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Iron was successfully incorporated in FDU-1 type cubic ordered mesoporous silica by a simple direct
synthesis route. The (Fe/FDU-1) samples were characterized by Rutherford back-scattering spectrome-
try (RBS), small angle X-ray scattering (SAXS), N, sorption isotherm, X-ray diffraction (XRD) and X-ray
absorption spectroscopy (XAS). The resulting material presented an iron content of about 5%. Prepared
at the usual acid pH of —0.3, the composite was mostly formed by amorphous silica and hematite with

ﬁywoms" erial a quantity of Fe?* present in the structure. The samples prepared with adjusted pH values (2 and 3.5)
lr;;‘gg;zus materials were amorphous. The samples’ average pore diameter was around 12.0 nm and BET specific surface area
Catalyst was of 680m? g~!. Although the iron-incorporated material presented larger lattice parameter, about

25nm compared to pure FDU-1, the Fe/[FDU-1 composite still maintained its cubic ordered fcc meso-
porous structure before and after the template removal at 540 °C. The catalytic performance of Fe/FDU-1
was investigated in the catalytic oxidation of Black Remazol B dye using a catalytic ozonation process.
The results indicated that Fe/[FDU-1 prepared at the usual acid pH exhibited high catalytic activity in the
mineralization of this pollutant when compared to the pure FDU-1, Fe;03 and Fe/FDU-1 prepared with

Ozonation process

higher pH of 2 and 3.5.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The research and technological areas related to ordered meso-
porous silica (OMS) have experienced a large expansion since the
discovery of the M41S family in 1992 [1,2]. Many papers discussed
the synthesis, characterization, modification and application of
these materials in a variety of areas like physics, chemistry, biology
and materials science [3-9]. These materials are synthesized with
an ordered porous arrangement by employing structure-directing
agents (templates). These building blocks can be formed by organic
molecules, such as surfactants, that create many types of regular
patterns, such as hexagonal, cubic and lamellar mesostructures,
depending strongly on the template and synthesis conditions [4].

Among these templates, triblock copolymers present advan-
tages in their use because the architecture of the amphiphilic
triblock copolymer can be moderately adjusted to control interac-
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tions between inorganic and organic species. Furthermore, these
templates create materials with much larger pore dimensions
than those attained with ionic surfactants, and they can be easily
removed by calcination or by an alternative and less structurally
destructive solvent extraction procedure [4,5].

Metal or metal oxide nanoparticles confined inside mesoporous
materials were already successfully and easily obtained by employ-
ing a synthesis method using a triblock copolymer providing
materials with high surface area, stability to high temperature and
accurately tuned pore size on a sub-nanometer scale [10-12]. The
incorporation of metal oxide into OMS has been achieved by direct
synthesis or grafting (post-synthesis), and particularly iron oxide
has displayed good catalytic properties when employed in hetero-
geneous systems.

Several papers reported the incorporation of iron into bi-
dimensional hexagonal OMS (SBA-15) using different strategies
including direct synthesis [12-17]. In this work, the incorpora-
tion of iron in face centered cubic OMS (FDU-1) was chosen to be
developed and tested as a heterogeneous catalyst for an ozonation
process because, by this date, there are no reports on iron compos-
ite FDU-1. Additionally, the catalytic properties of the material in
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question are better than those of other previously reported OMS
[18-20]. For example, FDU-1 has higher thermal and hydrothermal
stability than SBA-15[21,22].

In this present work, the synthesis of FDU-1 incorporated with
iron oxide (Fe/FDU-1) was studied. For the sample in question, we
analyzed the quantity and the structure and local order of the iron
species present within the mesoporous silica, as well as the catalytic
properties of this heterogeneous system. Thus, the main objective
of this paper is to report on the synthesis, characterization and effi-
ciency of this material as a catalyst in the complete oxidation of azo
dyes by an ozonation process.

The removal of azo dyes from effluents is important due to their
mutagenic and carcinogenic properties together with their intense
coloration[23]. Ozone has been extensively studied in the oxidation
of different pollutants, principally because ozone is a very powerful
oxidizing agent (E® =2.08 V) [24]. In an aqueous phase, ozone can
be decomposed to oxygen and radical species such as the hydroxyl
radical (E0=2.7V) [25]. A direct reaction is usually very selective
and reaches a limited mineralization degree of refractory pollu-
tants, especially in acidic solutions. An indirect reaction has been
more effective due to faster and relatively unselective pollutant
oxidation reactions. Ozone decomposition in an aqueous phase is
affected by many factors including pH, initial ozone concentration,
the presence of ultraviolet radiation, and the type and concentra-
tion of the material that promoted the decomposition [25-28].

Nowadays, ozonation in the presence of metals or metal oxides
are promising approaches to improve the complete oxidation of
pollutants by ozonation. Some studies showed that several met-
als in solution or in a solid phase of various forms (metallic salts,
oxide solid and supported metal) can catalyze ozone reactions
[25,28-30]. Heterogeneous catalysts are becoming one of the most
attractive and promising alternatives because they offer several
advantages compared to their homogeneous counterparts, such as
ease of recovery and recycling and enhanced stability [29-31].

In this work, we propose the use of Fe/FDU-1 as a catalyst in the
ozonation of an azo dye compound.

2. Experimental
2.1. Synthesis

In this work, three Fe/FDU-1 samples were prepared using two synthesis
methodologies: first, the usual acid pH of —0.3 was fixed [20] and, second, the pH
was adjusted to the values of 2 and 3.5.

The idea to change the pH was based on the fact that non soluble Fe(OH);
would precipitate at the same time the silica precursor hydrolyses to form the
mesostructure. Therefore, iron would be incorporated inside the walls forming a
robust material which would probably have better catalytic properties. Neverthe-
less, this change of pH did not lead to samples with improved catalytic activity, a
result that could be related to the fact that iron is more active on the surface and,
also, to the crystalline structure of the formed iron compound, as shown below.

Fe/FDU-1 samples were synthesized using tetraethyl orthosilicate (TEOS, 98%
Aldrich) and iron chloride (FeCl3.6H;0, Aldrich, ~5% in molar of Fe3*) as silica and
iron precursors respectively. Nonionic triblock copolymer surfactant EO39BO47EO39
(B50-6600, Dow Chemical Co.) was used as the structure-directing agent. Concen-
trated HCI aqueous solution (Vetec, 2molL-!) was used as the acid source. All
reagents were utilized as received.

The synthesis procedure of the Fe/FDU-1 sample prepared at a fixed pH of —0.3
was: 2 g of B50-6600 was dissolved in 120g of HCl 2molL-! and stirred at room
temperature until a homogeneous mixture was obtained. Subsequently, iron chlo-
ride was added, and the system was stirred for 30 min followed by the addition
of TEOS (8.9 mL). The stirring continued for about 24 h. The resulting mixture was

transferred to a Teflon-lined autoclave and heated at 100 °C for 6 h without stirring.
After hydrothermal treatment, the resultant solid was separated from the solution
by solvent evaporation at 80°C in a water bath. The solid was calcined at 540 °C for
about 4 h under nitrogen, and then atmosphere was switched to air, maintaining
the furnace temperature for two more hours.

The other two Fe/FDU-1 samples were prepared at pH values of 2 and 3.5, fol-
lowing the procedure described before, but adding a base (NH4OH) solution after
the TEOS addition until the pH reached the pre-determined values.

2.2. Characterization

In order to determine the material’s composition, Rutherford back-scattering
spectrometry (RBS) measurements were performed using a He* beam with an
energy E=2.2MeV, charge Q=20 uC, current I=30nA and detection angle of 170°.
The RBS data were analyzed by the SIMRA routine [32] and the atomic densities
(atoms cm~2) of Si, O, Cl and Fe were obtained.

Small angle X-ray scattering (SAXS) measurements were carried out with arotat-
ing anode X-ray generator, operating at 10 kW. The wavelength of the copper Ky
radiation was X =0.15418 nm. An image plate detector was used to record the scat-
tered intensity as a function of the scattering vector q = (47 sin 6)/1, 6 being half the
scattering angle, and the measurement period lasted for 2 h. Line focus geometry
was used and the system was collimated by slits. A vacuum path between the sam-
ple and the detector was utilized. The sample to the detector distance (~501 mm)
was chosen in order to record the scattered intensity for q values ranging from 0.08
to 3.5 nm~!. The samples were placed inside a quartz tube, 2 mm in diameter. The
scattering of the sample holders was subtracted from the total measured intensities.
All data were corrected for absorption effects.

Nitrogen sorption isotherms were measured at 77 K, using nitrogen of 99.998%
purity, on a Micromeritics ASAP 2010 volumetric sorption analyzer. Measurement
was performed in the range of relative pressure from 10~ to 0.99. Before the sorp-
tion measurement, the sample was outgassed at 200°C in the port of the sorption
analyzer. Specific surface area was evaluated using the BET method [33]. The total
pore volume, Vp; (cm?g~1), was estimated from the amount adsorbed at the rel-
ative pressure of 0.99 and the microporous volume, Vy,; (cm3 g=1), was calculated
using the standard reduced adsorption data. Pore size distribution (PSD) was calcu-
lated using the BJH algorithm [34] with the relation between capillary condensation
pressure and pore diameter established by Kruk et al. [35,19].

Powder X-ray diffraction (XRD) patterns were obtained on a Rigaku diffractome-
ter, in a Bragg-Brentano geometry, with CuK, (A =0.15418 nm) radiation, at 40 kV
and 30 mA, for 26 between 5° and 95° with step scanning mode of 0.05° and time
intervals of 10s.

X-ray absorption near edge (XANES) and extended X-ray absorption fine struc-
ture (EXAFS) spectra were measured at the DO4B-XAFS1 beamline [36] (Brazilian
Synchrotron Light Laboratory, LNLS, Campinas - SP, Brazil) in transmission mode
using Si (11 1) monochromator. The nominal photon flux of the beamline is 3 x 10°
photons/(s.mrad.100 mA) at 6 keV. The energy range was 7000 to 8200 eV for Fe K
edge and the energy was calibrated with an iron foil. Data were collected for Fe/FDU-
1 and «-Fe, 03 samples. The measurements were carried out at room temperature
using energy steps from 0.3 to 4eV, depending on the energy range (XANES and
EXAFS)and E/ AE=5000-10000. The integration time varied from 1 to 3 s at different
energy ranges. Three spectra were measured for each sample and the average spec-
trum was used to perform the data analysis. EXAFS data analysis were performed
using the WINXAS code [37] and FEFF8 software [38]. Both pre- and post-edge were
subtracted from raw data. For the pre-edge region, a linear fit of the absorption sig-
nal was subtracted from the experimental data and, a fifth-order polynomial was
used for the post-edge removal. The first and second shells around Fe were ana-
lyzed for both samples and reference. The selected Fourier transform (FT) windows
for Fe K edge analysis was 2.4-12.4A-1 and 1.0-3.85A in k- and R-space, respec-
tively. A k*-weighted oscillation was used to calculate the Fourier transform. The
coordination numbers were fixed equal to those of Fe,03 crystalline reference and
bond length (R), Debye-Waller factor (¢) and inner potential shift (E,) were used as
free parameters in the fitting procedure. This last parameter was regarded as equal
for the same type of atoms having close distances at the same broad coordination
sphere.

2.3. Catalysis test

Black Remazol B (DyStar Company) was chosen as a model dye to perform the
catalysis tests. Its structure is shown in Fig. 1.

Black Remazol B

OH  NH,
“ | N=—N N=—N v I
NaOsSO\/\ ~ ~ /\/ 0S0zNa
o NaO, s s03

2

OgNa

Fig. 1. Structure of the dye Black Remazol B compound.



T.S. Martins et al. / Materials Chemistry and Physics 124 (2010) 713-719 715

Table 1

Interplanar spacing (dp;), lattice parameter (a,;) and mass percent of elements determined for Fe/FDU-1.

Sample SAXS

RBS

(hkl) (111) (220)

(311) %[Si] %0] %[Cl] %|Fe]

Fe/FDU-1 dipry (nm) 14.5 8.0

Ahkl) (nm) 25.2 22.8

7.0 42.2 525 0.6 4.6
23.1

Ozone was generated from pure oxygen using a MV06 equipment (Multi-
vacuo, Sao Paulo, Brazil) based in the corona electric discharge method. This
apparatus has the capacity of generating ozone in the range between 0.10 and
2.20g h~'. The ozone produced was determined spectrophotometrically at 258 nm
(¢=3000Lmol~'cm') in its gaseous phase by passing the mixture of oxygen and
ozone through a flow cell [39]. The oxygen flow rate was adjusted to 50 (+3) Lh~!
which resulted in an ozone concentration of 20 mgL-1.

The ozonation treatment was carried out using a tubular reactor of 500 mL
equipped with a sintered glass disperser that releases the gas from the bottom to
the top of the reactor. All experiments were performed at 25 °C and using 350 mL of
100 mg L~ Black Remazol aqueous solution with pH adjusted to 3 (by HCl 12 mol L-!
addition). In the catalytic tests, 35 mg of Fe/FDU-1 was used, which corresponds to
100mgL-! in the reactor. The samples were collected at different times and the
degree of mineralization was evaluated measuring the concentration of total organic
carbon (TOC) following the standard 5310B method from Standard Methods for the
Examination of Water and Wastewater [40].

3. Results and discussion

The three samples prepared were characterized by SAXS, XRD,
RBS and nitrogen sorption isotherms, and evaluated as catalysts in
the ozonation of an azo dye compound.

Comparing the structural parameters of the three Fe/FDU-1
samples, only small differences (less than 5%) in the interplanar
spacing (dy ;) and lattice parameters (ay ) values were observed.
All the samples presented similar values of surface areas and
amount of iron inside the silica matrix. The sample prepared in
a higher acidic condition only presented a small increase (~5%) of
surface area.

For the samples prepared with pH variation, the X-ray diffrac-
tograms showed only the broad band centered around 23°, which
corresponds to the amorphous SiO, walls, typical of the FDU-
1 material. However, the sample prepared at fixed acid pH, the
diffractogram displayed the peaks typical to crystalline Fe,03
(hematite).

The catalytic performances of the samples prepared at pH 2 and
3.5 were identical.

On the other hand, the sample prepared at fixed pH of —0.3 pre-
sented an improvement on catalytic activity of about 25%, showing
that iron was incorporated into SiO, matrix in a different and more
efficient form compared to the former two samples. The hypothesis
to explain this better result is based on the fact that this sample is
formed by polycrystalline instead of amorphous, hematite, in addi-
tion to the presence of iron compounds at the pore’ surfaces. Even
though the three samples were fully characterized, the following
sections will only display the complete results and focus the dis-
cussion on the sample that presented the best catalytic properties.

3.1. Iron content and structural properties

RBS results are listed in Table 1. The amounts of O and Si are in
agreement with the expected stoichiometry of the main compound,
that being SiO,. The low Cl content observed is associated with the
synthesis process since the sample was not washed and the iron
precursor and hydrochloric acid (HCI) contain Cl.

SAXS data of calcined Fe/FDU-1 are presented in Fig. 2 after back-
ground subtraction, and the structural parameters are summarized
in Table 1. The diffraction peaks were indexed to(111),(220) and
(311) reflections based on a face centered cubic (fcc) structure,
space group Fm3m. The atomic distances were compared to those

—e—Fe/FDU-1

x10

Intensity (arb. u.)

o0 o-o-o—o—"""—.‘.
(220)

Fig. 2. SAXS of calcined Fe/FDU-1.

of FDU-1 reported by Matos et al. [18]. The calcined Fe/FDU-1 sam-
ple presented larger lattice parameter due to larger pore sizes when
compared to pure calcined FDU-1 (a~21.6 nm) [18].

The structural properties determined from N, sorption data
of the calcined Fe/FDU-1 sample are summarized in Table 2. The
primary mesopore volume, V, (cm3 g—1), was estimated from the
difference between Vp; (total volume pore) and V,,,; (micropore vol-
ume). The primary mesopore diameter (wq), the average pore wall
thickness (b) and minimal wall thickness (b, ) in the fcc structure
were calculated using the equations described in reference [19]. N,
sorption isotherm of this material is shown in Fig. 3. Such isotherm
is typical of materials having large, uniform, cage-like mesopores
with cubic structure, and this isotherm was similar to the pure FDU-
1 reported by Matos et al. [18]. As expected, the micropore volume

500
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Fig. 3. N, sorption isotherm at 77 K for calcined Fe/FDU-1.
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Table 2
Structural properties determined from N, sorption isotherm data for calcined Fe/FDU-12.
Sample Sger) (M2 g=1) Wq (nm) Vimi (cm® g~1) Ve (cm®g~1) Vp (cm3g1) b (nm) bimin (nm)
Fe/FDU-1 677 11.8 0.095 0.701 0.606 4.8 1.9
@ Sger, BET specific surface area; Wy, pore width; Vp,;, micropore volume; Vp, total volume pore; V}, primary mesopore volume; b, pore wall thickness; by;,, minimal wall
thickness.
T T v T v T
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Fig. 4. Pore size distribution calculated from N, sorption isotherm of calcined
Fe/FDU-1 sample.
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ishigherinthe Fe/FDU-1 sample [18]. All other parameters are quite
similar. The pore size distribution is shown in Fig. 4.

XRD patterns of both FDU-1 and Fe/FDU-1 samples are shown
in Fig. 5. The large band present in the smaller angles is due to
the amorphous silica. The Fe/FDU-1 diffractogram displays peaks
of poly-crystalline Fe; O3 (hematite), besides non-identified amor-
phous (a, labeled in Fig. 5) and other Fe (* labeled in Fig. 5)
poly-crystalline minority phases. These results show that when
iron chloride is added to the polymer, during the preliminary step
of the synthesis, poly-crystalline iron oxide is obtained in the meso-
porous walls.

The local atomic structure of the Fe inside Fe/FDU-1 silica
was investigated by X-ray absorption spectroscopy (XAS). Knowl-
edge of the material structure is fundamental to understand the
chemical processes involved in the catalytic reactions. Therefore,
many works were devoted to XAS analysis of Fe incorporation

Fe/FDU-1
| (x-F6203
—— FDU-1

[
=
o
—
©
N
>
=
[72]
[
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o
£
3
3
= N/
| "y pr T
N Y |. A
20 30 40 50 60 70

Fig. 5. X-ray diffraction results of calcined Fe/FDU-1.

Energy (keV)

Fig. 6. XANES data at Fe K edge.

in porous systems [15,17,41-50] and its application in catalytic
processes. Ordered cubic mesoporous Fe,;03 with crystalline walls
were already obtained [15,48], but the catalytic properties of amor-
phous and crystalline phases were not compared.

Fig. 6 shows the XANES data. The determined energy edge
(Eo =7125eV) of the Fe/FDU-1 sample is identical, within the exper-
imental uncertainty, to the reference Fe, 03 (o« phase) and similar to
other reported data [41,45]. The pre-edge peak at 7113 eV reveals
that the sample also contains Fe2* [42,44,46].

r T T T : f‘ﬁ T T T T T r
— ¢+ -
0.6 I D Fe 04
- i Fe/FDU-1
404 e :
05k ! ‘+| —0— g-FeyOg-hematite |
L i[ i —V— Fe304-magnetite
04 T % —+—FeO-wuestite
i

Fourier Transform (arb. u.)

Fig. 7. Fourier transform of the EXAFS signal from experimental data and calculated
standards.
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Table 3
Structure parameters of reference iron compounds. First Fe coordination shell where Ny;) is the oxygen coordination number and Ry the distance Fe-0;).
Reference Crystal structure Nog) Rog1y (A) No() Rogz) (A)
«a-Fe; 03 hematite Hexagonal (R-3c) 3 1.9443 3 2.1126
Fe304 magnetite Cubic (Fd3m) 42 1.8982 6> 2.0544
FeO wuestite Cubic (Fm3m) 6 2.1660 - -
2 Fe?',
b Fe3*,

Fig. 7 depicts the Fourier transform (TF) of the measured sam-
ple in comparison with the calculated TF of some reference iron
compounds: hematite, magnetite and wuestite. The relevant crys-
tallographic data of these compounds are given in Table 3. It’s clear
from Fig. 7 that the analyzed sample has a local atomic structure
more similar to a-Fe,03. But the presence of Fe?*, already detected
by XANES, shifts the first shell distances towards higher values, as
in FeO. In addition, the fitting of the first and second coordination
spheres (Fe,03 and Fe/FDU-1) was performed with the FEFF8 soft-
ware. In this calculation the reference single paths were determined
using the a-Fe, 03, up 4 A. Some diffusion paths were removed from
the fitting since they did not contribute to improve the simulation
quality.

" . l ' ' ” T T T T T T
L F6203 .
0.12
e
g 008
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5 om
w
©
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The fitting results are shown in Fig. 8 and the parameters in
Table 4. The results demonstrate that the distances of neighbors
closer to iron, FeO, tend to have values more similar to Fe304 (see
Table 4),in agreement with the presence of Fe2* and Fe3*. The closer
oxygen atoms exhibit larger disorder compared to the outer ones
at larger distances from iron. Moreover, the static disorder around
Fe is higher than that observed for the Fe;03 standard, which can
be attributed to smaller crystallite sizes compared to the reference.

3.2. Catalytic performance

An amount of 100mgL-! of Fe/FDU-1, pure FDU-1 and Fe,03
were separately tested for catalytic performance during the ozona-

15 —————————————1————

—— Experimental
—Fit

10

6 1 b ] 1] L 1] M i M L) M I M L) M 1
| | —— Experimental Fe/FDU-1
—Fit

6 | I WY NS Y S N N |

kA

Fig. 8. Comparison between experimental and theoretical amplitude, real part and EXAFS function, calculated with FEFF8 code.
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Table 4
Simulation results of EXAFS data, with fixed coordination numbers (N) and constraints on energy shift (E,).
Theoretical a-Fe;03 Fez03exp Fe/FDU-1
Path Bond AR? N R(A) o (A) E, (eV) R(A) o (A) E, (eV)
1 Fe-O 100 3 1.9443 0.077 4.6 1.829 0.22 9.4
2 Fe-O 83 3 2.1126 0.096 4.6 2.042 0.082 9.4
3 Fe-Fe 15 1 2.8899 0.059 1.5 2.799 0.13 -4.4
4 Fe-Fe 41 3 2.9705 0.073 1.5 2.974 0.12 -4.4
5 Fe-Fe 31 3 2.3611 0.075 1.5 3.34 0.097 —-4.4
6 Fe-O 27 3 3.3977 - - 3.421 0.11 -11.2
14 Fe-O 24 3 3.5864 - - 3.564 0.098 -11.2
16 Fe-Fe 49 6 3.7001 0.097 1.5 3.583 0.16 -4.4
17 Fe-O 21 3 3.7836 - - - - -
22 Fe-Fe 7 1 3.9712 0.055 1.5 4.060 0.035 -44
28 Fe-O 17 3 4.1229 - - 4.128 0 -11.2
33 Fe-O 14 3 4.3942 - - - - -

2 AR =amplitude ratio.

tion of the Black Remazol aqueous solution at pH 3. The dye
decolorization degree was evaluated (data not shown) indepen-
dently to the experimental set. After 5min a fast and total dye
solution discoloration was observed. It's well known that direct
reaction of molecular ozone is very effective in the oxidation of rich-
electrons centers (such as the azo dye chromophore group). Usually
molecular ozone reacts with many color-causing groups chang-
ing the molecular structure, leading to colorless degraded products
which still remain in the solution without significant change in the
organic carbon content. Nevertheless, mineralization is generally
much lower than color removal. The results of TOC are presented
in Fig. 9, which demonstrates that after 5min of treatment time,
the mineralization degree is very similar to the different ozona-
tion experimental approaches, with a maximum TOC removal of
16% when the Fe/FDU-1 material was employed. The advantage of
using this material was clearly observed for longer treatment times.
The TOC removal by the Fe/FDU-1 was much faster and effective
than that obtained by single ozonation or ozonation in presence
of Fe,03 and FDU-1. For ozonation treatment using pure meso-
porous silica or Fe;03 in solution, the mineralization of the dye
was about 40% after 1h of treatment, a level very similar to that
obtained by the direct ozonation (performed at pH 3). On the other
hand, for the same treatment time the ozonation in the presence
of modified silica with Fe presented mineralization of 70%. Control
adsorption experiments were carried out and no significant TOC
content variation was observed after 2 h without ozone presence.

1.0 &
1 —n— QOzone at pH3
0.9 —%—FDU-1
. —e—Fe/FDU-1
0.8+ —&—Fe0,
07 .ig;%
_06{ @ 5&
S 054 \ A
041 .\
0.3 4 °
d \
0.2 4 W
T 1 A T T T M T M T M T
0 15 30 45 60 75 90

time (min)

Fig.9. Variation of total organic carbon as function of the treatment time. Ozonation
processes using 100 mg L~ Black Remazol B aqueous solution pH 3 in the presence
of ozone only, pure silica, Fe/FDU-1 and Fe,0s.

These results show that the iron oxide incorporated in meso-
porous silica works as a better catalyst than pure iron oxide for
the catalytic ozonation of the Black Remazol azo dye compound.
An explanation for the improvement of the catalytic properties of
the Fe/FDU-1 material is related to the high surface area of the sil-
ica support. The mesoporous silica support is able to disperse the
iron active phase in order to increase its contact with the Black
Remazol azo dye compound. Also, as reported in the literature, the
interaction between the silica support and the active iron improves
the catalytic performance [50]. For example, the enhancement of
removal efficiency of this compound in the presence of Fe/FDU-
1 can be due to the increase of ozone decomposition into highly
oxidant radical species (such as *OH) in the reaction medium.

4. Conclusion

The incorporation of iron in FDU-1 was successfully achieved
by a direct synthesis procedure building a well defined crystalline
mesoporous structure. The Fe/FDU-1 walls are formed mostly by
amorphous silica, poly-crystalline hematite and other less crys-
talline phases. The catalytic performance for the mineralization of
an azo dye employing this new Fe/FDU-1 material is higher than
pure FDU-1 and Fe, O3, showing the promising use of this composite
for environmental decomposition of azo compounds.

The methodology of synthesis presented here constitutes a gen-
eral synthetic route that could be applied to the preparation of other
catalytic systems with different metals.
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