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Catalysts prepared by co-precipitation of iron and titanium were evaluated in heterogeneous
photo-Fenton degradation of the azo dye Acid Red 8 under blacklight irradiation. Materials with
different titanium contents (0 < Ti/Fe < 0.6) were characterized using X-ray diffractometry, scanning
electron microscopy, X-ray fluorescence spectroscopy, specific surface area and X-ray photoelectron
spectroscopy. Hematite was identified as main phase in materials with lowest Ti content, while
titanomaghemite was predominant at high Ti content. Highest degradation was obtained using
titanium free catalyst due to iron leaching, which promoted a homogeneous reaction. Addition
of Ti led to a heterogeneous process with a maximum when Ti/Fe = 0.40 achieving 0.76 mol of
dye mineralized per mol of soluble iron after 90 min, using 10 mmol L' H,0, at pH 5.6, value at
least three times higher than that observed for catalysts with lower Ti content. The results indicate
that Ti stabilizes the catalyst and increases its heterogeneous activity in photo-Fenton process.
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Introduction

Among the remediation processes for aquatic pollutants
removal, the classical homogeneous Fenton system is
a powerful source of oxidative HO" (E° = 2.80 V/SHE)
generated from decomposition of H,0O, in the presence
of Fe?* ions.!? It is one of the most effective advanced
oxidation processes (AOP) and widely studied for efficient
treatment of industrial wastewater containing non-
biodegradable organic pollutants. However, drawbacks such
as the requirement of a low pH and a significant amount of
ferric hydroxide sludge formed during the treatment have
limited its application in homogeneous medium.**

Alternatively, heterogeneous Fenton systems based
on solid iron phases and iron composite materials have
been intensively studied to overcome the limitations of
the homogeneous process."> The most important features
of iron oxides, commonly reported in literature, are the
high surface-area, magnetism, biocompatibility, natural
occurrence and catalytic oxidizing capabilities.®® Iron
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mineral oxides used to mediate heterogeneous Fenton
reactions include goethite (a-FeOOH), maghemite
(7-Fe,0;), hematite (a-Fe,0,) and magnetite (Fe;O,).
Among these, maghemite (y-Fe,0,) and magnetite (Fe,0,)
exhibit similar structure, high adsorption capacity and
ferromagnetic behavior, facilitating the recovery of the
catalyst. The use of these materials in the Fenton process
involve Fe/Fe' redox cycles capable of catalytically
decompose hydrogen peroxide and generate hydroxyl
radical in a broad pH range.!!1-14

The incorporation of divalent (Co, Ni, Zn and Mn),
trivalent (V and Cr) and tetravalent (Ti) ions in iron oxide
structures are proposed to modify the surface properties
and the oxidation efficiency for H,O, decomposition in
Fenton process.!>!

However, most of the heterogeneous Fenton catalysts
developed so far are susceptible to iron leaching during
the reaction, resulting consequently in the loss of catalytic
activity combined to increasing iron sludge generation.?**!

Synthetic organic dyes, widely used in food and textile
industries, are frequently discharged inappropriately, with
seriously harmful impact on the environment. Due to


https://orcid.org/0000-0003-1237-4571

Vol. 30, No. 10, 2019

their high stability under sunlight, these contaminants can
affect aquatic organisms by reducing the depth of light
penetration. More recently, genotoxic and mutagenic effects
of some classes of dyes have also been reported, alerting
the seriousness of this type of pollutants.?>*

In the effort to stabilize the ferrous structure and provide
additional photocatalytic activity, the present study aims
to verify the potential of titanium modified iron oxides in
heterogeneous photo-Fenton process, synthesized using a
simple co-precipitation method and characterized using
different techniques. The Acid Red 8 (ARS8) dye was
investigated as a target contaminant under ultraviolet
(UV) irradiation in the presence of H,O,. The influence of
important process variables such as material composition,
H,0, concentration and initial pH are discussed in terms
of dye degradation, solution discoloration, mineralization,
hydrogen peroxide consumption, while stability of the
materials was evaluated by soluble iron concentration and
X-ray photoelectron spectroscopy (XPS) analysis after
degradation process.

Experimental
Reagents

Acid Red 8 dye (C,gH,,N,Na,0,S,; MM =480.42 gmol )
(40%) was obtained from Sigma-Aldrich (St. Louis,
USA). H,0, 30% (m/m) (Synth) was used. Bovine liver
catalase was purchased from Sigma-Aldrich (St. Louis,
USA). 0.06 mol L~ ammonium metavanadate (Vetec, Rio
de Janeiro, Brazil) was prepared in 0.36 mol L' H,SO,
(Merck, Darmstadt, Germany) and used for hydrogen
peroxide determination. Methanol (high-performance
liquid chromatography (HPLC) grade, J.T.Baker,
Xalostoc, Mexico) and ammonium acetate (Vetec, Rio
de Janeiro, Brazil) 98% were used in chromatographic
analysis. Deionized water was used for dilutions and
for HPLC analysis. A 0.2 mol L! H,SO, and NaOH
(Chemis, Sdo Paulo, Brazil) solutions were used for
pH adjustment. Ammonium hydroxide (27% NH,),
FeSO,-7H,0 (Fmaia, Sao Paulo, Brazil), Fe,(SO,),-nH,O
(J.T.Baker, Phillipsburg, USA), titanium isopropoxide
(Ti[OCH(CH,),]4, 97%) (Aldrich, St. Louis, USA) and
isopropyl alcohol (CH;CHOHCH;, 99.5%) (Synth, Sao
Paulo, Brazil) were used for synthesis of the catalysts.

Synthesis of catalysts
The water content of ferric sulfate used in the synthesis

was determined by thermogravimetric analysis and revealed
8 water molecules, stoichiometry used in calculations for
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the synthesis. A room temperature aqueous precipitation
method was used to prepare titanium modified iron oxides
in an anoxic atmosphere (N, flow).?* A solution containing
adequate quantities of Fe* and Fe’* was prepared in
0.3 mol L' H,SO, and followed by addition of titanium
isopropoxide solution in isopropyl alcohol (Table S1,
Supplementary Information (SI) section). After 30 min a
0.3 mol L' NH,OH solution was added dropwise under
continuous stirring (800 rpm), resulting in instantaneous
precipitation of catalysts with molar ratios of Ti/Fe equal
t0 0.2, 0.4 and 0.6 named hereafter as CAT2, CAT3, CAT4,
including the titanium free sample (CAT1).

The particles were separated from the aqueous phase by
centrifugation and washed five times with deionized water
under ultrasonication for 10 min, followed by centrifugation
at 4000 rpm for 10 min. After dried for 24 h at 80 °C the
solid was heated at 10 °C min' rate in a muffle furnace
and sintered at 380 °C for 10 h to obtain titanomaghemite.

Characterization

Nitrogen adsorption isotherms were recorded at liquid
nitrogen temperature in a static volumetric apparatus
supplied by Micromeritics ASAP 2010 (Atlanta, USA).
Samples (0.2 g) were evacuated to about 10 Pa at 130 °C
for 24 h prior to measurements. The specific surface area,
total pore volume and average pore size of synthesized
materials were calculated following the Brunauer-Emmett-
Teller (BET) method.?

Scanning electron microscopy field emission gun
(FEG-SEM) images were obtained with a JEOL microscope
FEG-SEM JSM 6330F (Tokyo, Japan) operated at 5 kV. The
samples for SEM were prepared by dropping an isopropyl
alcohol suspension of the particles over a Si wafer, followed
by drying under ambient conditions.

Semiquantitative multielemental analysis by non
dispersive X-ray fluorescence (EDX) was carried out at
room temperature in a Shimadzu Energy Dispersive X-ray
Fluorescence Spectrometer, model EDX-720 (Kyoto,
Japan). A Cu Ko radiation (of 15 kV for Na, Mg, P, S, CI,
K and Ca and 50 kV for Fe, Ti, Cu and Zn) with adjustable
current up to 70 pA was employed using a 10 mm collimator
under vacuum with fixed counting time (100 s) for each
analysis group.

X-ray diffraction (XRD) measurements were performed
at room temperature with a Siemens D5000 diffractometer
(Munich, Germany), using Cu Kot radiation (A = 1.542 A)
selected by a curved graphite monochromator, over the 26
range between 10° and 90° at a resolution of 0.01°.

X-ray photoelectron spectroscopy analysis (XPS) was
carried out using a UNI-SPECS UHV Analysis System
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(Berlim, Germany) equipped with Mg Kot (h=1253.6eV)
as radiation source. The inelastic background of the high-
resolution core-level was subtracted using Shirley method.
Charging effects were corrected using the C 1s hydrocarbon
peak, fixed at a binding energy of 285.0 eV. The surface
elemental composition was determined with a precision
of = 5% from the ratio of the relative peak intensities
corrected by the Scofield atomic sensitivity factor. The
spectra were deconvoluted using Voigt profiles formed by
the combination of Gaussian and Lorentz curves using the
CasaXPS software.”

Degradation procedures

Two 15 W black-light lamps with maximum emission
at 365 nm were used for photodegradation experiments by
irradiating inside a box a volume of 100 mL of ARS solution
with a depth of 3 cm (Figure S1, SI section). The pH of the
ARS solution (25 mg L") was adjusted to the desired pH
value in the range of 2.6-7.2 by addition of H,SO, or NaOH
solution. After pH adjustment, the catalyst was dispersed in
the solutionina 1 g L' dose and appropriate volume of H,0O,
was added to the suspension while magnetically stirred to
result in 3, 5 or 10 mmol L' concentration besides in the
absence of H,O,. Experiments were carried out at least
in duplicate. For the experiments carried out in triplicate,
standard deviations were calculated and are indicated in
the Figures as error bars.

The possibility of catalyst reuse was evaluated after
30 min reaction cycles performed using the following
conditions: ARS8 concentration = 25 mg L', 1.0 g L!
CAT3, pH = 5.6, H,0, concentration = 10 mmol L', under
UV irradiation. After each run, catalyst that remained in
the reaction was separated by vacuum filtration (acetate
cellulose filter, 0.45 pm), washed with deionized water, and
dried under vacuum at room temperature. The catalyst was
then suspended in a fresh ARS8 solution and used for the next
catalytic cycle after restoring initial experimental conditions.

Chemical analysis

The concentration of ARS8 during the experiments was
determined using reversed-phase high performance liquid
chromatography (HPLC) coupled to a diode array detector
(DAD) (SPD-M20A). A C-8 column (Hyperclone C8-BDS
5 um x 250 x 4.6 mm from Phenomenex) was used and the
mobile phase was a mixture of methanol:ammonium acetate
0.02 mol L' (28:72, v/v) at a flow rate of 1.0 mL min™
with detection at 508 nm. The injection volume was
40 uL. Under these conditions, retention time of ARS8 was
12.4 min. The enzyme catalase was used to interrupt the
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Fenton reaction by decomposing the residual H,O, after
adjustment of the pH to 6-7. The samples were then filtered
through 0.45 pm polyvinylidene difluoride membrane
before HPLC analysis, which showed no retention of the
dye. The results of AR8 concentration decrease during
degradation measured using HPLC are referred in the text
as ARS8 degradation.

The ARS8 absorbance at 508 nm was measured using
a UVmini-1240 spectrophotometer (Shimadzu, Kyoto,
Japan) immediately after sample withdrawal and filtration.
The results are expressed in terms of relative absorbance
(Abs/Abs,), where Abs, corresponds to the initial
absorption of the dye at 508 nm and Abs the absorption at
time t, referred in the text as discoloration.

The residual hydrogen peroxide concentration was
determined by measuring the absorption at 450 nm after
filtration and reaction with ammonium metavanadate.?”’
Briefly, 3.0 mL of filtered sample were immediately added
to 1.0 mL ammonium vanadate solution (6.2 mmol L
in 0.058 mol L' H,SO,) in a 10 mL volumetric flask.
Absorption at 450 nm was measured after the volume
adjustment and homogenization. Soluble total iron
concentration was measured using 1,10-phenanthroline
spectrophotometric method with maximum absorption
at 510 nm after sample filtration.?® Concentrations of
both hydrogen peroxide and soluble total iron were
determined only at the end of experiments, after 90 min,
when dye absorption at 508 nm was very low and
caused no interference on determinations. UVmini-1240
spectrophotometer (Shimadzu, Kyoto, Japan) was also
used to determine the residual H,O, and soluble total iron
concentrations.

The mineralization of organic matter during ARS8
degradation was determined by measuring the decay of
dissolved organic carbon concentration (DOC) using a total
organic carbon analyzer (Shimadzu TOC 5000A, Kyoto,
Japan) immediately after sample withdrawal and filtration.
The DOC content includes the carbon from the target
compound and from the degradation products generated
during irradiation.

Results and Discussion
Characterization

The structure and phase composition of the materials
with different Ti contents were assessed by recording
X-ray diffraction patterns (Figure 1). The positions and
relative intensities of the XRD peaks correspond in good
agreement with the JCPDS (Joint Committee on Powder
Diffraction Standards) database to a-hematite (c-Fe,O,,
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JCPDS 73-606) for the titanium free catalyst (CAT1).
With the increase of Ti content to Ti/Fe = 0.22 (CAT2)
there is a change in the structure evidencing besides
o-hematite phase also the presence of titanium and
iron oxide (JCPDS 89-2812). The predominance of the
o-Fe,O; phase in catalysts CAT1 and CAT2 (Figures la
and 1b) may be related to the oxidation of Fe during the
thermal treatment at 380 °C."

The catalysts with higher Ti content (CAT3 and CAT4)
showed characteristic peaks of the titanomaghemite,
Fe,,;(Fe, osTiy4,)0, (JCPDS 84-1595), as main phase.
Small peaks possibly related to hematite and titanate phases
were also observed, however, their clear identification was
hindered by the noise due to the strong fluorescence induced
by the Cu Ko radiation.?**

The main diffraction peaks at 33° and 36°, corresponding
to rhombohedral cell of samples CAT1 and CAT?2, and to
cubic cell of CAT3 and CAT4 were used to estimate the
crystallite size using Scherrer’s equation (Table 1):

CA
d= 1 ey
(BM2 —Bszy cos0

where d is the crystallite size, A is the wavelength of X-rays,
0 is the Bragg’s angle, while B,, and By stand for the full
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width at half maximum (FWHMs) of the peak (in radians)
corrected for instrumental broadening of the sample and
the standard, respectively.

The lattice strain, 1, was determined using the relation

for peak broadening B cos0 = % +msind , from the slope

of the plot of B, cos vs. sinB,’! where B, is the width of
the diffraction peak after subtracting the instrumental
effect, L is the average crystallite size measured in a
direction perpendicular to the surface of the specimen,
and k is a constant (k = 1.0). The variation of the lattice
strain shows the increasing distortion of the structure due
to the replacement of Fe™ with Ti", which leads to an
ordering of Fe™ and Fe" ions in octahedral sites. Negative
values indicate that strain can be neglected considering
the precision of the measurement of crystallite size. The
replacement of Fe™ tetragonal sites with Ti" was evidenced
by XPS analysis as will be discussed thereafter.

Changes in the structure, unit-cell dimensions,
crystallite size and morphology have been ascribed to
incorporation of ions into iron oxide, as in the case of Ti"
in the present work.’>3* The crystallite size has a strong
influence on the surface area and consequently plays an
important role on surface reactions.’ Table 1 shows that
the increase of titanium content favors the formation of
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Figure 1. X-ray diffraction patterns of synthesized materials. (a) CAT1; (b) CAT2; (c) CAT3 and (d) CAT4.
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Table 1. Crystallite size and lattice strain of iron oxide phases containing different content of titanium

JCPDS Crystallite size (d) / nm Lattice strain (1)
CAT1 o-Fe,0; (0-hematite) 10.27 +1.03 —-0.09015
CAT2 o-Fe,O; (o-hematite) 21.48 +2.15 0.0791
Fe, Ti, sO, (titanium and iron oxide) 4.29+043 —0.00411
CAT3 Fe,,;(Fe, sTi) 4,)O, (titanomaghemite) 21.15+2.11 0.00956
CAT4 Fe,,;(Fe, osTiy4,)O, (titanomaghemite) 34.57 +3.46 0.00723

JCPDS: Joint Committee on Powder Diffraction Standards; CAT: catalyst.

larger crystallites, in agreement with values reported for
o-hematite and titanomaghemite.>¢-’

The scanning electron microscopy (FEG-SEM) images
of CAT1 and CAT2 showed clusters of small particles
with anisotropic morphology and size larger than 100 nm
(Figures 2a and 2b). Similar morphologies containing
aggregates with irregular shapes and micrometric size
were previously observed for hematite phases.*® For
samples with higher titanium content, the microstructure
changes notably, showing for CAT3 agglomerates of
spherical particle with diameters of less than 100 nm
(Figure 2c), while CAT4 consists of a mixture of spherical
and rod-like particles with similar size as those of CAT3
(Figure 2d).

Figure 2. FEG-SEM images of titanium modified catalysts. (a) CAT1;
(b) CAT2; (c) CAT3 and (d) CAT4.

Specific surface area results (BET), summarized in
Table 2, showed that the morphological changes observed
with increasing Ti content resulted in minor change of the
specific surface area, except for CAT4, which increased about
50% compared to the titanium free sample. However, the
average pore diameter decreased significantly from 17.6 to
5.1 nm, resulting in a strong increase of the micropore area
from 31.1t0279.3 m? g'!. These results suggest that titanium
incorporation promotes a pronounced change in the porosity
of the material, in agreement with textural parameters of
iron(IIT) oxides containing Ti.* It is interesting to note that
despite the larger crystallite size of CAT2, its surface area is
similar to CAT1, a consequence of its smaller average pore
diameter than CAT'1, which leads to a much higher micropore
area than CAT1, compensating its larger crystallite size.

Hematite, o-Fe,0,;, is isostructural with Al,O; and
crystallizes as the corundum structure. The unit cell
is hexagonal and contains 6 structural units of Fe,O,,
with Fe in two thirds of the octahedral interstices.*’
Maghemite, y-Fe,O,, is formed by oxidation of Fe,O, and
contains only Fe™ states within the spinel structure. Fe
vacancies are therefore required to ensure charge neutrality,
according to the formula (Feg®). [Fe0s* ViessloeOs2
(V: vacancy), with Fe vacancies present only in the
octahedral sublattice.** When doped with Ti"V, an analogous
binary titanomagnetite-titanomaghemite may be formed.
Under adequate conditions, titanomagnetites are oxidized
to form titanomaghemites where vacancy lattice sites
are normally octahedric and the spinel titanomagnetite
structure is maintained after oxidation.*'*?

Table 2. Specific surface area, pore diameter, micropore area and volume of the titanium modified iron oxides prepared

Ti/Fe Specific surface Average pore Micropore Micropore
area / (m? g) diameter / nm area / (m?> g) volume / (cm® g)
CAT1 0 251%5 17.6 31.1 0.04
CAT2 0.22 265+ 1 7.1 119.5 0.07
CAT3 0.40 246 +2 6.9 160.7 0.09
CAT4 0.61 379+1 5.1 279.3 0.19

CAT: catalyst.
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The formation of titanomaghemite occurs in the
temperature range between 350 and 400 °C. Therefore,
for the used sintering temperature (380 °C) a structural
inversion is expected to occur. However, it is also known
that the magnetite oxidation results in a structural
deformation and nucleation of hematite on the crystallite
surface, which was identified in CAT1 and CAT2 in XRD
analysis.**

Consequently, the introduction of Ti in maghemite can
change the physical properties of the material affecting
the distribution of Fe™ in tetrahedric and octahedric sites
and the cationic distribution of the spinel structure can
vary according to their forms, such as monocrystals,
nanocrystalline powders or thin films.*¢

XPS high-resolution Fe 2p core-level peaks confirmed
the presence of Fe species.*’*® Figure 3 shows the
deconvoluted Fe 2p,, and Ti 2p spectra of two chosen
catalysts (CAT1 and CAT4) before and after the
degradation assay. The low contribution of octahedral
Fe (< 7% peak intensity) and the predominance of Fe" in
the octahedral and tetrahedral environment is in agreement
with hematite and titanomaghemite phases identified by
XRD (Figure 3 and Table 3). In the case of magnetite,

betore, CAT1 2 b) before, CAT4
4
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Fe,0,, three Fe environments with equal abundance
(sub-peak intensity) would be expected (Fe" octahedral,
Fe' tetrahedral, Fe'" octahedral), with increasing
chemical shift, while for maghemite (y-Fe,O;) there are
two (Fe™ octahedral, Fe™ tetrahedral).**>*° Due to the
moisture and exposure to aqueous environment during
the degradation assays, also Fe™ hydroxides (FeOOH)
are present (732.5 eV), forming as the outermost surface
layer. For the symmetrical Ti 2p spectra, only the Ti"
oxidation state was identified. The systematic decrease of
the relative intensity of the tetrahedral Fe™ component,
observed in Table 3, indicates that Ti substituted Fe
tetragonal sites and was possibly also introduced in the
vacancies in octahedrical sites of the iron oxide structure.
Furthermore, the comparison of spectra recorded before
and after degradation experiments showed that they
remained essentially unchanged, evidencing the stability
of the catalysts (Figure 3).

Elemental composition of the catalyst, assessed by
EDX, showed a good agreement with the nominal values
considering the uncertainties of the analysis (Table 4).
Results of the quantitative XPS analysis revealed, however,
that the Ti/Fe ratios of the near surface region are up to
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Figure 3. Deconvoluted XPS spectra recorded before and after degradation experiments: (a) Fe 2p,, of CAT1; (b) Fe 2p,, of CAT4; and (c) Ti 2p of CAT4.

Table 3. Relative intensity and binding energies of different species identified in the Fe 2p,, and Ti 2p spectra

Relative intensity of structural components / %

Sample Fe'ocr Fel g Fe'ocr Fe'" FeOOH i
709.4 eV 7104 eV 7113 eV 712.5 eV 458.8 eV
CAT 1 6.0 26.9 36.1 31.0 100
CAT2 4.0 23.6 39.4 33.0 100
CAT 3 54 19.7 413 33.6 100
CAT 4 6.3 17.1 45.1 335 100

CAT: catalyst; OCT: octahedral; TET: tetrahedral.
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Table 4. Comparison of the Ti/Fe ratio in the bulk (EDX) and surface (XPS) of the catalysts

Sample Nominal (Ti/Fe)rpy* (Ti/Fe)yps* before (Ti/Fe)yps after® (Ti/Fe)yps/(Ti/Fe)gpy
CAT2 0.22 0.24 0.7 0.8 2.96
CAT3 0.40 0.37 1.0 n.d. 2.73
CAT4 0.61 0.63 1.5 1.7 2.48

‘Experimental error (EDX, XPS): + 10%; *after degradation assays. n.d.: not determined; EDX: dispersive X-ray fluorescence; XPS: X-ray photoelectron

spectroscopy; CAT: catalyst.

three times higher than those obtained by EDX. Since
the sampling depth of XPS is less than 5 nm and that of
EDX up to 100 um, reflecting the composition of the bulk,
these results indicate that the iron deficiency on the surface
might be caused by a leaching process, evidenced by the
Ti/Fe ratio increase observed for samples analyzed after
the degradation process (Table 4). However, the observed
decrease of (Ti/Fe)yps to (Ti/Fe)ypy ratio with increasing
Ti content indicates a tendency for stabilization of the
titanomaghemite structure by Ti, as will be discussed
thereafter.

Effect of titanium content on degradation of AR8

In a first step, a set of control experiments was carried
out to evaluate the contribution of direct photolysis of
ARS8 and H,0, photolysis, dark reaction in the presence of
CAT4 (Ti/Fe = 0.61) and H,0, (10 mmol L") (Figure 4a)
and adsorption of ARS8 onto catalysts (dark and in absence
of H,0,) (Figure 4b). The decrease of absorption of the
chromophore group (508 nm) was used to evaluate the
effect of different conditions. No direct photolysis of ARS8
or degradation due to H,O, photolysis was observed that
could result in decrease of absorption of chromophore
group (Figure 4a). No significant adsorption of ARS8 onto
catalysts CAT1, CAT2 and CAT3 was observed, while in the
case of CAT4 adsorption achieved 20% already in the first
15 min during dark stirring (Figure 4b). Higher adsorption
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on catalyst with higher titanium content is a consequence
of its around 50% higher surface area in relation to the
materials with lower titanium content, contributing to dye
adsorption. However, after initial adsorption, the ratio
Abs/Abs, starts to increase probably due to a slight increase
of dye solubility in solution or decrease of dye adsorption
on catalyst during the experiment.

When ARS8 was stirred in the presence of CAT4 and H,0,
in dark, a 25% decrease of absorption was observed after
90 min, which could indicate a dark heterogeneous Fenton
reaction as already reported for different contaminants
and iron materials.>!%! However, considering that the
adsorption on this material was around 20%, the dark
Fenton contribution is not significant.

The influence of titanium content on catalytic activity
of catalysts under blacklight irradiation was evaluated
by monitoring the ARS8 concentration during reaction
(using HPLC) and by evaluating solution discoloration,
measured by the decrease of absorption of the solution
(508 nm). Furthermore, its activity for hydrogen peroxide
decomposition was also evaluated as well as the stability
of the material during the reaction by measuring the total
soluble iron concentration leached from the materials.

Discoloration and degradation of AR8 decreased slightly
when titanium content was increased from O to a Ti/Fe of
0.40 (CAT3) denoting that the titanium content influenced
negatively the degradation of ARS8 decreasing from 99 to
57% in the first 5 min reaction, respectively (Figure 5a).
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Figure 4. Effect of different experimental conditions on discoloration of ARS8 (a) and effect of titanium content on AR8 adsorption on different catalysts
in the dark (b). Initial conditions: C ks =25 mg L', pH = 5.6, catalysts dose = 1 g L', H,0, = 10 mmol L.
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However, even a stronger effect of titanium was observed
with CAT4 (Ti/Fe = 0.61), achieving only 19% decrease
of ARS8 concentration after 45 min, value similar to the
adsorption obtained on this catalyst. A similar behavior was
observed for absorption, where complete discoloration was
observed after 10 min with CAT1, while CAT2 and CAT3
resulted in 89 and 52% after the same time, respectively
(Figure 5b). For CAT4 a discoloration of 43% was observed
after 90 min. In the case of mineralization, evaluated by
DOC removal, between 67 and 50% were achieved for
CAT1 and CATS3, respectively, and approximately 20%
with CAT4 after 90 min (Figure 5c).

The negative effect of titanium content on the efficiency
of the catalyst for the degradation of ARS8 suggests that
the process could be a result of a homogeneous reaction
due to a possible instability of catalyst leading to an iron
leaching process. The total iron concentration measured
in solution after 90 min reaction revealed that the
increase of Ti content resulted in a significant decrease
of iron leaching with total iron concentration decreasing
from 270 to 37 umol L' for CAT1 and CAT3, which
corresponds to 2.5 and 0.6% of the total iron amount
in the materials, respectively (Figure 5d). In the case
of CAT4, the concentration of soluble iron could not
be measured due to the high absorption of the solution
since ARS8 concentration was still high and interfered
with the iron measurement. This iron concentration in the
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solution strongly affected H,O, consumption, which was
completely consumed for CAT1, while 58 and 54% of the
initial H,O, concentration were consumed in the case of
CAT?2 and CAT3, respectively (Figure 5c).

The obtained results indicate that the concentration
of total dissolved iron significantly contributed to AR8
degradation by the homogeneous Fenton reaction. With
the aim to determine the contribution of the heterogeneous
process on the overall degradation for the different
compositions, the molar fraction of AR8 mineralized
after 90 min reaction per mole of total iron dissolved after
90 min was calculated and compared for the three catalysts.
The relative mineralization increases with Ti content of
the catalyst reaching a maximum of 0.76 mol of ARS
mineralized per mole of soluble iron for CAT3, revealing
the heterogeneous contribution of this catalyst, while for
materials with lower Ti content (CAT1 and CAT2), the
homogeneous process prevails (AR8 degradation occurs
mostly in solution) (Figure 5d). This result is supported
by reduction of the (Ti/Fe)yps / (Ti/Fe)gpy ratio observed
by XPS and EDX, indicating a decrease of iron surface
leaching with increasing Ti content.

Both CAT3 and CAT4 were identified as titanomaghemite
that has shown a good efficiency for phenol degradation in
heterogeneous Fenton process.” Significant iron leaching
was also observed previously when using hematite and
magnetite in heterogeneous photo-Fenton process, which
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Figure 5. Effect of titanium content on ARS8 degradation. (a) Degradation; (b) discoloration; (¢) mineralization and H,O, consumption after 90 min; (d) soluble
iron concentration (90 min) and ARS8 removed/Fe ratio (5 min). Initial conditions: C,zs = 25 mg L', pH = 5.6, CAT dose = 1.0 g L', H,0, = 10 mmol L',

under UV irradiation.
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improved degradation.”>* These results indicate that the
iron leaching is influenced by the type of iron phases
and that titanomaghemite has more favorable feature for
heterogeneous Fenton process than hematite due to its
higher activity and stability.

Considering the increased heterogeneous contribution
of the catalyst CAT3 (Ti/Fe = 0.40) and its higher stability,
the possibility of reuse of this catalyst was evaluated.
Reuse of catalyst CAT3 resulted in a slight decrease of
ARS discoloration percentage from 91 to 83% after 30 min
cycles, demonstrating no significant loss of activity for at
least three cycles and the possibility of its reuse (Figure S3).
Decrease of catalytic activity in heterogeneous process
is often reported in the literature and is mainly related to
agglomeration of the catalyst and occupation of reactive
sites with degradation products.'>*

Catalyst CAT3 was used in further experiments to
evaluate other degradation parameters such as H,0O,
concentration and pH.

Effect of initial H,O, concentration

The influence of the initial concentration of hydrogen
peroxide on ARS8 degradation and discoloration was
evaluated in the range from 3 to 10 mmol L using
1 g L"'CAT3 and compared to that observed in the absence
of H,0,. Figures 6a and 6b show that the presence of H,0O,
is essential to promote significant degradation, since very
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low ARS8 degradation and discoloration was achieved in
the absence of H,O, indicating no significant photocatalytic
activity of this material. However, the addition of
3 mmol L' of H,0, led to a significant improvement of AR8
degradation which was further enhanced from 70 to 96%
after 15 min reaction, when increasing H,O, concentration
from 3 to 10 mmol L.,

The more pronounced effect of H,O, on ARS
degradation and faster decrease of ARS8 concentration
than the absorbance indicates that hydroxyl radical attacks
also other functional groups of the AR8 molecule besides
the chromophore group, generating degradation products
that still contain the azo group (N=N) in the structure as
previously reported in the homogeneous photo-Fenton
degradation of disperse red 1 dye.”> Absorption spectra
of intermediates detected during ARS8 degradation
confirmed the presence of products with absorption
bands around 500 nm as AR8 (maximum absorption at
508 nm) corresponding to the presence of the azo group,
which indicates an important degradation route through
other functional groups besides of chromophore group
(Figure S2, SI section).

Considering the stability of the material upon
variation of H,0, concentration, iron leaching did not
play a significant role since the total iron concentrations
in solution after 90 min, varied only between 31 and
37 umol L' (Figure 6¢). This result also demonstrates the
high stability of the material with Ti/Fe ratio of 0.4.

1.0 =
= .
\\ e a . m——n
0.8{
3 (b) - without H,0,
06 1 @ 3mmolL™ H,0,
v.e A 5mmol L H,0,
044 i v 10mmol L™ H,0,
v
0.2 \
\\
00— “* = —a — o
0 10 20 30 40 50 60 70 80 90
Time / min
100 100
90 {90 T
80/ (d) 180 O
70 170 8
60 leo 7
c
50+ 150 3
40 {40 3
30 130 g
20 120 =
10] J10 =
0-

3 5 10
Initial concentration of H,0, / (mmol L'1)

Figure 6. Effect of hydrogen peroxide initial concentration on AR8 degradation (a); discoloration (b); iron leaching (90 min) (c¢); mineralization of ARS8
and consumption of H,0, after 90 min reaction (d). Initial conditions: C,gs = 25 mg L', pH = 5.6, CAT3 dose = 1.0 g L', under UV irradiation.
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under UV irradiation.

Consumption of H,0O, ranged from 66% when initial
H,O, concentration was 3 mmol L' and 54% in the case of
10 mmol L, corresponding to an absolute H,O,consumption
of 2 and 5.4 mmol L' (Figure 6d). This relatively high
consumption of H,0, indicates the availability of Fe in the
material for reaction with H,O,. Furthermore, the highest
mineralization of 43% was achieved using the initial H,0,
concentration of 10 mmol L.

Considering the significant improvement on ARS8
degradation, discoloration and mineralization using
10 mmol L, this concentration was adopted in further
experiments.

Effect of initial pH

The influence of initial pH on the discoloration of ARS8
solution was investigated adjusting the initial pH to 2.6,
3.6, 5.6 and 7.2 and using 10 mmol L' H,0, and 1 g L!
CAT3 as initial concentrations. In homogeneous phase,
acidic conditions are very important to promote Fenton
degradation processes. In heterogeneous processes, Fenton
reactions are also favored under acidic conditions, since in
alkaline conditions, decomposition of H,0O, to H,O and O,
is favored decreasing its concentration for Fenton reaction,
which highest effectiveness is in the pH range 3.0-6.0.%%
Surprisingly, in the present study, the discoloration
efficiency of ARS8 decreased only slightly with increase
of pH with no significant difference between pH 2.6-5.6
(¢ test, P = 0.05; Figure 7a) achieving total discoloration
after 60 min. However, with further pH increase to 7.2, a
slower degradation was evident.

When monitoring the pH dependence of ARS
concentration, the difference of profiles was more
pronounced, showing a decrease of the degradation
efficiency after 30 min from 95 to 86% when increasing the
pH to 5.6 and 7.2, respectively (Figure 7b). For lower pH

values (pH 2.6 and 3.6) the ARS8 concentration was below
detection limit after the same time. These results open the
possibility to carry out degradation in less acid conditions
or natural pH of dye solution (pH 5.6), overcoming one of
the main limitations of the Fenton process, which notably
influence the Fenton reaction for contaminants degradation,
especially in homogeneous medium. In heterogeneous
medium, different results are reported in relation to the
pH dependence. Discoloration of Orange II using ZnFe,O,
increased with increase of pH and with best results at
pH 6,% while acidic medium (pH 2) favored the degradation
of 4-chlorophenol in the Fe,0,@B-CD/H,0, system.* These
results suggest that the choice of the type of catalyst allows
the use of heterogeneous Fenton reaction over a wide range
of pH values for catalytic degradation of contaminants.

Conclusions

Iron oxides with different contents of titanium
(0 < Ti/Fe < 0.6) were prepared, characterized and evaluated
for AR8 dye degradation. The catalysts with lower titanium
content (molar ration Ti/Fe = 0 and 0.2) presented hematite
as main phase, while titanomaghemite was detected as main
phase in catalysts with higher titanium content (Ti/Fe = 0.4
and 0.6). XPS analysis revealed a low abundance of the
Fe' octahedral environment with predominance of Fe™ in
octahedral and tetrahedral sites, the latter preferentially
substituted by Ti. The increase of titanium content improved
the stability of the catalysts as lower iron leaching was
observed when compared to titanium free catalyst, in which
the soluble iron concentrations contributed significantly to
homogeneous reaction. Highest heterogeneous contribution
to the photo-Fenton process was observed with catalyst with
molar ratio Ti/Fe = 0.4, achieving a complete degradation
of ARS8 after 30 min at pH 5.6. The catalysts showed
low dependence on initial pH value, which permits its
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application at near neutral conditions overcoming the main
limitation of Fenton process.

Supplementary Information

Supplementary information (table showing the amounts
of reagents used for preparation of catalysts; schematic
view of irradiation system; UV-Vis spectra of degradation
products; graphic showing the reuse of catalyst) is available
free of charge at http://jbcs.sbq.org.br as PDF file.
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