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Abstract: In this work a Fe>Os-TiO> catalyst, at the proportion 60:40 (%mass), was
produced using a modified Pechini method. The catalyst was characterized and used in
the degradation of phenol in aqueous solution through a solar photo-Fenton reaction.
Experiments were performed varying the concentration of H>O,, catalyst, phenol, and
pH of the aqueous solution, in order to determine the reaction rate and propose a
mechanism. Characterization showed the presence of Fe>O3 and anatase and rutile
phases of TiO,. Pseudobrookite (Fe>TiOs) was also found in the material. The Fe2Os-
TiO> catalyst presented higher efficiency (90% of phenol removal) and degradation rate
than the two isolated oxides in the process photo-Fenton heterogenous in optimum
conditions. The proposed mechanism shows that the union of the two oxides, Fe,Oz and
TiO, facilitates the reduction and oxidation reactions of Fe*?/Fe*® and Ti*¥/Ti*3,
increasing the amount of surface OH groups and consequently the catalytic activity.
Keywords: Effluent treatment, Phenol, photo-Fenton, catalysts, Iron oxides, Sunlight.
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1. Introduction

Water scarcity is one of humanity's greatest challenges. Industrial processes involving
large volumes of water are especially damaging to the environment due to the large-scale
contamination of water (ZENG et al., 2011; XU et al., 2012). The scientific community has
been absorbing more work in optimization of the effluents treatment that have high number of
organic compounds due to the need to preserve natural resources and to make industrial
processes sustainable. Phenol is a corrosive, toxic and carcinogenic organic compound that is
generally present in refinery and petrochemical wastewaters, also present in chemical operations
and plastic industry (VIRARAGHAVAN AND ALFARO, 1998). Titanium dioxide (TiOy) is
used as a catalyst in photocatalytic processes due to its chemical stability, non-toxicity,
possibility of immobilization in solids and great efficiency in the degradation of pollutants, but
its application in processes activated by sunlight is limited, since its absorption range is in the
UV spectrum (MAHADIK et al., 2014). The mixing of TiO, with other materials has been used
as a way to overcome this limitation and its work can be found in the literature (PENG et al.,
2010; Ll et al., 2014; MENDONCA et al., 2014). The hematite (Fe.Os) is an iron oxide that has
considerable relevance in this area being a promising photocatalyst, because it has lower
bandgap and its interaction with TiO, has already been proved positive in other works
(AKHAVAN AND AZIMIRAD, 2010; AMBATI AND COGATE, 2017; MISHRA AND
CHUN, 2015).

The Advanced Oxidation Processes (AOPs) aim the generation and use of the hydroxyl
radicals ("OH), a strong oxidizing agent with extremely high kinetics constant (108-10* Ms?),
in the degradation of toxic organic compounds, such as phenol (BOKARE AND CHOI, 2014).
The Fenton system is one of these processes and the degradation of the organic compound is
achieved by the "OH attack, generated by the reaction between Fe*? and H,O, (Equations (1) and
(2)). At low pH, the soluble Fe*? is reduced to Fe*?, by H,O, (Equation (3)). As the rate of
oxidation reaction of Fe*2 to Fe*3 is much faster (ki=51 M1s? and k3=0.001-0.01 Ms?), at any
instant time in the system there is an excess of Fe** compared to Fe*2. Therefore, a more
efficient catalytic system should increase the rate of reduction of Fe*® to Fe*?, regenerating the
reduced species, to the Fenton reaction (LIANG et al. 2017). The UV-light irradiation in the
Photo-Fenton process achieves this goal, with the Photo-reduction of Fe*® to Fe*? (Equation (4))
and additional generation of hydroxyl radical (DU et al., 2014; DOUMIC et al., 2015).

k
Fe*? + H,0, > Fe*3 + OH™ +- OH @)
k
-OH + RH = H,0 + R (2
k2
H,0, + Fe*3 5 Fe*? +- 00H + H* 3
light
Fe*30H™ — Fei? + OH (4)
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In this work, a Fe;O3-TiO, mixed oxide catalyst was synthetized, at the proportion 60:40
(%mass) by a modified Pechini method. The objective was achieve and therefore study the
synergic effect between Fe and Ti, in the solid phase, for its use in a photo-Fenton process using
natural solar light in the degradation of Phenol, by varying the system parameters.

2. Materials and Methods
2.1 Materials

All materials used were of analytical grade. The precursors of metal cations, Ferrous
Sulfate (FeSQO4.7H20) and Titanium Isopropoxide 1V (Ti(OCH(CHs)2)4) (97%) were purchased
from Quimica Moderna (Brazil) and Sigma-Aldrich (India), respectively. Citric acid and

ethylene glycol were purchased from Synth. The water used in the synthesis was distilled.
2.2 Synthesis of mixed oxide Fe/Ti (60:40 mass%o) by modified Pechini method

The Fe,03-TiO, catalyst was synthesized using a modified Pechini method (PECHINI,
1967) with a citric acid/metal cation ratio of 3:1. The precursors used were Ferrous Sulfate and
Titanium Isopropoxide, following a production ratio of 60% Fe.03:40% TiO.. The pyrolysis
was performed in a muffle furnace at 400°C for 1h. The material was de-agglomerated, sifted
and then calcined at 500°C for 1 h.

2.3 Characterization of the catalyst

The determination of the phases present in the samples was done by X-ray diffractometry
(XRD), obtained with the aid of Bruker D2-Phaser X-ray diffractometer (40 kV and 30 mA),
using Cu Ka radiation, in a band of 26. The measurements swept the range between 5° and 80°
(260), with pitch of 0.02 ° (26).

The absorption spectra of the samples were obtained in the medium infrared region in the
range of 400-4000 cm™ with a resolution of 4 cm™. Samples were diluted in KBr at a
concentration of approximately 1% by weight. The obtained material was homogenized and
hydraulically pressed with 6 tons and the pellets obtained were sent to Perkin Elmer Spectrum-
One FT-IR spectrometer, where the spectra were obtained.

The measurement of the specific surface area was done using the Brunauer-Emmet-Teller
(BET) method, which is based on the adsorption of a monolayer of an inert gas, usually N, or
Ar. Micromeritics equipment was used, model Nova 3200 and N gas.

2.4 Evaluation of photocatalytic activity

The photocatalytic tests were performed with the mixed oxide (Fe/Ti) (60:40 %mass)
produced by the Pechini method under natural sunlight for the degradation of Phenol. For the
tests, phenol solutions were prepared and air inlet (through laboratory pumps) were used. They

occurred between the periods of April and May, with exposure to natural sunlight from 10h to
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14h. Initially, mixed oxide Fe/Ti, TiO, and Fe;Os (all produced by the Pechini method) and a
blank sample were tested on the same parameters for comparison between the catalysts.
Subsequently, tests were performed using the mixed oxide varying the parameters in each test.
There was variation of hydrogen peroxide (H205), initial solution pH, solids concentration and

phenol concentration.

The procedure was carried out in a batch, using a Jar Test, laboratory compressors to
supply the air flow and analytical level reagents. The phenol samples were prepared with a
concentration of 50 mg.L™, placed under sunlight with mechanical agitation and air flow of 0.5
L.min for a period of 3 hours and 30 minutes. Samples were collected at time 0, 10, 30, 50, 80,
110, 160 and 210 minutes, filtered through a microfilter of PVDF membrane to promote
separation between the phases. Then, the filtered aliquots were sent for absorbance reading on a
UV-Vis scan spectrophotometer (Shimadzu) at 269 nm to obtain their concentration. All

graphics were obtained from software Origin Pro 8®.
3. Results and discussion

3.1 Characterization and analysis of the catalyst

The specific surface area calculated for the mixed oxide by the BET method was 59.1693

m2.gL. Figure 1 (a) shows the XRD analyzes of the samples.
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Figure 1: (a) X-ray diffraction patterns of Fe,Os/TiO.and (b) FT-IR spectra of Fe;Os/TiO-

The mixed oxide XRD presents diffraction peaks related to the rhombohedral phase of a-
Fe,03 (JCPDS n° 01-1053) and the tetragonal anatase phase of TiO, (JCPDS n° 01-0562), a
more favorable phase with better photocatalytic properties than the rutile phase. It also presents
peaks related to the tetragonal rutile phase of TiO, (JCPDS n° 21-1276). It was noticed that
some peaks close to a-Fe;O3 and TiO, may have been superimposed on XRD. The peaks of
25.5° and 32.2° are in accordance with the literature standard (JCPDS n° 20-2302) for
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pseudobrookite (Fe2TiOs), which is probably formed due to the presence of an iron rich layer on
the TiO; surface. No considerable peak related to Fe-Ti binding has been observed which may
be due to the low intensity of the peaks and/or the formation of small amounts of these phases at
the interface between the phases.

Figure 1(b) shows the Infrared Spectra of the samples. The mixed oxide has the presence
of the crystalline anatase phase of the titanium dioxide with a lower intensity between 400 and
600 cm, which may be related to the overlap with the peak of the hematite at the wave number
of 574cm™. Bands at wavelengths between 3500 and 1600 cm™ indicate humidity in the
material. The intense peak around 1050 cm™ is related to the C-O stretch vibration of the

precursors used in the synthesis of the material.

3.2 Photocatalytic activity Test

In the first experiment the photocatalytic activity of Fe/Ti mixed oxide (60:40) was
evaluated from its performance on phenol degradation compared to titanium TiO, and Fe;Os;
(both produced by the Pechini method) using the following parameters: catalyst concentration
of 0.1 g.L, initial pH of 6.5, initial phenol concentration of 50 mg.L™ and air flow of 0.5 L.min-
! In addition, the effect of phenol degradation in the absence of catalyst was also evaluated. In
Figure 2 the efficiency were obtained for each catalyst at time intervals of 0 to 210 min.

E =
o
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Figure 2: Efficiency for each catalyst at time intervals of 0 to 210 min

It can be observed from Figure 2 that phenol photocatalysis practically did not occur for
all the materials used, since the phenol absorption peak did not decrease with time (being
similar to the blank test), indicating that the pollutant was not degraded. The phenol removal
percentage was 10% for Fe/Ti mixed oxide and 5% for both TiO, and Fe;Os. It is also possible
to observe that there is low adsorption of phenol on the surface of the catalyst, which can be

justified due to the low concentration of solids.

3.3 Heterogeneous photo-Fenton test
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In the application of the heterogeneous photo-Fenton process, the parameters of the

previous experiment were maintained, and the concentration of H.O, added was 100 mg.L™.

Figure 3 shows the UV-Vis absorption spectra of the collected points.
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Figure 3: Absorption espectra during the heterogeneous photo-Fenton test (Chz0.=100mg.L*;
CphenoI:SOmg.L_l; Ccatalystr:O.lg.L_l and pH=65), Wlth (a) T|02, (b) Blank, (C) G'FeZOQ, and (d)
mixed oxide Fe/Ti

The addition of hydrogen peroxide to the iron, whether in mixed oxide (Fe/Ti) or
hematite, radically changes the absorption spectrum of the solution. There is an instantaneous
formation of a dark complex with phenol, iron and hydrogen peroxide, with different values of
Amax (Maximum wavelength), also occurring a color change of the solution, from colorless to
yellowish. Furthermore can also be observed that these formed intermediates, which change the
absorption spectrum, are degraded.

According to Cong et al., (2012), which also obtained this drastic change in the
absorption spectrum, the main intermediates identified in the phenol degradation reaction in the
Fenton-type process are benzoquinone, hydroquinone and oxalic acid. A mechanism for
degradation of phenol has been proposed, in which, initially, phenol forms benzoquinone and in
parallel there is the formation of hydroquinone (which is also transformed into benzoquinone)
followed by the breaking of the aromatic ring and total decomposition of the phenol in CO; and
H.0.
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The phenol degradation kinetics at the 269 nm length are shown in Figure 4. The
degradation efficiency of the phenol using hematite was approximately 90%, similar to the
mixed oxide Fe/Ti, which was approximately 91%.
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Figure 4: Performance comparison of the mixed oxide, hematite, titanium dioxide and blank
(without catalyst). The following initial conditions were used: C202=100mg.L™; Cphenoi=50
mg.L?%; Ceatalysi=0.1g9.L™* and pH=6.5.
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3.3.1 Influence of H202 concentration

In this test the parameters used were: solution pH=6, phenol concentration 50 mg.L?,
catalyst concentration 0.1 g.L* and air flow 0.5 L.min*. H,O. concentrations were varied from
50 mg.L* to 200 mg.L™*. The absorption spectra are shown in Figure 5 and Figure 6 shows the
degradation kinetics (a) and the relationship between initial velocity and peroxide concentration

(b).
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Figure 5: Absorption spectra of phenol solutions during the hydrogen peroxide variation test
(Cphenoi=50mg.L"%; Ceatatysi=0.1g.L* and pH=5.8), variating H.O, concentration.
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Figure 6: (a) Phenol removal for different H.O, concentrations, with 0.1g.L" Fe;O3-TiO,
50mg.L™ phenol, and initial pH=6 and (b) initial rate of reaction versus H,O, concentration

For H,0O. concentrations above 100 mg.L?, 90% degradation of the phenol was obtained
in 50 min of reaction. At 75 mg.L™, 80% of phenol degradation was obtained, with a much
lower reaction rate. With 50 mg.L™, almost nothing was removed, however, the formation of
intermediates was observed (by the initial absorbance peak, collected in 2 min, and by the

scanning spectra obtained for the solution). In a adsorption experiment with phenol and the
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catalyst, without H.O,, after 6.0 hours of contact, the formation of intermediates was also
detected.

3.3.2 Influence of initial solution pH

To evaluate the pH interference of the solution in the phenol removal efficiency, a new
test was performed by varying the pH from 3.0 to 9.0. The concentration of H,O, used was 100
mg.L?, the catalyst concentration was 0.1 g.L* and phenol was 50 mg.L. Figure 7 shows the
absorption spectra obtained and, in Figure 8, the degradation kinetics for the studied pH range.
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Figure 7: Absorption spectra of phenol solutions during the pH variation test (Chz02,=100mg.L
1 Cpheno=50 mg.L ! and Ceatayst=0.19.L"?) variating the initial solution pH.
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Figure 8: (a) Phenol removal for different initial pH of solution, with 0.1g.L? Fe,0s-TiO,,
50mg.L* phenol and 100mg.L* H.O; (b) initial rate of reaction versus initial pH of solution

It is observed in Figure 7(a) that the photo-Fenton Solar reaction with the catalyst was
efficient for a wide range of pH, obtaining between 85 and 90% of Phenol removal. This result
confirms that the reaction occurs with the iron in the solid phase, and not with the iron leached,
since the latter, at alkaline pH, would be rapidly oxidized (Fe*?/Fe*®), and would precipitate,
forming Fe(OH)a.

A lighter color in pH=9 solution was observed because the formation of intermediates
was slower. After a few minutes of reaction the coloration at pH=9 also changes to a darker

brown/yellowish, there is a good removal, but with a lower speed.

The initial reaction velocity, as seen in Figure 8(b), is higher in acidic pH, between 4.5
and 6.0. This can be related to the protonation of the mixed oxide surface, with the formation of
the =Fe(H.0)s(OH)*? species, which through the solar irradiation results in the photo-reduction
of Fe*¥/Fe*?, with an additional generation of "OH (ZAZO et al., 2005)

3.3.3 Influence of catalyst concentration

For this experiment, the concentration of H.O, used was 100 mg.L™, phenol 50 mg.L?,
the pH of the solution was 6 and the concentration of the catalyst was varied from 0.025 g.L*
and 0.125 g.L%. The absorption spectra are shown in Figure 9 and the degradation kinetics for
the different concentrations evaluated in Figure 10. It is observed in Figure 10(a) that, for
catalyst concentrations greater than 0.05g.L™, there is a rapid formation of the intermediates
(starting point of the kinetic curve - C/C¢>1.0), 90% of phenol is removed in 120min and the
initial reaction velocity, Figure 10(b), is between 0.8 and 1.0 (mg.L*) min’. For low catalyst
concentration (0.025g.L™), the reaction rate is drastically reduced to 0.05 (mg.L™)min™.
Regardless, at the end of the process, 80% removal of phenol is obtained. This is an indication
that at low catalyst concentrations, the adsorption of phenol and the formation of the

intermediates, retards the reaction.
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Figure 9: Degradation phenol efficiency at different catalyst concentrations.
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Figure 10: (a) Phenol removal for different Fe,Os-TiO, concentrations, with 50mg.L™* phenol,
100mg.L* H,O and initial pH=6 and (b) initial rate of reaction versus catalyst concentration

3.3.4 Influence of Phenol concentration

The phenol concentration was varied from 25 mg.L! to 200 mg.L?, using a
concentration of H,O, of 100 mg.L?, catalyst of 0.05 g.L* and pH=6. It is observed in Figure
11(a) that for low phenol concentrations (<100 mg.L™t), 80% degradation was obtained in
approximately 50min of reaction. For higher phenol concentrations (>100 mg.L?), the
intermediates are formed, however, they are not degraded. At the Figure 11(b) and (c) it can be
observed this behavior. The complete mineralization of the phenol passes through the formation
of intermediates (benzoquinone and hydroquinone), and from these, by consecutive attacks of

*OH, polycarboxylic acids, CO, and H,O are generated (SARAVANAN et al., 2009).
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Figure 11: Absorption spectra of phenol solutions during the phenol variation test
(Ch202=100mg/L; Ceaays=0.050g/L e pH=6), with different phenol concentrations.

The influence of the solar irradiation on the photo-Fenton reaction can be observed in
Table 1. Experiments were carried out under the same conditions, but on different days. It is
observed that at a day with high incidence of solar irradiation (2941 KJ.m), the highest rates of
phenol degradation were obtained - 93% of removal; with the shortest reaction time - 50min,

and the highest initial rate of reaction - 0.89 (mg.L1)min’.

Table 1: Influence of the solar irradiation on the reaction. The solar irradiation data are
provided by The National Institute of Meteorology of Brazil, INMET, and they can be accessed
at www.inmet.gov.br.

i Phenol  H0, _ Solar Fe20s- % Time

((mg.LYmin?) (mg.L?) (mg.L?) |rrad|at_|20n Tlo_f removal  (min)
(kJ.m) (g.Lh

0.67 50 100 2779 0.1 89 140

0.89 50 100 2941 0.1 93 +/-50

0.72 50 100 2791 0.1 91 110

3.4 Possible mechanism for the heterogeneous photo-Fenton reaction
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Adsorption of H,O- at the mixed oxide active sites (S is the Fe*3/Ti mixed oxide particle):
H,0, +S - H,0,.5

Surface reaction between adsorbed H,O, and Fe*® in the solid phase, generating Fe*? in the solid

and superoxide radical (adsorbed):
H,0,.S + Fe*3/Ti —» Fe*?/Ti + H* + O0H".S

Surface reaction between adsorbed H.O. and superoxide radical, also adsorbed, generating
hydroxy| radical:

OOH*.S + H,0,.S - 0, + H,0 + OH*.S+ H"

Surface reaction between the Fe*? of the mixed oxide and the adsorbed H.O,, generating

hydroxyl radical (Fenton Heterogeneous):
Fe*?/Ti+ H,0,.S —» Fe*3/Ti + OH™ + OH".S
Photreduction of Fe*? into the light-activated solid, generating OH* in the solid (Photo-fenton):
Fe*3/Ti+ OH™ + light + S > Fe*?/Ti + OH".S

Surface reaction between the Fe*? generated in the solid and the O, dissolved in the medium to

form superoxide ion:
Fe*?JTi+ 0, - 0;°.S

Surface reaction between the superoxide ion, adsorbed on Fe*3, and the H,O, adsorbed

generating hydroxyl radical:
0;°.S+ H,0,.S > S+ 0, +O0H™ +OH".S
Reduced iron (Fe*?) generation by the activation of sunlight gives the reduction of Fe** to Fe*2:

Fe*3/Ti+ light - Fe*3/Ti(h*,e™) - Fe*?/Ti(h")

3.4.1 Undesired reactions

Surface reaction between the adsorbed H>O, and the hydroxyl radical, generating superoxide

radical.
OH®.S + H,0,.S - H,0 + S+ O0H".S
Surface reaction between two adjacent hydroxyl radicals, generating hydrogen peroxide:

OH® + OH* - H,0,
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Surface reaction between adsorbed superoxide radical and Fe*? in the solid:
Fe*3/Ti+ O0H".S > Fe*?/Ti+ 0, + H* + S

Surface reaction between adsorbed superoxide radical and Ti** in the solid:
Fe/Ti** + O0H*.S > Fe/Ti*3+0,+ H* + S

4. Conclusions

A Fe,0s3-TiO; catalyst was produced at the proportion 60:40 (%mass) for its use in a
photo-Fenton solar process. According to the results shown it is possible to conclude that for the
following conditions: (1) phenol concentration<50mg.Lt; (2) H,0->100mg.L*! and (3)
catalyst>0.05g.L?, the rate of reaction is independent of these parameters and its kinetics
constant is between 1.0 and 0.9 (mg.L™) min, with a strong dependence on solar irradiation
and more than 90% of phenol removal can be achieved. Therefore, there was a positive
interaction between Fe and Ti in an effort to produce hydroxyl radical, hence the degradation of
the pollutant.
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