1 1.4 54.3 54.9 84.6 

S-300-48.0 91 9 90.6 8.4 1.0 - - 22.1 7.5 - 

S-700-48.0 2 98 0.3 2.8 90.9 4.6 1.4 58.0 49.5 95.9 

S-500-48.0 90 10 87.4 6.1 6.5 - - 28.1 36.1 56.4 

S-500-19.2 98 2 83.6 15.9 0.5 - - 19.7 28.2 - 

S-500-76.8 97 3 93.8 4.7 1.4 - - 21.3 23.0 - 

 

In a more detailed analysis using the Rietveld refinement methodology (Supplementary 

Material, Figures S7 and S8), it was possible to identify the presence of Fe2TiO5 and CoTiO3 in the 

catalysts calcined at 641 and 700°C (Table 4). Similarly to the present samples, the formation of mixed 

oxides between TiO2 and CoFe2O4 was also reported by of Sun et al. (2013) and Li et al. (2012), which 

obtained, respectively, Fe2TiO5 in TiO2/CoFe2O4 photocatalysts [57] and CoTiO3 and FeTiO3 in 

TiO2/CoFe2O4 nanofibers [58]. Ferric pseudobrookite (Fe2TiO5) is an iron-titanium oxide with 

orthorrombic structure (Cmcm space group) [59], commonly used as pigments [60]. These pigments 

are characterized by an intense brown color, with minor yellow and red components [61], so that the 

presence of Fe2TiO5 in samples S-641-27.8, S-641-68.2 and S-700-48.0, even in small amounts (4.1 – 

5.7% wt%), resulted in a change in their color in comparison to the other catalysts, which presented 

more grayish tones (Figure 1a). Sun et al. also obtained the Fe2TiO5 phase in TiO2/CoFe2O4 

photocatalysts  synthesized using cold plasma [57]. According to the authors, the pseudobrookite 

formation resulted from the diffusion of Fe3+
 ions of the core material surface into the TiO2 shell. Such 

process was favored by the similarity of Fe3+ and Ti4+ radius size and by open channels in the rutile 

structure [57].  Thus, the Fe2TiO5 formation only in the catalysts calcined at higher temperatures (641 

and 700°C) was clearly induced by the presence of rutile, which was the dominant phase in the three 

catalysts (Table 3). In the diffractograms, the pseudobrookite phase formation can be confirmed mainly 
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by the presence of peaks associated with the reflection planes (2 0 1), (1 0 1) and (2 0 3) presented in  

Figure. Cobalt titanate (CoTiO3), in turn presents an ilmenite structure, space group R3-H, and can 

also be formed at high temperatures [62,63]. Its formation in the samples can be distinguished by the 

presence of some of its major peaks in the diffractograms (Figure 4), like (1 0 2) and (1 0 4)[62].  
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Figure 4 – Rietveld refinement plot of sample S-641-27.8. 

The calcination temperature increase also caused a pronounced elevation in the crystallinity of 

the samples, evidenced by the peaks narrowing in the diffractograms (Figure 3). This is an already 

well-known phenomenon, previously reported for several materials, including TiO2 nanoparticles 

calcined from 200 to 600 °C [48], titania nanotubes heated from 300 to 800°C [64], TiO2 thin films 

photocatalysts calcined up to 900 °C [65], and  TiO2/CoFe2O4 samples calcined in temperatures from 

200 to 450 °C [50]. In the present work, the estimates indicated considerable variations in crystallite 

size for anatase (from 8.8 nm to 359 ° C to 54.9 nm to 641 ° C) and rutile (from 56.4 nm to 500 ° C to 

95.9 to 700 °C). The observed changes, however, were not as pronounced as reported by Neris et al 

(2018) for CoMnFe2O4@TiO2 catalysts, whose crystallite size varied from about 40 nm at 400 °C up 

to almost 120 nm at 650 °C [54]. Interestingly, rutile phase presented crystallites larger than the 

coexisting anatase phase crystallites in all samples, which has already been reported in the literature 

[66]. 
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3.1.3. Photoacoustic spectroscopy 

The Photoacoustic Spectroscopy (PAS) results of the photocatalysts are presented in Figure 5. 

The photoacoustic signal of the samples showed the existence of two distinct groups of samples (Figure 

5a and b), with sample S-500-48.0 presenting an intermediate behavior between the two groups. The 

first group (S-359-27.8, S-359-68.2, S-300-48.0, S-500-19.2 and S-500-76.8) showed a broad 

absorption band between 225 and 400 nm (Figure 5a), while the second group (S-641-27.8, S-641-

68.2 and S-700-48.00) presented a peak around 280 nm and a wide shoulder starting from 325 nm 

(Figure 5b). The absorption peak at 280 nm possibly corresponds to titanium nanodomains and the 

another one at about 380 nm is due to a ligand-to-metal charge-transfer transition (LMCT) from O2- to 

Ti4+ [67]. Applying the phase-resolved photoacoustic method (PRPA) [68] in the spectra, it was also 

possible observed two different absorption peaks between 225-400 nm for the group of samples in 

Figure 4a, but with a blue shift about 10 nm (270 nm) and 30 nm (350 nm). The region between 400–

650 nm is considered to be the intrinsic absorption bands of Fe3+ resulting of excitation processes and 

overlapping the ligand field transition (about 430 nm) [69–71]. The intrinsic absorption bands of the 

Co2+ cation can be centered in close location at 400-550 nm  [71]. Samples calcined at higher 

temperatures (Figure 5b) showed an increase in the absorption band at 430 nm for the Fe3+ ions, which 

suggests a decrease of bound oxygen. Consequently, for these samples, the absorption band at 280 nm 

also increased, which shows the presence of titanium nanodomains and their growth as a function of 

temperature, showing an increase in the order of structural organization of the nanodomains, that is, 

an increase in their size. The presence of these nanodomains can be associated with the existence of 

specific defects and distortions in the semiconductor oxide network. These results agree with the 

diffusion of Fe3+ ions of the core material surface into the TiO2 shell and the dominant presence of the 

rutile phase (Table 4). 
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Figure 5 - Comparison of the photoacoustic signals of the photocatalysts. Comparison of the photoacoustic 

signal of samples (a) calcined at the same temperature (500 °C) and (b) prepared using the same 

TIPO/CoFe2O4 mass ratio (12.5% of TIPO). 

The effects of TIPO/CoFe2O4 mass ratio and Tcalc in the photoacoustic signal can be more 

clearly perceived by observing Figure 5c and Figure 5d, respectively. Analyzing Figure 5c, it can be 

seen that, for the same calcination temperature, the increase in the TIPO/CoFe2O4 mass ratio causes 

an increase in the absorption band signal attributed to TiO2 (225-400 nm) and a decrease in the signal 

from 400 nm referring to cations. This behavior, in Figure 5c, must be due to the increase in the TiO2 

layer. For samples produced with the same TIPO/CoFe2O4 mass ratio (Figure 5d), the rise in Tcalc 

strongly affects the LMCT from O2- to Ti4+ and the signal intensity (around 350 nm) becomes lower 

for higher calcination temperatures. Besides, the increase in the Tcalc seems to intensify the 

characteristic Fe3+ ions signal at 430 nm. This behavior is possibly mainly related to structural changes 

caused by the heating of the material, since such catalysts were produced using equal amounts of the 

titanium dioxide precursor, and, therefore, present very close TiO2 content values. 

The band gap obtained from PAS results (Supplementary Material, Figures S9 and S10) 

showed two types of behavior (Figure S11). For samples S-359-27.8, S-359-68.2, S-300-48.0, S-500-

19.2 and S-500-76.8, it was observed that the signal formed a broader and flatter peak, with a single 

well-defined band gap value (see, typically, graph S-359-27.8 inserted in Supplementary Material). In 

addition, these samples presented only the anatase composition phase (Figure 1a). However, for 

samples S-641-27.8, S-641-68.2 and S-700-48.00, the spectra presented a more defined peak and three 

band gap values (see, typically, graph S-641-27.8), probably due to the predominance of the rutile 
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composition phase (Figure 1a) and larger crystallites (Tabela 4). Sample S-359-27.8, on the other hand, 

presented an intermediate behavior between these two groups (central graph S-359-27.8 inserted in 

Figure S11). This sample showed a predominance of anatase phase but larger size of crystallite for 

rutile phase. Therefore, the results obtained suggest that with the increase in the calcination 

temperature and consequent increase in the crystallinity of the samples (formation of the rutile phase, 

Figure 2), there was the introduction of electronic levels located in the region between the valence and 

conduction band. Besides, the samples S-641-27.8, S-641-68.2, S-700-48.00 and  S-359-27.8 also 

showed a "red shift" with increasing calcination temperatures (Figure 5b). It seems that the TiO2 

nanoparticles increased in size with increasing calcination temperatures, which is in agreement with 

the results of previous crystallite size measurements for rutile (Table 4). Thus, when the size of the 

nanoparticles increases, the powder surface area (Table 3) reduces proportionally, and less light can 

be absorbed; therefore the PA intensity is diminished. This well-known effect was not observed for 

samples with lower levels of calcination temperature. 

In the literature, the direct gap values for rutile-TiO2 and anatase-TiO2 are described as being 

3.0 and 3.2 eV, respectively [72], while CoFe2O4 films present 2.3 and 2.7 eV values [73,74]. The 

band-gap values for the catalyst samples in the present work (Table 3), varied between 2.43-3.49 eV, 

which is something expected due to the TiO2/CoFe2O4 combination. Only a few samples (S-641-27.8, 

S-641-68.2, S-700-48.00 and S-359-27.8) showed three band-gap values corresponding to cobalt 

ferrite, to rutile titanium dioxide and to higher than anatase-TiO2 band-gap. This may indicate some 

type of interaction between the materials, producing an effect beyond the simple combination 

(synergistic combination). Besides, calcination temperature and the presence of the rutile phase in the 

catalysts seemed to play an important role in this behavior since three of these catalysts were calcined 

at higher temperatures (641 and 700 ºC) and presented rutile as the predominant TiO2 phase. The blue 

shift observed at lower calcination temperatures for samples with predominant anatase-TiO2, see 

spectra for S-359-27.8, S-359-68.2, S-300-48.0, S-500-19.2 and S-500-76.8 in Figure 4a, changed the 

anatase-TiO2 band-gap to longer wavelengths (3.05 eV average). 

3.2. Se(IV) removal tests 

The Se(IV) removal results (adsorption and photocatalysis) for the 19 performed tests (CCD2) 

are shown in Table S2. Some of the adsorption removal results are not indicated, as they correspond 

to negative values, probably caused by small variations in the measurements of samples concentration. 

It is also important to note that the percentages of removal by photocatalysis refer to the variation in 
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the concentration of Se(IV) between the point of 0 min of exposure to UV radiation (after 30 min of 

adsorption in the dark) and the point of 2 min of exposure to UV radiation. 

 Selenium removal after 2 min of photocatalysis varied over a wide range of values (from 1.1% 

to 99.1% of Se(IV) removal). At the end of the process, it was possible to notice a slight change in the 

suspension color, which became light orange. The change in the color of the suspension can be related 

to the formation of Se0 deposits on the photocatalyst surface, confirming the photoreduction of Se(IV) 

[28]. In adsorption or photolysis tests, in turn, no color change was observed. 

In a 60 min adsorption test Figure S12a, selenium removal occurred since the first minute after 

catalyst addition, even without exposure to radiation. This removal in the dark, however, was limited 

and tended to balance after a certain period of adsorption. Right after the lamp was turned on, there 

was a considerable increase in the removal of selenium, which reached 90% in just 5 min of exposure 

to UV radiation (S12a). 

This behavior observed in S12a indicates that, despite the occurrence of selenium removal by 

adsorption, photocatalysis plays a fundamental role, significantly increasing and accelerating the 

selenium removal. However, to confirm whether this change was not caused by the Se(IV) photolysis 

process, a test was carried out in the absence of catalyst, using only a solution containing formic acid 

and 500 μg L-1 of selenite, with pH adjusted to 3.5. The result (S12b) shows that, during 40 min with 

the lamp on, the removal did not exceed 8%, confirming the efficiency of the photocatalysis. 

3.2.1. Se(IV) photocatalytic removal curves: Effect of calcination temperature (Tcalc, ºC), 

TIPO/CoFe2O4 mass ratio  and solution pH. 

The kinetic curves of Se(IV) photocatalytic removal demonstrate how Tcalc (Figure 6a and 6d), 

TIPO/CoFe2O4 mass ratio (Figure 6b and 6e) and pH (Figure 6c and 6f) affect the photocatalytic 

process over 40 min of exposure to UV radiation. The error bar was calculated from the standard 

deviation of the replicates of the central point and the Student's t parameter for 95% confidence. The 

percentage of removal by photocatalysis considers the variation in the concentration of Se(IV) between 

the end of the adsorption process (30 min of adsorption/0 min of photocatalysis) and a given moment 

after the lamp is turned on. 

As can be seen in the removal curves (Figure 6a), the increase in Tcalc led to a considerable 

decrease in the photoreduction efficiency of the catalysts. For catalysts calcined at 300 and 500 ºC, a 

small difference was observed only at the beginning of the tests (Figure 6a), but after 40 min of 

photocatalysis, there was no significant difference in the efficiency of these two photocatalysts (Figure 

6a). On the other hand, the photocatalyst calcined at 700 ºC was less efficient even after a longer 
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irradiation time. The comparison of the removal efficiency after 2 min (Figure 6b) evidences the non-

linear decrease of Se(IV) removal as calcination temperature increases. These results can be explained 

by the higher anatase content present in the photocatalysts calcined at 300 and 500 °C, since this phase 

is already known for having a good activity in selenium photocatalysis [30], as well as by the 

considerable decrease in specific surface area as the Tcalc increases (Table 3).  Besides that, higher 

band-gap values, above 3.4 eV, were observed for catalysts subjected to heat treatment at higher 

temperatures, which negatively affects the photocatalytic performance, since it implies the need for 

photons with greater energy to promote the formation of the electron/hole pair. Similarly, in the work 

of Fuziki et al., the photocatalyst with the higher rutile content presented de lower removal efficiency 

[75].   

 

 

Figure 6 - Se(IV) removal (a-c) over time and (d-f) after 2 min of photocatalysis. (a) and (d) show the effect of 

calcination temperature for TIPO/CoFe2O4 mass ratio = 48.0 and pH = 3.5; (b) and (e) show the effect of 

TIPO/CoFe2O4 mass ratio for Tcalc = 500 °C and pH = 3.5; ; (c) and (f) show the effect of pH for TIPO/CoFe2O4 mass 

ratio = 48.0 and Tcalc = 500 °C; 

 

The variation in the TIPO/CoFe2O4 mass ratio used during the synthesis of the photocatalysts 

did not significantly affect the photoreduction efficiency (Figure 6b). Even when the TIPO/CoFe2O4 

mass ratio was quadrupled, there were no major changes in the selenium removal curves over time, 

probably because the change in this synthesis parameter had small impact on the estimated TiO2 
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content (between 84 and 95% of TiO2). A small difference was observed only when the removal after 

2 min (figure 6e) was considered, with values varying between 78% and 89%.  

The removal curves for different pH values(Figure 6c), in turn, show the great relevance of this 

factor, which affects not only the selenium reduction kinetics in the initial times, but also changes the 

maximum removal limit. The results indicated that the removal was higher at pH values closer to 3.5. 

All pH values tested in the present study were lower than the lowest PZC value (6.69) experimentally 

determined for the photocatalysts. Thus, the photocatalyst particles presented positively charged 

surfaces in all the 19 performed tests, favoring the Se(IV) adsorption due to the electrostatic attraction 

between the surface and selenite ions, which are anions in aqueous medium [25]. However, this 

phenomenon, by itself, would lead to maximum removal at lower pH values, which does not coincide 

with the optimal removal observed experimentally at pH between 2 and 5 (Figure 6f). Such behavior 

would be explained by the competitive adsorption of selenium and formate ions in the photocatalyst 

surface, as stated by Tan et al. (2003) [28]. According to the mechanism proposed by Nguyen et al. 

(2005) [13], selenite ions can be reduced to Se(0) both by the direct action of the photogenerated 

electrons present in the conduction band (CB) of the photocatalyst, or by the reaction between the 

selenite ions and the formed Se(-2) ions (Figure 7). The first pathway would result in the formation of 

Se(0) deposits on the surface of the photocatalyst, while the second would lead to the formation of 

discrete Se(0) particles in the reaction medium [13]. In any case, by either the first or the second route, 

the adsorption of the Se(IV) ions on the photocatalyst surface is a critical step in selenium reduction. 

 

Figure 7 – Se(IV) photocatalytic reduction mechanism 

 

On the other hand, it is also necessary to consider the role played by formic acid as hole 

scavenger in the process, avoiding the recombination of the electron/hole pair, and also its capacity to 
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form reducing radicals for selenium reduction [29]. Thus, the selenium removal rate is affected by both 

the adsorption of selenite and formate ions on the photocatalyst, so that the optimal condition occurs 

when both ions are adsorbed in an appropriate proportion. It has already been demonstrated 

experimentally that while selenium anions adsorption is favored at lower pH, formic acid adsorption 

increases at higher pH values [28]. In their studies on the selenate [Se(VI)] photoreduction, Tan et al. 

(2003) [28] concluded that the optimal stoichiometric ratio of adsorbed formate:selenate ions would 

be 3:1 and that such condition would be achieved by varying the concentrations of the reagents 

(selenium and formic acid) and the pH of the solution. Since in the present work the concentration of 

Se(IV) and formic acid were kept constant, it follows that the only factor capable of altering this 

adsorption ratio would be the pH of the solution, justifying the existence of an optimal pH for 

photocatalysis.  

3.2.2. Analysis of the effects and response surface of the Central Composite Designs 

The obtained results were also analyzed by using a surface response methodology, in order to 

evaluate the effects Tcalc and TIPO/CoFe2O4 mass ratio on the photocatalysts’ specific surface area, 

PZC, band gap and anatase content, as well as the effects of pH, Tcalc and TIPO/CoFe2O4 mass ratio 

on the Se(IV) photocatalytic removal. The obtained response surfaces are presented in Figure 7 and 8, 

and the effects estimates and ANOVA table for each response are presented in Supplementary 

Material. 

Regarding the validity of the adjusted models, it is important to make some considerations. 

According to the experimental design analysis, none of the effects was significant for the PZC, 

considering 95% confidence. This result leads to the conclusion that the two considered factors (Tcalc 

and TIPO/CoFe2O4 mass ratio), within the range used in the experiments, do not affect the PZC of the 

photocatalyst. The R2 value for specific surface area (R2=0.95488, R2
adj=0.90977), band gap 

(R2=0.91894, R2
adj=0.87384), anatase content (R2=0.91825, R2adj=0.78199) and photocatalytic 

removal (R2=0.9306, R2adj=0.8611) models were relatively good, suggesting a considerable 

agreement of the experimental results with the model. According to the ANOVA table (Supplementary 

Materials, Tables S4, S6, S8 and S11), in turn, the models adjusted to BET surface area and 

photocatalytic removal were significant (p=0.0022<0.05 and p=0.0003<0.05, respectively), but the 

band gap and anatase content models were not. This may be caused by the fact that the residuals were 

considered for error estimation of the last two models. Besides that, even the significant models for 

surface area and photocatalytic removal also presented significant lack of fit (p=0.026126< 0.05 and 

p=0.0045<0.05). This indicates that the models are not perfectly fitted and do not allow the accurate 
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estimation of the response, mainly in the regions more distant of the center of the planning. Given the 

low variation in the central point results for BET area and photocatalytic removal (see Table 3), it is 

considered that the experimental error was low, so that the lack of fit results from the inadequacy of 

the second-order model to describe the results (Supplementary Material). This inadequacy was more 

pronounced for anatase content and photocatalytic removal, whose experimental results were limited 

by a maximum and minimum possible value (0 and 100%), which could not be represented by a 

second-order model, which tended to −∞. To a more accurate model, a small region of the planning 

should be investigated. Despite this, the models can still be used to have an overall view of the main 

effects of the factors, and the responses surfaces graph can allow the visualization of the general 

behavior of the responses as it can be seen in Figure 8, by how the surface graph is in agreement with 

variations of the experimental results (blue points).  

The effects estimates (Supplementary Material) indicated that calcination temperature was the 

most significant factor for all the considered responses. It presented a negative linear effect for 

photocatalytic removal, specific surface area and anatase content, so that the increase in the calcination 

temperature of the catalysts led to a decrease in the cited responses. The opposite was observed for 

band gap response, so that the positive linear effect reflects the increase of the property value as the 

Tcalc increases. The decrease/increase of the responses with the temperature, however, was not linear, 

and a significant positive quadratic effect of temperature was observed in specific surface area and 

band gap response, as well as a negative quadratic effect in photocatalytic removal case. All these 

behaviors can be easily visualized in Figure 8a-d.  
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Figure 8 – Response surface plots for (a) BET specific surface area, (b) band gap, (c) anatase content 

(%) and (d) photocatalytic Se(IV) removal.  

 

Such relevant impact of Tcalc in the photocatalysts’ properties and photocatalytic activity was 

already expected, since it is well know that the calcination temperature can directly affect the catalyst 

structure, crystallinity and specific surface area [56]. It is interesting to highlight the similarity between 

the response surface obtained for anatase content and Se(IV) photocatalytic removal response surface 

(Figure 8c and 8d). This suggests that the most relevant property of the photocatalyst for the studied 

process was the anatase content, as the higher removal percentages were obtained using catalysts with 

higher anatase content (lower calcination temperatures). This leads to the conclusion that Se(IV) 

reduction in not favorable using rutile phase. In addition to the anatase effect, it is important to say that 

the photocatalysts with better performance (low Tcalc) presented also higher BET specific surface areas 

(Figure 8a) and lower band gap values (Figure 8b).   
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The TIPO/CoFe2O4 mass ratio, within the considered values, did not seem to have considerably 

affected the studied responses, being significant only for BET surface area (Table S4). The variation 

in the concentration of TIPO used in the synthesis caused a very small variation of the content of TiO2 

present in the samples (84% to 95%, aprox.), and therefore did not have a great impact on the results. 

In this sense, it is unnecessary to use high levels of TIPO, representing only an increase in costs for 

the process. 

For the photocatalytic reduction of Se(IV), the only significant factors were the calcination 

temperature, as previously discussed, and pH. The negative quadratic effect observed for pH confirms 

the existence of an optimal value for this factor within the studied range (see Figure 9).  When these 

two factors are considered, the optimal condition for the process (red region in Figure 9) is achieved 

by using catalysts calcined at Tcalc lower than 500°C and using pH values around 3.5.  

 

Figure 9 - Response surface plots for photocatalytic Se(IV) removal. 

 

3.2.3. Reuse test and magnetic separation 

After five cycles of photocatalysis, the TiO2/CoFe2O4 photocatalyst still had considerable 

Se(IV) removal capacity (Figure 10a), which indicates the possibility of catalyst reuse. The results 

showed a small decrease of removal efficiency over the cycles, starting from around 99.0% at the end 

first cycle, to 98.5%, 98.0%, 95.0% and, finally 96.5% at the end of the fifth cycle. On the other hand, 

the photocatalyst color considerably changed, from gray in the first test to dark orange/brown at the 

-1 .5
-1 . 0

-0 . 5
0 . 0

0 . 5
1 . 0

1 . 5

-1 . 5

-1 . 0

- 0 . 5

0 . 0

0 . 5

1 . 0

1 . 5

-100

-80

-60

-40

-20

0

20

40

60

80

100

120

 
 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



25 

 

end of the fifth test. This color change may be related to the deposition of selenium on the photocatalyst 

surface [28]. 

 

(a) 

(b) 

 

(c) 

 

Figure 10 – (a) Se(IV) concentration over five consecutive cycles of photocatalysis; Magnetic separation of 

(b) CoFe2O4 and (b) TiO2/CoFe2O4 particles from water by the action of a neodymium magnet. 

Regarding the magnetism of the particles, it was observed that the cobalt ferrite was strongly 

magnetic and easily separable from the aqueous medium (Figure 10b) with the aid of a neodymium 

magnet (see Materials and Methods section, for the magnet description). When coated with TiO2, the 

particles still retained their magnetic properties, and could even be separated magnetically after the 

synthesis step. However, due to the titania coating layer, the separation took about eleven times longer 

(Figure 9c). Such response to the TiO2 coating was already expected, as reported by Fu et al. (2005), 

who verified the decrease in coercivity and specific magnetization of the particles with the increase in 

the percentage of TiO2 in the sample [50]. Based on what was previously discussed, it is assumed that 

the titania layer covering the photocatalysts synthesized in the present work was thick, which may have 

led to a considerable decrease in the magnetic properties of the core-shell catalysts. Reducing the TiO2 

layer can be an interesting alternative to improve the magnetic separation of the catalyst. 

4. CONCLUSIONS 

It was possible, through different routes of sol-gel synthesis, to produce CoFe2O4/TiO2 photocatalysts. 

The characterization of the catalysts by XRD proved the formation of the ferrite with spinel structure 

and the anatase and rutile phases of TiO2 in quantities that varied according to the calcination 

temperature. In addition, it was possible to characterize the photocatalysts by different techniques, and 
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to establish relationships between synthesis parameters and the specific surface area and material band 

gap. 

When applied in the photoreduction of Se(IV), the synthesized catalysts proved to be efficient, 

achieving removals greater than 99%. The best conditions involved the use of calcined catalysts at 

lower temperatures (close to 300 ºC) and at pH values close to 3.5. Within the percentage range of 

isopropoxide used and given the employed synthesis conditions, it was not possible to observe a 

significant effect of this factor on the response. 

The coating of cobalt ferrite with TiO2 affected the magnetic properties of the photocatalysts, however, 

they were sufficiently preserved to allow their separation by the action of a magnet. In addition, it was 

shown that the catalysts remained a satisfactory ability to reduce the Se(IV) ion, even after five 

photocatalytic cycles. 
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