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c Dep. Quı́mica, UFLA, Lavras, MG, Brazil
d Laboratório de Fı́sica Aplicada (CDTN), Belo Horizonte, 31270-901 MG, Brazil

Received 4 May 2005; received in revised form 10 August 2005; accepted 20 August 2005
Available online 18 November 2005

A

H
r
w ed results
s on
t ments with
m s
a eactivity,
w g
H ous
m
r
©

K

1

m
T
s

F

s
a

rged.
ed,

osal
e evi-
active
which
ince it
se, no
oter

con-

the

0
d

bstract

In this work, the effect of incorporation of M2+ species, i.e. Co2+, Mn2+ and Ni2+, into the magnetite structure to increase the reactivity towards2O2

eactions was investigated. The following magnetites Fe3−xMnxO4, Fe3−xCoxO4 and Fe3−xNixO4 and the iron oxides Fe3O4, �-Fe2O3 and�-Fe2O3

ere prepared and characterized by Mössbauer spectroscopy, XRD, BET surface area, magnetization and chemical analyses. The obtain
howed that the M2+ species at the octahedral site in the magnetite strongly affects the reactivity towards H2O2, i.e. (i) the peroxide decompositi
o O2 and (ii) the oxidation of organic molecules, such as the dye methylene blue and chlorobenzene in aqueous medium. Experi
aghemite,�-Fe2O3 and hematite,�-Fe2O3, showed very low activities compared to Fe3O4, suggesting that the presence of Fe2+ in the oxide play
n important role for the activation of H2O2. The presence of Co or Mn in the magnetite structure produced a remarkable increase in the r
hereas Ni inhibited the H2O2 reactions. The obtained results suggest a surface initiated reaction involving Msurf

2+ (Fe, Co or Mn), producin
O• radicals, which can lead to two competitive reactions, i.e. the decomposition of H2O2 or the oxidation of organics present in the aque
edium. The unique effect of Co and Mn is discussed in terms of the thermodynamically favorable Cosurf

3+ and Mnsurf
3+ reduction by Femagnetite

2+

egenerating the active species M2+.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The Fenton reagent, a mixture of Fe2+ and H2O2 is one of the
ost active systems for the oxidation of organics in water[1–3].
his reactivity is due to the in situ generation of highly oxidative
pecies, i.e. hydroxyl radicals, according to the process:

e2+ + H2O2 → + OH− + •OH (1)

The Fenton reaction is a homogeneous process and requires
toichiometric amounts of Fe2+ and large quantities of acid, usu-
lly H2SO4, to produce the optimum pH 3. After the process the

∗ Corresponding author. Tel.: +1 514 3407155 (in Montreal until March 2006).
E-mail address: rochel@ufmg.br (R.M. Lago).

effluent must be neutralized with a base to be safely discha
Upon neutralization significant amounts of sludge are form
which is an important limitation of the process due to disp
problems. The spent acid, base and the formed sludge, ar
dent drawbacks of the Fenton process. The development of
heterogeneous systems to promote the Fenton chemistry
can operate at near neutral pH is of considerable interest s
could offer some advantages, such as no need of acid or ba
sludge generation and the possibility of recycling the prom
[4].

Several recent studies have investigated different iron
taining solids for the Fenton reaction, such as�-FeOOH[5],
�-FeOOH [6], Fe2O3 and Fe2Si4O10(OH)2 [7,8], goethite
[9–11], Fe(II) supported on zéolita, Al2O3 and SiO2 [12,13]
and Feo/Al2O3 [14]. It has been observed that depending on

304-3894/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2005.08.028
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conditions employed these materials can promote the oxidation
of different organic compounds, such as aromatic and aliphatic
acids, phenols, aromatic hydrocarbons, chlorocompounds and
textile dyes with hydrogen peroxide. However, many of these
systems showed low activities or strong iron leaching due to
low pH, which resulted in the classical homogeneous Fenton
mechanism.

An iron oxide, which has not been investigated in detail for
application in heterogeneous Fenton system, is the inverse spinel
Fe3O4, magnetite[15–18]. This oxide has several features which
make it very interesting in the Fenton reaction, such as (i) it con-
tains Fe2+ which might play an important role for the initiation
of the Fenton reaction according to the classical Haber–Weiss
mechanism (Eq.(1)), (ii) the octahedral site in the magnetite
structure can easily accommodate both Fe2+ and Fe3+, allowing
the Fe species to be reversibly oxidized and reduced while keep-
ing the same structure and (iii) Fe ions in the magnetite structure
can be substituted by several transition metals with varied redox
properties which can be used to tune the catalytic properties of
these materials. Moreover, magnetites are magnetic materials
and can be easily separated from the reaction medium by a sim-
ple magnetic separation procedure. In a preliminary work[19]
it has been observed that, in fact, M2+ species in the magnetite
structure play an important role in the Fenton chemistry.

Herein, the remarkable effect of Co, Mn and Ni in the
magnetite structure, i.e. Fe Mn O (x = 0.21, 0.26 and 0.53),
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gas (95% helium and 5% methane), proportional counter and a
57Co. The�-ray was oriented perpendicular to the sample.

Magnetization measurements were carried out in a portable
magnetometer with magnetic field of 0.3 T calibrated with Ni
metal. The powder XRD data were obtained in a Rigaku model
Geigerflex using Cu K� radiation scanning from 2 to 75◦ at
a scan rate of 4◦ min−1. Scanning electron microscopy (SEM)
analyses were carried out in a Jeol JKA 8900RL.

2.2. Reactions

The hydrogen peroxide (Synth) decomposition study was car-
ried out with 7 mL solution at [H2O2] of 2.9 mol L−1 with 30 mg
catalyst by measuring the formation of gaseous O2 in a volu-
metric glass system. The oxidation of the organics (50 mg L−1)
methylene blue, hydroquinone, phenol solutions with H2O2
(0.3 mol L−1) at pH 6.0 (natural pH of the H2O2 solution) were
carried out with a total volume of 10 mL and 30 mg of the
oxide catalyst. The reactions were monitored by UV–vis mea-
surements. All the reactions were carried out under magnetic
stirring in a recirculating temperature controlled bath kept at
25± 1◦C.

3. Results and discussion

3.1. Characterization of magnetites
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3−x x 4
e3−xCoxO4 (x = 0, 0.19, 0.38, 0.63 and 0.75) and Fe3−xNixO4

x = 0, 0.10, 0.28 and 0.54) to promote the Fenton chemistr
een investigated in detail. Surface and structural charact

ion of the magnetites, kinetic data and mechanistic consi
ions are presented.

. Experimental

.1. Oxides synthesis and characterization

All chemicals were high purity grade and were used as
hased. Magnetite Fe3O4 was prepared from FeCl3, NH4OH
nd CH3COONH4 by co-precipitation of the precursor fe
ic hydroxyacetate followed by thermal treatment at 43◦C
nder N2 atmosphere. The substituted magnetites Fe3−xMnxO4,
e3−xCoxO4 and Fe3−xNixO4 were prepared as described ab
ith the addition of the nitrate salts of the metals Ni, Co
n. After preparation all the magnetites were kept unde2
tmosphere to avoid long-term oxidation by air. Maghemite�-
e2O3, was prepared by oxidation of magnetite, Fe3O4 with
ir at 180◦C for 3 h. Hematite,�-Fe2O3, was also prepared b
xidation of magnetite, Fe3O4 with air at 600◦C for 3 h.

The magnetites were characterized by Fe2+ solubilization
nd titration with dichromate and total Fe by atomic abs

ion (Carls Zeiss Jena AAS). The surface area was determ
y the BET method using a 22 cycles N2 adsorption/desorptio

n an Autosorb 1 Quantachrome instrument. The trans
ion Mössbauer spectroscopy and the Conversion Ele
össbauer Spectroscopy (CEMS) experiments were carrie

n a spectrometer CMTE model MA250 with a57Co/Rh sourc
t room temperature using�-Fe as reference with a throwi
s
-
-

d

-
n
t

The three series of magnetite Fe3−xMnxO4, Fe3−xCoxO4
nd Fe3−xNixO4 were characterized by chemical analy
össbauer spectroscopy powder XRD and magnetization

urements.
Chemical compositions for these magnetites, obtaine

hemical analyses (Table 1), have shown that the Fe2+ conten
ecreases with the addition of Mn, Co and Ni, suggesting

hese metals are replacing mainly Fe2+.
Mössbauer characterization of the magnetites Fe3−xCoxO4

Fig. 1), Fe3−xNixO4 and Fe3−xMnxO4 clearly showed that a
o, Mn and Ni are added to the magnetite the site B in the s

rum, which is related to the octahedral site in the magn
tructure, concomitantly decreases. On the other hand, the
nce of Co, Mn and Ni does not affect significantly the site

able 1
agnetization measurements, lattice parameters and chemical analyses
n, Co and Ni substituted magnetites

ample (Mx) σ (J kg−1 T−1) a0 (Å) Formula (from chemical
analyses)

e3O4 87 8.396 Fe2.11
3+Fe0.83

2+� 0.06O4

n0.21 72 8.339 Fe2.04
3+Fe0.73

2+Mn0.21
2+�0.02O4

n0.26 60 8.419 Fe2.14
3+Fe0.53

2+Mn0.26
2+�0.07O4

n0.53 62 8.421 Fe2.14
3+Fe0.26

2+Mn0.53
2+�0.07O4

o0.19 67 8.392 Fe2.07
3+Fe0.71

2+Co0.19�0.03O4

o0.38 50 8.389 Fe2.04
3+Fe0.56

2+Co0.38�0.02O4

o0.75 40 8.395 Fe2.02
3+Fe0.22

2+Co0.75�0.01O4

i0.10 77 8.389 Fe2.08
3+Fe0.77

2+Ni0.10�0.04O4

i0.28 70 8.376 Fe2.05
3+Fe0.64

2+Ni0.28�0.03O4

i0.54 66 8.369 Fe2.03
3+Fe0.41

2+Ni0.054�0.01O4

, Oxygen vacancy.
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Fig. 1. Room temperature M̈ossbauer spectra of Fe3−xCoxO4.

the Mössbauer spectra of the magnetites. These results suggest
that Co, Mn and Ni are replacing mainly Fe2+ at the octahe-
dral site, i.e. [Fe3+]tetrahedral[Fe3+Fe1−x

2+Mx
2+]octahedralO4. The

detailed discussion of the M̈ossbauer parameters obtained for
these materials has been presented elsewhere[20,21].

The XRD patterns obtained suggested the presence of pure
crystalline magnetite phases. A decrease in the lattice parameter
from 8.396Å for the pure magnetite to 8.392 and 8.389Å for the
Co series and to 8.389, 8.376 and 8.369Å for the Ni series can
be observed. On the other hand, due to its greater ionic radius,
the increase in the Mn concentration in the magnetite produced
an increase in the lattice parameters (Table 1). These results also
support the incorporation of the metals Mn, Co and Ni into the
oxide structure. As a result of these substitutions Co, Mn and
Ni introduction, the magnetization measurements are strongly
affected decreasing in all the cases (Table 1).

BET surface area measurements showed similar surface are
of 14–16 m2 g−1 for all the oxides prepared. Also, no significant
change was observed for theSBET of the magnetite upon oxida-
tion to�-Fe2O3 at 180◦C and the transformation to�-Fe2O3 at
600◦C.

3.2. Decomposition of H2O2 in the presence of iron oxides

The peroxide decomposition (Eq.(2)) was studied in the pres-
e

Fig. 2. Decomposition of H2O2 in presence of�-Fe2O3, �-Fe2O3, Fe3O4

exposed to air and Fe3O4 treated with H2 at 250◦C for 1 h (28◦C, 30 mg,
[H2O2] = 2.9 mol L−1, 7 mL).

(hematite), Fe3O4 and the series Fe3−xMxO4 (M = Ni, Co and
Mn).

H2O2 → H2O + 1
2O2 (2)

Under the reaction conditions employed all the peroxide
decomposition showed a zeroth order rate dependence on
the H2O2 concentration,Vdec= kdec[H2O2]0. Very low activi-
ties were obtained for the decompositions carried out in the
presence of the oxides containing only Fe3+, i.e. �-Fe2O3
(maghemite) and�-Fe2O3 (hematite), withk rate constants of ca.
3× 10−4 mol L−1 min−1. On the other hand, freshly prepared
magnetite showed a much higher H2O2 decomposition ratek
of ca. 2× 10−2 mol L−1 min−1 (Fig. 2). The same magnetite
exposed to air for few weeks resulted in its surface 37% oxidized
to maghemite, as revealed by CEMS, and a much lower activity
with decomposition ratek of ca. 1.0× 10−3 mol L−1 min−1. If
this air exposed magnetite was treated with H2 at 250◦C for
60 min the oxidized phases present on its surface were com-
pletely reduced regenerating the Fe3O4 phase, as previously
demonstrated by temperature programmed reduction studies
[22]. After this reduction, the magnetite completely recovers
its initial activity (Fig. 2).

These results clearly indicate that the presence of Fe2+ on
the oxide surface should play an important role for the H2O2
activation.

3
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o
t
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t etite
t pres-
e cen-
nce of different iron oxides�-Fe2O3 (maghemite),�-Fe2O3
a
.3. The effect Co, Mn and Ni substitution on the H2O2

ecomposition reaction

The H2O2 decomposition was also carried out in the prese
f the series Fe3−xCoxO4, Fe3−xMnxO4 and Fe3−xNixO4, and

he results are shown inFigs. 3–5, respectively.
We observed that the presence of Co and Mn into

agnetite structure strongly favored the peroxide decom
ion. As the Co and Mn content increased in the magn
he reaction rate also increased. On the other hand, the
nce of nickel inhibited the reaction and as the Ni con
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Fig. 3. Hydrogen peroxide decomposition in the presence of Fe3−xCoxO4

(30 mg, [H2O2] = 2.9 mol L−1, 7 mL).

Fig. 4. Hydrogen peroxide decomposition in the presence of Fe3−xMnxO4

(28◦C, 30 mg, [H2O2] = 2.9 mol L−1, 7 mL).

tration in the magnetite increased the reaction rate decrease
(Fig. 5).

To investigate the possibility of homogeneous phase reac
tions promoted by Fe, Co or Mn species leached from the oxide
it was carried out atomic absorption analyses of the remain
ing solution after 48 h reaction, which showed no significant

Fig. 5. Hydrogen peroxide decomposition in the presence of Fe3−xNixO4

(28◦C, 30 mg, [H2O2] = 2.9 mol L−1, 7 mL).

metal concentration in solution. Moreover, two others experi-
ments were carried out: (i) after the reactions in the presence
of Fe3−xCoxO4 and Fe3−xMnxO4, the solutions were filtered
and the aqueous phase used for a second reaction and (ii) the
magnetite was removed from the reaction medium during the
reaction. The obtained results showed no significant activity in
the absence of the magnetite, suggesting that the H2O2 decompo-
sition is mainly heterogeneous taking place on the oxide surface
and that the homogeneous reaction can be neglected.

The peroxide decomposition was also studied in the pres-
ence of the pure oxides Co3O4 and Fe3O4. The obtained
results showed that Fe2.72Co0.28O4 is much more active with
k = 0.25 mmol min−1 compared to the pure oxides, i.e. Co3O4
(k = 0.039 mmol min−1) and Fe3O4 (k = 0.008 mmol min−1).
The homogeneous system CoCl2 showed a relatively high
decomposition rate constantk = 0.15 mmol min−1 which is
likely related to the high concentration of Coaq

2+. However,
the heterogeneous system Fe3−xCoxO4 was more active even
compared to the homogenous CoCl2.

These results suggest that Co oxides or soluble cations alone
are not responsible for the high activity observed by the sub-
stitute magnetites. Apparently, the combination of Fe with a
second metal, e.g. Co or Mn, in the oxide structure is important
to produce an active system.
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.4. Decomposition of H2O2 in the presence of organics

In order to investigate the occurrence of competitive r
ions, the peroxide decomposition was also investigated i
resence of Fe2.72Co0.28O4 and Fe2.53Mn0.47O4 with the addi-

ion of different organics. The organic compounds added
henol, hydroquinone, methylene blue and also the salt Na2CO3,
hich are good radical scavengers[23–25]. The obtained resul
re displayed inFig. 6.

It can be observed for the Fe2.72Co0.28O4 that the presenc
f different organics or Na2CO3 led to a strong decrease in t
2O2 decomposition. It is interesting to note that hydroquin
hich is a very reactive molecule towards radicals, show

ig. 6. Hydrogen peroxide decomposition in presence of Fe2.72Co0.28O4 with
he addition of phenol, hydroquinine, methylene blue and Na2CO3 (0.1 g L−1)
28◦C, 30 mg, [H2O2] = 2.9 mol L−1, 7 mL).
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Fig. 7. Hydrogen peroxide decomposition in the presence of Fe2.47Mn0.53O4

with different phenol concentrations (28◦C, 30 mg, [H2O2] = 2.9 mol L−1,
7 mL).

more pronounced effect. Also, for the magnetite Fe2.53Mn0.47O4
the presence of phenol and chlorobenzene caused a signifi-
cant decrease in the H2O2 decomposition. Experiments with
methylene blue dye at different concentrations showed that the
peroxide decomposition was directly dependent on the organic
concentration, decreasing fromk = 0.256 mmol min−1 in the
absence of methylene blue tok = 0.071 mmol min−1 in the reac-
tion carried out in a 5 g L−1 solution of methylene blue. Also,
the decomposition of H2O2 in the presence of phenol showed a
strong inhibition effect as the phenol concentration increased to
50 and 500 ppm (Fig. 7).

3.5. Oxidation of organics by the system Fe3−xMxO4/H2O2

To study the oxidation of organics by the system Fe3−xMxO4
the dye methylene blue was selected as a probe molecule. The
dye methylene blue show several advantages, such as: (i) it
allows the use of simple spectrophotometric measurements at
633 nm to monitor the reaction and its kinetics and (ii) the
cationic dye does not adsorb on the iron oxides surface since
at the reaction pH (5.5–6.0) the oxides surfaces are positively
charged according to their PZC (6.6 up to 8.0 for magnetite
and maghemite and 6.7–10.0 for�-Fe2O3) [24,25]. In fact,
preliminary experiments with methylene blue solutions and dif-
ferent iron oxides, i.e. Fe3O4, �-Fe2O3 and �-Fe2O3 showed
t ition
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s
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Fig. 8. Methylene blue (0.1 g L−1) oxidation in the presence of H2O2 and
Fe3−xMxO4 (M = Co and Mn) (30 mg, [H2O2] = 0.3 mol L−1, 10 mL).

on the dye concentration. Therefore, the obtained rate constants
for magnetite with Co and Mn were 0.11 and 0.15 g L−1 min−1,
respectively.

The Fe3−xMnxO4 magnetites were also studied for the H2O2
oxidation of chlorobenzene (0.03 g L−1) in aqueous medium
in a preliminary work using the membrane introduction mass
spectrometry (MIMS) technique. This technique was used to
investigate the mechanism of the oxidation of chlorobenzene
by the classical homogeneous Fenton reagent showing the
consecutive formation of the intermediates hydroquinone and
quinone [26]. In these experiments, a 10 mL solution con-
taining chlorobenzene at 0.02 g L−1 and H2O2 at 10.2 g L−1

(0.3 mol L−1) was mixed with 30 mg of the different iron oxides
and the chlorobenzene consumption was monitored by its mass
spectrometric signalm/z 112. The results obtained showed
that magnetites Fe3O4, Fe2.79Mn0.21O4, Fe2.74Mn0.26O4 and
Fe2.47Mn0.53O4 converted 1, 5, 7 and 14%, respectively, of
chorobenzene after 30 min reaction (MIMS profile not shown).
These results clearly indicate that the presence of Mn in the mag-
netite structure significantly increased the activity for the organic
oxidation.

3.6. Mössbauer study of the magnetites used in the reaction

To study the effect of the H2O2 reaction on the different
m ssion
M reac-
t lso
c
b
t and
t at the
M
( ve to
t te
B
s d
m at
t 9%,
hat no adsorption takes place under the experimental cond
mployed.

The discoloration plots obtained for the different oxides
hown inFig. 8. Under the conditions employed no signific
iscoloration was produced by the Fe2O3 oxides. The resul
howed a low discoloration activity for Fe3O4 or Fe2.54Ni0.44O4
ith only 10% color reduction after 50 min. However, Mn a
o substituted magnetites showed very high oxidation activ
ith complete discoloration of the solution with 5 and 10 m

espectively. To calculate the discoloration rates, the dec
n absorbance in the first minutes of reaction was consid
he quasi-linear decrease in the absorbance was approxi

o a pseudo zeroth order dependence of the discoloratio
s

e
.

ed
te

agnetites M̈ossbauer spectroscopy was used. Transmi
össbauer spectra of the materials before and after 48 h

ion with H2O2 did not shown any difference. It was a
arried out surface M̈ossbauer spectroscopy CEMS of Fe3O4
efore and after the reaction with H2O2 (Fig. 9). It is impor-

ant to mention that exactly the same sample was used
he same set of adjusting parameters was applied to tre

össbauer data. The obtained Mössbauer results for Fe3O4
Table 2) suggested the presence of three signals relati
he magnetite octahedral site A (Fe2+/Fe3+) and tetrahedral si

(Fe3+) at 0.67 and 0.27 mm s−1, respectively, and a Fe3+

ignal atδ 0.32 mm s−1, likely related to a surface oxidize
agnetite. Upon reaction with H2O2 it can be observed th

he magnetite site A signal slightly decreased from 41 to 3
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Fig. 9. Room temperature CEMS of Fe3O4 after (a), before (b) reaction with
H2O2 (28◦C, [H2O2] = 2.9 mol L−1 for 48 h).

whereas the relative intensity site B (Fe3+) showed a slight
increase from 22 to 25%. From these results it can be draw
that the A/B signal ratio of 1.86 decreases to 1.56 after the
reaction. The same CEMS measurements were carried out fo
the magnetite Fe3−xMnxO4 (data not presented) showing four
signals, two signals for Fe2+/Fe3+ magnetite at 0.50–0.54 and
0.44–0.45 mm s−1, a Fe3+ magnetite 0.42–0.49 mm s−1 and an
oxidized magnetite Fe3+ signal at 0.25–0.30 mm s−1. It can
observed that upon treatment with H2O2 the relative area for
the signals related Fe2+/Fe3+ magnetite decreased from 47 to
40% after reaction with H2O2, whereas the relative intensity for
the signal for Fe3+ (at 0.25–0.30 mm s−1) increased from 53 to
60%. Although CEMS detects a depth of approximately 3000Å
and it is less sensitive to surface modifications, these results see
to suggest that an oxidation of the iron species might be taking
place.

3.7. The reaction mechanism

The hydrogen peroxide decomposition promoted by transi-
tion metal oxide has been proposed in the literature to take place
by two possible reaction pathways: (i) via a surface oxygen
vacancies (Vsurf) mechanism and (ii) via radical reactions. In
the first mechanism, oxygen vacancies on the oxide surface par-
ticipate in the reaction by activating H2O2 molecules to produce
O2. A simplified view of this mechanism is given in Eqs.(3)and
(4):

Vsurf + H2O2 → V–Osurf + H2O (3)

V–Osurf + H2O2 → Vsurf + H2O + O2 (4)

This mechanism has been proposed for different oxides, such
as perovskites[27].

The formation of radicals from H2O2 and iron oxides has
been proposed in the literature[28]. Although, the mechanism of
radical generation is not clear, a simple proposal is the initiation
by the reaction of H2O2 with partially reduced surface specie,
for example, Fe2+, according to the Haber–Weiss mechanism:

Fesurf
2+ + H2O2 → Fesurf

3+ + •OH+ −OH (5)

The formation of O2 in a radical reaction can be very complex
but a simple pathway can be proposed via the hydroperoxide
radical:

H

F

te is
g oduce
O n
E

per-
o nce
o ch as
h ur-
r
o ay
1 ida-
t enol,
a
a xy-
l n of
h

Table 2
Mössbauer hyperfine parameters at room temperature for Fe3O4 before and after re

δ (mm s−1) ± (0.05) ε (mm s−1) ± (0.05) Bhf (T) ±
Fe3O4 (before) 0.67 0.06 46.9

0.27 −0.04 49.5
0.32 −0.01 50.6

Fe3O4 (after) 0.69 0.07 46.9
0.27 −0.04 49.5

.9

δ

0.32 0.01 50

, Isomer shift relative to�-Feo; ε, quadrupole shift.
n

r

m

2O2 + •OH → H2O + •OOH (6)

esurf
3+ + •OOH → Fesurf

2+ + H+ + O2 (7)

In these reactions a hydroperoxide radical intermedia
enerated, which can then react with a surface species to pr
2 and H+. The H+ is then neutralized by the OH− generated i
q. (5).
The results presented in this work showed that the

xide decomposition is strongly inhibited by the prese
f organic compounds, especially radical scavengers, su
ydroquinone and Na2CO3. These results suggest the occ
ence of a radical mechanism. Once formed the radicals•OH
r •OOH might react by two competitive reactions: pathw
: the H2O2 decomposition and pathway 2: the organic ox

ion. In fact, electrospray analyses of the reactions of ph
niline and chlorobenzene with H2O2 in the presence of Fe3O4
nd Feo/Fe3O4 have shown the formation of several hydro

ated intermediates, which strongly supports the participatio
ydroxyl radicals in the reaction[29].

action H2O2 (28◦C, [H2O2] = 2.9 mol L−1 for 48 h)

(0.06) Relative area (%)± (1%) A/B Species

(A) 41 1.86 Fe2+/Fe3+ magnetite
(B) 22 Fe3+ magnetite
37 Fe3+

(A) 39 1.56 Fe2+/Fe3+ magnetite
(B) 25 Fe3+ magnetite
37 Fe3+
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The presence of Mn and Co in the magnetite structure pro-
duced a remarkable increase in the peroxide decomposition and
methylene blue oxidation. On the other hand, the presence of Ni
inhibited both reactions. Although, the effect of these metals is
not clear, several points can be raised in order to discuss their
role in the reaction. For nickel it can be considered that only
the Ni2+ species are stable and for this reason they cannot initi-
ate the radicalar reaction according to Eq.(5). As Ni2+ replaces
mainly Fe2+ in the magnetite structure, the reaction is inhibited
since Fe2+ would be responsible for the initial step. On the other
hand, cobalt and manganese exhibit the redox pairs Co2+/Co3+

and Mn2+/Mn3+, which could also produce radicals according
to the reactions:

Cosurf
2+ + H2O2 → Cosurf

3+ + OH− + •OH (8)

Mnsurf
2+ + H2O2 → Mnsurf

3+ + OH− + •OH (9)

However, as Co2+ and Mn2+ are replacing mainly Fe2+, as
indicated by the characterization data, the processes shown in
Eqs.(8) and(9), would not be solely responsible for the remark-
able increase in the activity exhibited by the substituted mag-
netites Fe3−xCoxO4 and Fe3−xMnxO4. To explain the strong
effect of Co and Mn substitution it could also be considered an
electron transfer during the reaction. For example, based on the
standard reduction potentials for the metals:
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4. Conclusion

The results presented in this work showed that iron oxides
could promote two reactions involving hydrogen peroxide: the
decomposition to O2 and the oxidation of organic compounds
in aqueous medium. The introduction on Mn and Co to produce
Fe3−xMnxO4 and Fe3−xCoxO4 resulted in a remarkable increase
in the activity for both reactions, whereas the presence of Ni led
to an inhibition of the process. The reaction apparently takes
place via radical species, which can be generated by Fe2+, Co2+

and Mn2+. The high activity has been discussed in terms of
thermodynamically favorable reduction of Co3+ and Mn3+ by
Fe2+ by an electron transfer within the semiconductor oxide.
These results are relevant for the understanding of the factors
controlling the activation of H2O2 and radical generation on
metal oxides surfaces. The studied systems showed potential
for the development of advanced oxidation processes based on
a heterogeneous Fenton system.
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