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Abstract

Inthis work, the effect of incorporation of Mspecies, i.6Co?*, Mn?* and N7+, into the magnetite structure to increase the reactivity towaz@s H
reactions was investigated. The following magnetites fén,O,, Fe;_,Co,0, and Fg_,Ni, O, and the iron oxides R&,, y-F&,03; anda-F&,03
were prepared and characterized bydbauer spectroscopy, XRD, BET surface area, magnetization and chemical analyses. The obtained rest
showed that the Rt species at the octahedral site in the magnetite strongly affects the reactivity tow&rgs.&l (i) the peroxide decomposition
to O, and (ii) the oxidation of organic molecules, such as the dye methylene blue and chlorobenzene in agueous medium. Experiments v
maghemitey-F&0; and hematitep-Fe,Os, showed very low activities compared to;Bg, suggesting that the presence ofFa the oxide plays
an important role for the activation of,8,. The presence of Co or Mn in the magnetite structure produced a remarkable increase in the reactivity
whereas Ni inhibited the }D, reactions. The obtained results suggest a surface initiated reaction involyintf KFe, Co or Mn), producing
HOe radicals, which can lead to two competitive reactions,the decomposition of O, or the oxidation of organics present in the aqueous
medium. The unique effect of Co and Mn is discussed in terms of the thermodynamically favoralfé @ud Mn,,* reduction by Fgagnemez*
regenerating the active specie$M
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction effluent must be neutralized with a base to be safely discharged.
Upon neutralization significant amounts of sludge are formed,
The Fenton reagent, a mixture off@nd HO, is one of the  which is an important limitation of the process due to disposal
most active systems for the oxidation of organics in wHteB]. problems. The spent acid, base and the formed sludge, are evi-
This reactivity is due to the in situ generation of highly oxidative dent drawbacks of the Fenton process. The development of active

species, i.e. hydroxyl radicals, according to the process: heterogeneous systems to promote the Fenton chemistry which
2+ _ . can operate at near neutral pH is of considerable interest since it
F&" +H20; — +OH™ +°*OH () could offer some advantages, such as no need of acid or base, no

The Fenton reaction is a homogeneous process and requir
stoichiometric amounts of E&and large quantities of acid, usu-

. Several recent studies have investigated different iron con-
ally HoSQy, to produce the optimum pH 3. After the process the, .~ . .
yH2S0s top . P P taining solids for the Fenton reaction, suchna5eOOH[5],

a-FeOOH [6], FeeO3 and FeSiyO10(OH); [7,8], goethite

* Corresponding author. Tel.: +1 514 3407155 (in Montreal until March 2006).[9—11], Fe(Il) supported on zdita, Al03 and SiQ [12,13]
E-mail address: rochel@ufmg.br (R.M. Lago). and F&/Al,03 [14]. It has been observed that depending on the

?ﬁ]dge generation and the possibility of recycling the promoter
4].
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conditions employed these materials can promote the oxidatiogas (95% helium and 5% methane), proportional counter and a
of different organic compounds, such as aromatic and aliphatie’Co. They-ray was oriented perpendicular to the sample.
acids, phenols, aromatic hydrocarbons, chlorocompounds and Magnetization measurements were carried out in a portable
textile dyes with hydrogen peroxide. However, many of thesanagnetometer with magnetic field of 0.3 T calibrated with Ni
systems showed low activities or strong iron leaching due tanetal. The powder XRD data were obtained in a Rigaku model
low pH, which resulted in the classical homogeneous FentoGeigerflex using Cu K radiation scanning from 2 to 75at
mechanism. a scan rate of 4min—1. Scanning electron microscopy (SEM)
An iron oxide, which has not been investigated in detail foranalyses were carried out in a Jeol JKA 8900RL.
application in heterogeneous Fenton system, is the inverse spinel
Fe304, magnetitg15-18] This oxide has several features which 2.2. Reactions
make it very interesting in the Fenton reaction, such as (i) it con-
tains FE* which might play an important role for the initiation The hydrogen peroxide (Synth) decomposition study was car-
of the Fenton reaction according to the classical Haber—Weissed out with 7 mL solution at [HO2] of 2.9 mol L~ with 30 mg
mechanism (Eq(1)), (ii) the octahedral site in the magnetite catalyst by measuring the formation of gaseoysifda volu-
structure can easily accommodate both*Fend F€*, allowing  metric glass system. The oxidation of the organics (50 my L
the Fe species to be reversibly oxidized and reduced while keepaethylene blue, hydroquinone, phenol solutions withObl
ing the same structure and (iii) Fe ions in the magnetite structur.3 mol L=1) at pH 6.0 (natural pH of the #D, solution) were
can be substituted by several transition metals with varied redogarried out with a total volume of 10mL and 30 mg of the
properties which can be used to tune the catalytic properties afxide catalyst. The reactions were monitored by UV-vis mea-
these materials. Moreover, magnetites are magnetic materiagsirements. All the reactions were carried out under magnetic
and can be easily separated from the reaction medium by a sirstirring in a recirculating temperature controlled bath kept at
ple magnetic separation procedure. In a preliminary o 25+ 1°C.
it has been observed that, in factZiVspecies in the magnetite
structure play an important role in the Fenton chemistry. 3. Results and discussion
Herein, the remarkable effect of Co, Mn and Ni in the
magnetite structure, .&e3_,Mn,O4 (x=0.21, 0.26 and 0.53), 3.1. Characterization of magnetites
Fes_,Co,04 (x=0, 0.19, 0.38, 0.63 and 0.75) andsEgNi O4
(x=0,0.10, 0.28 and 0.54) to promote the Fenton chemistry has The three series of magnetite £¢Mn,O4, Fe3_Co,04
been investigated in detail. Surface and structural characterizand Feg_,Ni,O4 were characterized by chemical analyses,
tion of the magnetites, kinetic data and mechanistic consideravidssbauer spectroscopy powder XRD and magnetization mea-

tions are presented. surements.
Chemical compositions for these magnetites, obtained by
2. Experimental chemical analysesTéble 1), have shown that the Fecontent
decreases with the addition of Mn, Co and Ni, suggesting that
2.1. Oxides synthesis and characterization these metals are replacing mainly?te

Mossbauer characterization of the magnetites f@o,04

All chemicals were high purity grade and were used as pur{Fig. 1), Fe;_;Ni,O4 and Fe_,Mn, 04 clearly showed that as
chased. Magnetite @4 was prepared from FeglINH,OH Co, Mn and Ni are added to the magnetite the site B in the spec-
and CHCOONH; by co-precipitation of the precursor fer- trum, which is related to the octahedral site in the magnetite
ric hydroxyacetate followed by thermal treatment at 480 structure, concomitantly decreases. On the other hand, the pres-
under N atmosphere. The substituted magnetites Bédn,O4,  ence of Co, Mn and Ni does not affect significantly the site Ain
Fe3_,Co,04 and Fe_,Ni,O4 were prepared as described above
with the addition of the nitrate salts of the metals Ni, Co andTable 1
Mn. After preparation all the magnetites were kept under N Magnetization measurements, lattice parameters and chemical analyses for the
atmosphere to avoid long-term oxidation by air. Maghemjte, Mn: Co and Ni substituted magnetites
Fe03, was prepared by oxidation of magnetite 36g with Sample(M) o @kgiTY) a(A) Formula (from chemical

air at 180°C for 3 h. Hematiteq-Fe,O3, was also prepared by analyses)
oxidation of magnetite, R©,4 with air at 600°C for 3 h. FesO4 87 8396  Feir*Feps? [ 0,060

The magnetites were characterized by*Fsolubilization  Mng; 72 8.339  FeoltFey 732" Mng 21200204
and titration with dichromate and total Fe by atomic absorp-Mno.s 60 8.419  Fe1s**Feyss® Mno26™[lo.0704
5 A . 3+ 2+ 2+
tion (Carls Zeiss Jena AAS). The surface area was determinéff0s3 62 8.421 Py Feézs Mnoss TooiOs
by the BET method using a 22 cycles Bdsorption/desorption =% gg g'ggg E§'°73+E2'712+ggg'1£°'°384
in an Autosorb 1 Quantachrome instrument. The transmisCOng 40 8.395 F§:223+FQ):222+C00:3 ﬁgigioz
sion Mossbauer spectroscopy and the Conversion ElectroRig o 77 8.389  Feog® Fey772*Nig.1000.0404
Mdssbauer Spectroscopy (CEMS) experiments were carried olito2s 70 8.376  Feos’ Fepes’ Nio 260,050
in a spectrometer CMTE model MA250 with&Co/Rh source  Nioss 66 8.369  Feos” Fena1”Nioosd lo.010s

at room temperature using-Fe as reference with a throwing 0, Oxygen vacancy.
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0.88 | [H202]=2.9mol L%, 7mL).
1.00 1 ) ) )
(hematite), FgO4 and the series Be,M,O4 (M=Ni, Co and
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Under the reaction conditions employed all the peroxide
decomposition showed a zeroth order rate dependence on

0 -6 6 -4 2 0 2 4 6 8 10 the H,O, concentration Vgec= kgedH202]°. Very low activi-
Velocity/mms-! ties were obtained for the decompositions carried out in the
presence of the oxides containing only3Fei.e. y-FeOs
(maghemite) and-Fe,O3 (hematite), withk rate constants of ca.
3x 10~*mol L~ min~1. On the other hand, freshly prepared
the Mossbauer spectra of the magnetites. These results suggashgnetite showed a much highep® decomposition raté
that Co, Mn and Ni are replacing mainly £eat the octahe- of ca. 2x 10~2molL~tmin~! (Fig. 2. The same magnetite
dral site, i.e. [F&iewranedrdiFe> Fe1—**M.**]octanedrdds- The  exposed to air for few weeks resulted in its surface 37% oxidized
detailed discussion of the dssbauer parameters obtained forto maghemite, as revealed by CEMS, and a much lower activity
these materials has been presented elseva@r21} with decomposition raté of ca. 1.0x 10-3mol L~ min~1. If

The XRD patterns obtained suggested the presence of putgis air exposed magnetite was treated with &t 250°C for
crystalline Enagnetite phases. A decrease in the Iattjce paramels min the oxidized phases present on its surface were com-
from 8.396A for the pure magnetite to 8.392 and 8.38®rthe  pjetely reduced regenerating thesPa phase, as previously
Co series and to 8.389, 8.376 and 8.86@r the Ni series can  demonstrated by temperature programmed reduction studies
be observed. On the other hand, due to its greater ionic radiug2]. After this reduction, the magnetite completely recovers
the increase in the Mn concentration in the magnetite produceg initial activity (Fig. 2.
an increase in the lattice parametéralfle 3. These results also These results clearly indicate that the presence 8t Ba

support the incorporation of the metals Mn, Co and Ni into thethe oxide surface should play an important role for thep
oxide structure. As a result of these substitutions Co, Mn andctivation.

Ni introduction, the magnetization measurements are strongly

affected decreasing in all the cas@algle J. o 3.3. The effect Co, Mn and Ni substitution on the H;O;
BET surface area measurements showed similar surface argg.,,,position reaction

of 14-16 n? g1 for all the oxides prepared. Also, no significant

Fig. 1. Room temperature désbauer spectra of £6Co,0a.

change was observed for thiger of the magnetite upon oxida-  The H,0, decomposition was also carried outin the presence
tion toy-Fe O3 at 180°C and the transformation toFeOz at  of the series Fe .Co,04, Fes_,Mn, O, and Fg_,Ni,O4, and
600°C. the results are shown Figs. 3-5 respectively.

We observed that the presence of Co and Mn into the
3.2. Decomposition of HyO; in the presence of iron oxides magnetite structure strongly favored the peroxide decomposi-

tion. As the Co and Mn content increased in the magnetite
The peroxide decomposition (H&)) was studied inthe pres- the reaction rate also increased. On the other hand, the pres-
ence of different iron oxides-Fe0O3 (maghemite) a-FeO3 ence of nickel inhibited the reaction and as the Ni concen-
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Fig. 3. Hydrogen peroxide decomposition in the presence af f&@o,04
(30 mg, [HOz]=2.9mol L2, 7mL).
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Fig. 4. Hydrogen peroxide decomposition in the presence ef ,fn,O4
(28°C, 30mg, [HO2]=2.9mol L1, 7mL).

metal concentration in solution. Moreover, two others experi-
ments were carried out: (i) after the reactions in the presence
of Fes_,Co,04 and Fg_,Mn,Q4, 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 e ldecompo-
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 @0, and FgO4. The obtained
results showed that Fe-Cop 2604 is much more active with
k=0.25mmol min? compared to the pure oxides, i.e. 40n
(k=0.039 mmol minl) and FgO4; (k=0.008 mmolminl).

The homogeneous system CeQhowed a relatively high
decomposition rate constarit=0.15mmol min! which is
likely related to the high concentration of &@". However,
the heterogeneous systemsEgCo,04 was more active even
compared to the homogenous CgCl

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.

3.4. Decomposition of H>O> in the presence of organics

In order to investigate the occurrence of competitive reac-
tions, the peroxide decomposition was also investigated in the
presence of Feg72Cop 2804 and Fe 53Mng 4704 with the addi-
tion of different organics. The organic compounds added were
phenol, hydroquinone, methylene blue and also the salti9s,
which are good radical scavengf28-25] The obtained results

tration in the magnetite increased the reaction rate decreas%1 e displayed ifFig. 6.

(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-

It can be observed for the F&Cop 2804 that the presence
of different organics or N8COgs led to a strong decrease in the
20, decomposition. Itis interesting to note that hydroquinone,
which is a very reactive molecule towards radicals, showed a

ing solution after 48 h reaction, which showed no significant
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Fig. 5. Hydrogen peroxide decomposition in the presence af fi,04
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Fig. 6. Hydrogen peroxide decomposition in presence gf;ieay 2604 with
the addition of phenol, hydroquinine, methylene blue ang®@; (0.1gL™1)
(28°C, 30mg, [H02]=2.9molL~1, 7mL).
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Fig. 8. Methylene blue (0.1g1!) oxidation in the presence of @, and

Fig. 7. Hydrogen peroxide decomposition in the presence o)
g- £ "yarogen p P P oosOs L M.04 (M= Co and Mn) (30 mg, [HOz]=0.3 mol L-L, 10 mL).

with different phenol concentrations (28, 30mg, [H02]=2.9molL ™1,
7mL).

on the dye concentration. Therefore, the obtained rate constants
more pronounced effect. Also, for the magnetite §Mng 4704  for magnetite with Co and Mn were 0.11 and 0.15¢min1,
the presence of phenol and chlorobenzene caused a signifespectively.
cant decrease in the B, decomposition. Experiments with The Feg_,Mn, 04 magnetites were also studied for the®
methylene blue dye at different concentrations showed that thexidation of chlorobenzene (0.03 gb) in aqueous medium
peroxide decomposition was directly dependent on the organi@ a preliminary work using the membrane introduction mass
concentration, decreasing frok=0.256 mmolmin! in the  spectrometry (MIMS) technique. This technique was used to
absence of methylene blueke 0.071 mmol mintinthe reac-  investigate the mechanism of the oxidation of chlorobenzene
tion carried out in a 5gt! solution of methylene blue. Also, by the classical homogeneous Fenton reagent showing the
the decomposition of yD, in the presence of phenol showed a consecutive formation of the intermediates hydroquinone and
strong inhibition effect as the phenol concentration increased tquinone [26]. In these experiments, a 10mL solution con-

50 and 500 ppmKig. 7). taining chlorobenzene at 0.02gt and KO, at 10.2gL-t
(0.3 mol L~1) was mixed with 30 mg of the different iron oxides
3.5. Oxidation of organics by the system Fe3_M;04/H>0; and the chlorobenzene consumption was monitored by its mass

spectrometric signaln/z 112. The results obtained showed
To study the oxidation of organics by the systerg 51,0,  that magnetites B©a4, Fe&.79Mno 2104, Fe274Mno 2604 and
the dye methylene blue was selected as a probe molecule. TH&2.47Mno5304 converted 1, 5, 7 and 14%, respectively, of
dye methylene blue show several advantages, such as: (i) ghorobenzene after 30 min reaction (MIMS profile not shown).
allows the use of simple spectrophotometric measurements ahese results clearly indicate that the presence of Mnin the mag-
633 nm to monitor the reaction and its kinetics and (ii) thenetite structure significantly increased the activity for the organic
cationic dye does not adsorb on the iron oxides surface sincexidation.
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 magnetite3.6. Mdssbauer study of the magnetites used in the reaction
and maghemite and 6.7-10.0 farFeO3) [24,25] In fact,
preliminary experiments with methylene blue solutions and dif- To study the effect of the 0, reaction on the different
ferent iron oxides, i.e. ®4, a-F&03 andy-FeO3 showed magnetites NMdssbauer spectroscopy was used. Transmission
that no adsorption takes place under the experimental conditiodddssbauer spectra of the materials before and after 48 h reac-
employed. tion with HO, did not shown any difference. It was also
The discoloration plots obtained for the different oxides arecarried out surface Kksbauer spectroscopy CEMS of;Bg
shown inFig. 8 Under the conditions employed no significant before and after the reaction withp8, (Fig. 9). It is impor-
discoloration was produced by the &3 oxides. The results tant to mention that exactly the same sample was used and
showed a low discoloration activity for @4 or F& 54Nig.4404 the same set of adjusting parameters was applied to treat the
with only 10% color reduction after 50 min. However, Mn and Mossbauer data. The obtainedd8ébauer results for @,
Co substituted magnetites showed very high oxidation activitie§Table 2 suggested the presence of three signals relative to
with complete discoloration of the solution with 5 and 10 min, the magnetite octahedral site A @##-€>*) and tetrahedral site
respectively. To calculate the discoloration rates, the decread (Fe**) at 0.67 and 0.27 mnT$, respectively, and a Bé
in absorbance in the first minutes of reaction was considereaignal ats 0.32mms?, likely related to a surface oxidized
The quasi-linear decrease in the absorbance was approximatetagnetite. Upon reaction with 4@, it can be observed that
to a pseudo zeroth order dependence of the discoloration ratke magnetite site A signal slightly decreased from 41 to 39%,
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T T T T T T T T T T T 17 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 (Murf) mechanism and (ii) via radical reactions. In
the first mechanism, oxygen vacancies on the oxide surface par-
ticipate in the reaction by activating®, molecules to produce
0. A simplified view of this mechanism is given in E¢8) and

3

. (4):

2

E Vsurt+H202 — V-Ogyrf +H20 ©))

(]

2 V—Osyri +H202 = Vsyrf+H20 + O3 (4)

;Té This mechanism has been proposed for different oxides, such

as perovskitef27].

The formation of radicals from $¥0»> and iron oxides has
been proposed in the literaty&3]. Although, the mechanism of
radical generation is not clear, a simple proposal is the initiation
by the reaction of KO, with partially reduced surface specie,
for example, F&", according to the Haber—Weiss mechanism:

C ! . L L Feur?™ +H202 — Feyu™ +*OH+ ~OH (5)
12 -9 -6 -3 0 3 6 9 12 The formation of Q@ in aradical reaction can be very complex
Velecity (mm/s) but a simple pathway can be proposed via the hydroperoxide
Fig. 9. Room temperature CEMS of §@ after (a), before (b) reaction with  radical:
H20, (28°C, [H202]=2.9 mol L~ for 48 h). HyOs4+*OH — Hs0 + *OOH ©
Fesur®" +*00H — Fesui®t + HY + 0Oy (7)
whereas the relative intensity site B (p showed a slight In these reactions a hydroperoxide radical intermediate is

increase from 22 to 25%. From these results it can be drawgenerated, which can then react with a surface species to produce
that the A/B signal ratio of 1.86 decreases to 1.56 after th@, and H'. The H' is then neutralized by the OHgenerated in
reaction. The same CEMS measurements were carried out fgrq, (5).

the magnetite F£,Mn,Oq (data}r not presented) showing four  The results presented in this work showed that the per-
signals, two S'Q?Eﬂs fO[r'ié/Fe’o’ magnetite at 0.50-0.54 and oxide decomposition is strongly inhibited by the presence
0.44-0.45mms’, a Fe magnetite 0.42-0.49 mms$and an  of organic compounds, especially radical scavengers, such as
oxidized magnetite ﬁé Slgna| at 0.25-0.30 mn’Té It can hydroquinone and N O3. These results suggest the occur-
observed that upon treatment withh® the relative area for rence of a radical mechanism. Once formed the radit@ls

the signals related ﬁé’Fe’H magnetite decreased from 47 to or *O0OH m|ght react by two Competitive reactions: pathway
40% after reaction with bOo, whereas the relative intenSity for 1: the HO, decomposition and pathway 2: the Organic oxida-
the signal for F&" (at 0.25-0.30 mms!) increased from 53 t0  tjon. In fact, electrospray analyses of the reactions of phenol,
60%. Although CEMS detects a depth of approximately 3800 aniline and chlorobenzene with,B, in the presence of EOa
anditis less sensitive to surface modifications, these results seeid F&/Fe;04 have shown the formation of several hydroxy-
to suggest that an oxidation of the iron species might be takingated intermediates, which strongly supports the participation of

place. hydroxyl radicals in the reactigj29].

Table 2

Mossbauer hyperfine parameters at room temperature $G)Feefore and after reactiong®, (28°C, [H202] =2.9 mol L1 for 48 h)
5 (mms 1)+ (0.05) e (mms 1)+ (0.05) Bt (T) £ (0.06) Relative area (%} (1%) A/B Species

Fe304 (before) 0.67 0.06 46.9 (A) 41 1.86 e’ magnetite
0.27 —0.04 49.5 (B) 22 F& magnetite
0.32 -0.01 50.6 37 F&

Fe304 (after) 0.69 0.07 46.9 (A) 39 1.56 FeFe** magnetite
0.27 —0.04 49.5 (B) 25 F¥ magnetite
0.32 0.01 50.9 37 22

8, Isomer shift relative te-Fe; ¢, quadrupole shift.
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The presence of Mn and Co in the magnetite structure prod4. Conclusion
duced a remarkable increase in the peroxide decomposition and
methylene blue oxidation. On the other hand, the presence of Ni The results presented in this work showed that iron oxides
inhibited both reactions. Although, the effect of these metals i€ould promote two reactions involving hydrogen peroxide: the
not clear, several points can be raised in order to discuss thaitecomposition to @and the oxidation of organic compounds
role in the reaction. For nickel it can be considered that onlyin aqueous medium. The introduction on Mn and Co to produce
the NP* species are stable and for this reason they cannot initiFes_,Mn,O4 and Fe_,Co,04 resulted in a remarkable increase
ate the radicalar reaction according to E5). As Ni* replaces  in the activity for both reactions, whereas the presence of Ni led
mainly F€* in the magnetite structure, the reaction is inhibitedto an inhibition of the process. The reaction apparently takes
since Fé* would be responsible for the initial step. On the otherplace via radical species, which can be generated BY, B+
hand, cobalt and manganese exhibit the redox paifé/Co®*  and Mr?*. The high activity has been discussed in terms of
and Mr£*/Mn3*, which could also produce radicals according thermodynamically favorable reduction of €cand Mr?* by

to the reactions: Fe** by an electron transfer within the semiconductor oxide.
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