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Abstract

A Fenton-like system based on iron oxide surface modification by thermal treatment under H, flow was investigated. The materials were
characterized by powder X-ray diffraction (XRD), chemical analyses, scanning electron microscopy (SEM), temperature programmed reduction
(TPR) and 3’Fe M&ssbauer spectroscopy. Results showed that the main iron oxides phases in the thermal treated material were goethite (a-FeOOH)
and magnetite (Fe;0,). A decomposition study was carried out using a basic dye as a model compound (methylene blue). The reactions were
monitored by electrospray ionization mass spectrometry (ESI-MS), revealing that the methylene blue dye was successively oxidized (hydroxylations)
forming different intermediaries species. These results strongly suggest that highly reactive hydroxyl radicals generated from the reaction of H,O,
on the catalysts surface were responsible for the dye oxidation, proving that the material act as an efficient heterogeneous Fenton-like catalyst.
Theoretical quantum mechanics calculations, DFT, were carried out in order to understand the degradation mechanism for methylene blue with

goethite.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Limonite is a natural ore comprised of hydrated iron(III)
oxides, mostly made up of goethite (a-FeOOH). Recently, a
Fenton-like system that combines H,O» with an organic acid
(e.g. HCOOH) and an iron oxide (natural limonite ore) was
developed [1]. This combined aqueous slurry system is able to
perform oil phase oxidation and simultaneous removal of insta-
ble hydrocarbons and heteroatom compounds from hydrocarbon
streams, such as petroleum distillates [2,3]. However, the mech-
anism of Fenton oxidant formation was not fully understood.

The Fenton reaction (Fe** + HyO, — Fe’* + “OH +*OH),
involving hydrogen peroxide and Fe®* in solution, is used to
degrade contaminants, such as textile dyes, present in indus-
trial wastewaters [4]. In order to minimize the amount of the
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forming ferric hydroxide sludge in this homogeneous reac-
tion [5], some iron oxides such as magnetite (ideal formula,
Fe304), hematite (a-Fe,03), goethite (a-FeOOH) or ferrihy-
drite (FesHOg-4H,0) have been used instead of Fe2* solutions
[6,7]. The active heterogeneous redox processes are increasingly
replacing the homogeneous systems in the catalysis research
[8,9] and in some technological applications, such as in envi-
ronmental remediation, the solid species are easier to remove
from the reaction medium, and therefore easier to recycle.

The effect of thermal treatment under H, flow on limonite
surface and the effect of organic acids on the aqueous Fenton
oxidation have been studied focusing on their acidity. But the
role of organic acids as reagents able to enhance *OH production
has not been fully elucidated [10]. The literature proposes that
H,O, initiates a chain reaction that leads to the formation of
*OOH when in contact with Fe** sites available on the surface
of goethite particles dispersed in aqueous solution [11].

These fixed Fe>* sites are converted into fixed Fe>* sites that
react with H,O; leading to the formation of *OH radical (Egs.
(1)—(5)) and the recovering of the previous Fe3* oxidation state
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of these iron sites [11,12]:

H,0,-5*0H + OH™ (1
H,0, + HCOOH--H,0,//HCOOH )
H,0,//HCOOH-->*0H + H,0 + HCOO~ 3)
H,0, ... Ht<5°0H + H,0 4)
H,0,//HCOOH ... H"<>*0H + H,0 + HCOOH )

In the present work, the reactivity of the heterogeneous Fen-
ton system HCOOC//H;O, using thermal treated limonite was
studied. Experiments were carried out to investigate the effect of
formic acid contents and Fe?* sites in iron oxide applied to the
methylene blue degradation, using a Fenton-like heterogeneous
system comprised of HCOOH and H,O,. The reactions were
monitored by UV/vis and ESI-MS.

2. Materials and methods
2.1. Catalyst preparation and characterization

Limonite ore samples (45-46 wt% of Fe), from mines located
in Goias State (Central Brazil), were ground and sieved below
100 mesh (Tyler series), dried for 1h at 120°C and then sub-
mitted to thermal treatment under Hy flow (100 mL min~!)
at 350°C for 10 and 60 min, aiming to form Fe?* reduced
sites from goethite phase (Fe3*). Natural and reduced limonite
samples were analyzed by FTIR using an Excalibur FTS3000
from Bio Rad, powder XRD (Ni filtered Co Ka radiation,
A=0.17889 nm); room temperature Mossbauer spectroscopy
(57Co/Rh source; isomer shifts are quoted relative to the a-Fe)
and scanning electron microscopy (SEM) (Jeol-JKA 8900RL
with Au sputtering coated samples fixed in a carbon tape). TPR
experiments were performed in a CHEMBET 3000 equipment
with 20 mg sample under 25 mL min~! H, (5%)/N, with heating
rate of 10°Cmin~!. N, adsorption/desorption isotherms were
performed in an Autosorb 1, Quantachrome.

2.2. Oxidative reactions

Two types of reactions were carried out in the composite
presence, according to the substrate: (i) the HyO> decomposi-
tion to O, in water and (ii) the methylene blue dye oxidation

(Fig. 1).
The former is typical hydrogen peroxide decomposition and
was carried out in the flowing proportion, 2 mL of H>O; solution

N
X

CH:N S T-\:ICH3
CH, CH;

Fig. 1. Structure of the probe molecule (methylene blue dye).

(30%, v/v), SmL of water and 30 mg of the composite. The
mixture was stirred with a magnetic rod stirrer and the reaction
was monitored by measuring the O, formation in a volumetric
glass system. The catalytic activity of the materials was tested
for its effectiveness on the discoloring of methylene blue (10 mL
of 50mgL~! stock solution) in an oxidant solution comprised
of equimolar amounts of H,O, and HCOOH (97 mmol). The
oxidant solution was prepared 10 min before mixing with the
dye and limonite.

2.3. ESI-MS study

In an attempt to identify the intermediates formed, the
methylene blue dye decomposition was monitored using an
electrospray ion source, an Agilent ion trap mass spectrometer
(ESI-MS). The reaction samples were analyzed by introduc-
ing aliquots into the ESI source with a syringe pump at a flow
rate of 5 wL min~!. The spectrum obtained were an average of
50 scans of 0.2s. Typical ESI-MS conditions were as follows:
heated capillary temperature, 150 °C; dry gas (N) at a flow
rate of 5L min~'; spray voltage 4kV; capillary voltage 25 V;
tube lens offset voltage, 25 V. For ESI-MS/MS, the parent ion of
interest was first isolated by applying an appropriate waveform
across the end cap electrodes of the ion trap to resonantly eject
all trapped ions, except those ions with m/z ratio of interest. The
isolated ions were then subjected to a supplementary ac signal,
to resonantly excite them to cause collision-induced dissocia-
tion (CID) using helium as a reagent gas. The collision energy
was set to a value in which ions were produced in measurable
abundance.

The iron leaching during all reactions were evaluated by
atomic absorption analysis, using a Varian AA 110 equipment.
We found 0.065 and 0.078 mgL~! of iron leaching from the
samples of limonite 350 °C/10 min and 350 °C/60 min, respec-
tively. We observed that this concentration of iron does not lead
to a homogeneous Fenton reaction.

2.4. Computational methods

The calculations were carried out with the Gaussian98 pack-
age [13]. All transition states, intermediates and precursors
involved were calculated. Each conformer was fully optimized
by DFT [14]. The energy profile at selected DFT geometries
along the reaction pathway was computed at the B3LYP level
of theory by using the 6-31+G(d,p) basis set. For all different
calculation methods, the algorithms based on conjugate gradi-
ent and quasi-Newton—Raphson were used for the geometry
optimization, until reaching a gradient of 10~° atomic units.
The final geometries were obtained with DFT by using the
Becke’s three-parameter hybrid functional with the LYP cor-
relation functional [15] and density functional B3LYP using the
basis set 6-311+G** [16]. This same computational procedure
was also used elsewhere for similar systems, with good results
[17,18]. Furthermore, after each optimization, the nature of the
stationary point was established by calculating and diagonal-
izing the Hessian matrix (force constant matrix). The unique
imaginary frequency associated with the transition vector (TV)
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[19], i.e., the eigenvector associated with the unique negative
eigenvalue of the force constant matrix, was characterized. The
solvent effect was evaluated with the polarized continuum model
(PCM)), initially proposed by Barone et al. [20], with the func-
tional B3LYP and basis set 6-31+G(d,p). The solute cavity can
then be specified as being any set of overlapping spheres. By rep-
resenting the atoms as spheres, a more realistic cavity shape was
produced for extended molecules, in contrast to other models of
solvation [20].

3. Results and discussion
3.1. XRD and Mdossbauer spectroscopy

The XRD patterns obtained (Fig. 2) suggested the presence of
poorly crystalline goethite in the natural limonite sample with
broad lines with lattice parameter values of 0.417, 0.269 and
0.245 nm. After thermal treatment the magnetite, Fe30O4, signals
appeared in XRD with lattice parameters of 0.253, 0.297 and
0.147 nm.

Mossbauer characterizations of limonites are presented in
Fig. 3a. In the case of natural limonite the iron oxide is pre-
sented in small particle size evidenced by a strong central
duplet due to the super-paramagnetism phenomenal and a sex-
tet with narrow lines and a hyperfine field (Bys) of 37.8 T. The
super-paramagnetic behaviour of goethite has been attributed
both to a reduced magnetic coupling between the crystallites
and to a relatively high concentration of vacancy defects [21].
The room temperature spectrum of the thermal treated limonite
clearly shows tetrahedral (A) and octahedral (B) site formation
characteristic of the magnetite phase with Bps of 47 and 45T,
respectively (Table 1).
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Fig. 2. XRD of natural and thermal treated limonites (Mt=magnetite and
Gt=goethite).

Fig. 3b clearly shows the iron phase distribution obtained
from the Mdssbauer analyses. The results showed that the
treatment for 10 min caused the reduction of goethite to mag-
netite producing a cubic structure with many cationic vacancies,
according to XRD analysis. On the other hand, the treatment for
60 min converted the natural limonite into magnetite and Fe®.
These phase transformations are shown in Egs. (6) and (7):

a-FeOOH + H; (350 °C-10min) — Fe304 (magnetite)  (6)
«-FeOOH + H, (350 °C—60 min)
— Fe304 (magnetite) + Fe @)
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Fig. 3. Mossbauer spectrum limonite series (a) and phase distribution obtained from the Mossbauer data (b).
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Table 1

Fitted room temperature Mossbauer parameters for limonites (§ =isomer shift relative to a-Fe, ¢ =quadruple shift, A =quadruple splitting, B¢ =hyperfine field,
I' = sub-spectrum middle height line width and RA =relative sub-spectral area)

Site >’Fe

Sample 5 (mms~1) e, A (mms~) B (T) I (mms™") RA (%)
Natural limonite Limonite 0.329(3) —0.25(2) 37.8(1) 0.31(2) 66(2)
VIFe3+ 0.315(2) 0.60(1) 0.46(2) 34(2)
Limonite 350 °C/60 min Mt] 0.306(1) 0.03(2) 48.0(2) 0.52(2) 11(2)
{Mt} 0.536(3) —0.02(1) 45.8(3) 0.38(2) 53(2)
VIge3+ 0.301(2) 0.80(3) 0.60(2) 18(2)
Fe? 0 0 33.5(1) 0.31(2) 18(2)
Limonite 350 °C/10 min {Mt} 0.534(4) —0.019(2) 45.0(1) 0.38(2) 62.5(2)
[Mt] 0.290(2) —0.007(9) 47.8(2) 0.65(2) 28.5(2)
Fe* 0.280(5) 1.01(1) 0.52(2) 9.0(2)
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Fig. 4. TPR profiles (a) and FTIR (b) of catalysts before and after thermal treatment at 350 °C with Hy.

3.2. TPR and FTIR oxidation of methylene blue dye with H,O; and formic acid in

aqueous medium.

The temperature programmed reduction (TPR) profile of the
natural limonite presented a peak centred at 300 °C with a shoul-
der at ca. 210°C and a broad peak from 400 to 800 °C. The
materials were treated at 350 °C for 10 or 60 min because at this
temperature the formation of an iron reduced phase occurs as
suggested by process (I) in Fig. 4a. However, the reduction is

The H;O; decompositions in the presence of different
limonites are presented in Fig. 5. It is observed that the
materials treated under Hy flow (limonite 350 °C/10 min and
limonite 350 °C/60 min) strongly favored the H,O» decom-
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The catalytic activity of the limonite series was studied using
two reactions: (i) the HyO, decomposition to O, and (ii) the
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Fig. 5. Decomposition of H,O> in the presence of limonites.
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Fig. 6. Discoloration of methylene blue dye with HyO2//HCOOH in the presence limonites (a) and UV-vis spectrum after 7min of reaction with

limonites//H,O,//HCOOH (b).

position. These results show that the reduction of iron phase
improves the activity in the HyO, decomposition.

Fig. 6 shows the discoloration plots for methylene blue dye
with H,O,//HCOOH in the presence of limonite. In a control
experiment (only methylene blue dye and H, O>//HCOOH with-
out limonites) there was no significant discoloration even after
30 min of reaction. Moreover, the limonite 350 °C/60 min pre-
sented a low activity for discoloration in absence of HCOOH
(Fig. 6a). In our previous works [10] it was shown by theoretical
DFT calculations that HCOOH interacts with H,O, to form a
stable H-bond linked system, which, upon acceptance of a sin-
gle electron (for instance one electron released from Fe”* in
transition to Fe3*), leads to a lower energy consumption path
in the formation of Fenton reagent *OH than the H,O»/iron(II)
system.

The literature shows that the conversion of Fe** sites to
Fe?* enhances Fenton oxidation of organic compounds [21].
Accordingly, the present work shows high methylene blue dye
degradation over surfaces containing Fe>* when compared to
the surface containing Fe* of natural limonite. These results
indicate that Fenton oxidation (of magnetite phase *OH attack)
is taking place to some extent, which is remarkably improved by
the presence of HCOOH, in agreement with the theoretical data
[3]. The profile of methylene blue dye degradation in presence
of HyO»//HCOOH in presence of natural limonite (containing
only Fe*) showed a very different pattern from the thermally
treated limonite one (containing Fe?* sites). This suggests that
Fenton oxidation is presumably taking place as well, probably
due to Fe?* sites formed from Fe**. Discoloration of organic
dyes has attracted considerable attention in recent years. The
most widely used catalytic process for dye removal is their oxi-
dation with iron oxides in the presence of hydrogen peroxide.
These materials have presented a good removal capacity, but
the iron oxides employed are synthetic and must be modified
(doped) to present some catalytic activity. For instance, the use
of Cu-doped magnetite for discoloration Bromophenol Blue and
Evans blue in aqueous medium after 100 min of reaction in the
presence of HoO; is described elsewhere [22]. Pure and doped

goethites have been utilized in this reaction type, but the dis-
coloration reaction is very slow; it takes place about 100 min to
complete the reaction [23]. The thermal treatment with Hp, the
presence of formic acid and the small particle size of the goethite
in the natural limonite can be responsible for the high activity
of the catalyst presented in this paper, as shown in Fig. 6.
Results (Fig. 6b) show that the 665 nm signal decreased as
the reaction was occurring, according to the dye discoloration
as shown in Fig. 6a. However, these results do not give any
further evidence about the nature of intermediates formed during
the oxidation process. Even though the complete discoloration
of methylene blue was observed at less than 7 min of reaction
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(Fig. 6b) some intermediates might have been accumulated, and
these chemical species may also be environmentally harmful
[24].

Analyses by N> adsorption—desorption showed that the nat-
ural limonite samples, limonite 350 °C/10 min and limonite
350 °C/60 min present a surface area of 44, 30 and 19m?>g~!,
respectively. These results suggest that the catalytic activity of
the materials is not strongly affected by the BET surface area.

Results from the mass spectrometry analyses, applying the
ESI for the screening of the oxidized species formed during the
decomposition reaction of methylene blue dye with the limonites
and H>O,//HCOOH system, are shown in Fig. 7. The ESI-MS
spectrum obtained for the dye solution shows only a strong
signal at m/z=284, which is related to the methylene blue ion
(Fig. 7a). After 7 min of reaction with the reduced limonite and
hydrogen peroxide with HCOOH, some new m/z signals appear,
for example, at 300 and 332 (Fig. 7b and c) indicating that the
hydroxylation is occurring in the process. At this reaction time,
other m/z signals appear (m/z=148), likely related to methylene
blue oxidation intermediates, also suggesting that the structural
ring was somehow fragmented.

3.4. Theoretical calculations

In order to shed some more light on the model of the over-
all reaction mechanism, calculations of the Gibbs free energy
for the stability of the intermediates were performed, by the
algorithm implemented in the Gaussian98 package [13]. All
discussions concerning the energy differences and the energy
barriers refer to the enthalpy term corrected for the zero point
energy at 298.15 K. The resulting energy values are presented
in Table 2 and Fig. 8. From this calculation, a good agreement
between the modeled and experimental geometry was found for
the methylene blue molecule [20]. According to data listed in
Table 2, it can be observed that the hydroxyl group on C2 posi-

(5]

Table 2
Gibbs free energy of II and III intermediates using B3LYP/6-31+G(d,p)

Intermediate Hydroxyl position AG (kcal mol™)

I 2 0.00
3 +3.30
5 +6.04

tion is about +3.30 and +6.65 kcal mol~! more stable than the
alternative C3 and C5, respectively. These results putin evidence
that the preferential reaction site for *OH in this Fenton process
is the position 2 (C2) of the methylene blue structure, resulting in
an intense fragment corresponding to m/z = 300. From these the-
oretical results, compound II is supposed to be stable and can be
experimentally detected, although no further attempt was made
in this work to address this analysis. Moreover, the reaction path
may still involve other hydroxylation. From these results, the
third hydroxylation would more likely occur at 5’ position. This
is crucial step, as it would simultaneously lead to the formation of
hydroquinone or hydroquinone-like intermediates generated by
the *OH attack. That is an unstable key-intermediate that points
out the quick and high probability of rupture of both chemi-
cal bonds C1-C2 and C5-C6. This could justify the formation
of IV (m/z=148). Further and still more accurate theoreti-
cal calculations in order to verify this hypothesis are now in
progress.

3.5. Catalyst deactivation

The limonites reduced for 10 and 60 min, limonite
350 °C/10 min and limonite 350 °C/60 min, respectively, were
tested for methylene blue dye discoloration in reaction cycles
(Fig. 9). The limonite 350 °C/10 min and 350 °C/60 min after
three reaction cycles presented a loss of catalytic activity
(Fig. 9a), suggesting that the Fe>* oxidation occurs on the sur-

. OH
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CH CH CH CH
: m/z=284 . 3 m/z=300 3
OH OH l OH
OH N
AN
CO,+H0 <— - «—
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OH CH, CHs OH CHs
v I
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Fig. 8. Scheme with proposed intermediates for the oxidation of methylene blue dye (m/z =284) by the limonites.
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Fig. 9. Reaction cycle of methylene blue dye discoloration (a) and TPR profiles after oxidation reaction of the thermally treated catalyst for 60 min (b).

face of the limonite. Moreover, the activity loss is lower for
limonite 350 °C/60 min, probably due to the Fe” presence that
can regenerate the Fe?* sites by donating electrons, as described
in the literature [25].

The limonite 350 °C/60 min catalyst, after three reaction
cycles, was characterized by TPR (Fig. 9b). It is possible to
note an increase of the un-reduced phase ca. 300 °C in the cat-
alyst. The calculation of the area under the curves shows that
approximately 34% of oxidized phase was formed on the sur-
face of the catalysts, suggesting that the deactivation (Fig. 9a)
might be due to Fe>* oxidation on the surface of thermal treated
limonites.

4. Conclusion

We showed that the chemical properties of natural limonite
can strongly be modified when treated with H; to form reduced
iron oxide phase. The resulting materials showed a remarkable
effect on the discoloration of an organic dye in aqueous medium.
ESI-MS studies of the methylene blue oxidation showed succes-
sive hydroxylations as intermediate species.

Fenton-type degradation of an organic contaminant by HyO»
over an iron oxide surface is remarkably enhanced by the pres-
ence of HCOOH. The degradation capacity is also enhanced by
the presence of Fe?* sites on the iron oxide surface after the
thermal treatment under Hy atmosphere, indicating that Fenton
reagent *OH attack is taking place.
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