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Iron-based mesoporous silica materials were prepared according to different impregnation and co-
condensation procedures. Several complementary techniques, including XRD, TEM/EDX and nitrogen
sorption isotherms were used to evaluate the final structural and textural properties of the calcined
Fe/SBA-15 materials. While Fe, 05 isolated particles of which the size is close to the silica pore diame-
ter (~7-8 nm) were obtained using classical wet impregnation procedure, smaller iron oxide particles
(~2-4nm) homogeneously dispersed within the hexagonal pore structure of the SBA15 host support

IF(:’SV;;‘Xf;: were generated by self-combustion of an impregnated iron-glycinic complex. By contrast, the various
CWPO co-condensation routes used in this work were less efficient to generate iron oxide nanoparticles inside
Phenol the silica mesopores. Catalytic performances of the materials were evaluated in the case of total phe-
Fenton nol oxidation by H,0, in aqueous solution at ambient conditions. Large differences in terms of catalytic

activity and iron species stability were observed. While the impregnated solids proved to be the most
active catalysts (highest Fe, O3 nanoparticles dispersion), iron leaching was observed in aqueous solution,
accounting for a homogeneous catalytic contribution. In contrast, the co-condensed samples exhibiting
larger iron oxide clusters stabilized over the silica surface proved more efficient as active sites in Fenton

catalysis.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Industrial processes generate a wide variety of wastewaters
containing organic pollutants with negative impact for ecosys-
tems. In accordance with the increasingly stringent environmental
legislation, the effective pollutants degradation or removal is a chal-
lenging task implying the development of advanced and economic
viable oxidation processes (AOPs) [1-12]. One of the most promis-
ing AOPs is based on the use of the Fenton reagent (H,0, + Fe2*)
commonly carried out in homogeneous phase. Catalytic wet hydro-
gen peroxide oxidation (CWHPO) allows performing oxidation of
organic pollutants in ambient conditions, thanks to the redox
properties of metallic cations used to generate reactive hydroxyl
radicals. However, in order to overcome the major drawbacks of the
homogeneous system (iron removal, etc.), heterogeneous Fenton-
type systems have been prepared to catalyze the oxidation of
various organic compounds in mild reaction conditions.

Immobilization of transition metal ions, mainly iron and cop-
per, over different supports, such as zeolites [13-21], nafion [22],
alumina [23-25], carbon [26-28], ion-exchange resin [29], algi-
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nate gel beads [30], clays [31-37] or perovskites [38-40] has been
described in the literature for application in CWHPO processes.
The catalytic activity of these materials, as well as their stability,
is strongly related to the dispersion of the active phase and the
interaction between the active centers and the support. Recently,
interesting results on the CWPO process and photo-assisted Fenton
degradation of phenolic solutions were obtained in the presence of
iron-supported mesostructured silica supports [41-46].

In this work, iron-based mesoporous SBA-15 type silica mate-
rials were synthesized by using a single or two steps procedure,
namely by co-condensation of iron and silica precursors or by
classical wet impregnation of iron precursor on calcined meso-
porous SBA-15 host support, following literature as well as original
home-made syntheses procedures. Various characterization tech-
niques, such as X-ray diffraction, nitrogen sorption isotherms and
transmission electronic microscopy coupled to EDX analyses were
used to evaluate the final structural and textural properties of the
calcined mesostructured Fe,03/SiO, materials, as well as the dis-
persion of the iron species in both samples series. The catalytic
performances of the impregnated and co-condensed iron-based
silica materials were determined in total phenol oxidation using
hydrogen peroxide in ambient conditions (atmospheric pressure
and temperature close to the ambient). Our aim consisted in inves-
tigating the influence of the synthesis procedure on the phenol
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elimination activity and total organic carbon (TOC) abatement level,
as well as on the iron particles size and dispersion. The stability
of both the iron active species and the silica support during the
catalytic reaction was also evaluated.

2. Materials and methods
2.1. Catalysts preparation

Pure siliceous mesoporous SBA-15 was prepared using classical
literature procedures using Pluronic P123 and tetraethylorthosili-
cate (TEOS) as surfactant and silica source respectively, at 38 °C for
24 h. The resulting mixture was transferred to Teflon bottles and
heated at 130 °C for 24 h. The white solid was filtered, washed with
distilled water, air-dried at 80°C for 12h and calcined at 600°C
for 5 h under flowing air (heating ramp of 1°C min~1). The Fe/SBA-
15 materials were prepared by using different impregnation and
co-condensation procedures. In each case, the amount of iron pre-
cursor was adjusted to obtain a final Fe,03 content of 10 wt% after
calcination.

2.1.1. Impregnated samples

Two samples, labeled SBA15-iFe(NO3) and SBA15-acFe(NO3),
were respectively prepared by classical wet impregnation of the
silica support by iron nitrate or by self-combustion of an iron-
glycinic complex within the silica porosity [47,48]. For sample
SBA15-iFe(NO3), the mixture “iron nitrate solution and SBA-15 sil-
ica” was slowly evaporated at 50°C, then the impregnated solid
was dried in air at 110°C for 12 h, before being calcined at 600°C
for 5 h (heating rate of 1 °C min—1). The synthesis of sample SBA15-
acFe(NO3) proceeded in three successive steps: (1) complexation of
theiron nitrate precursor with glycine; (2) impregnation of calcined
SBA-15 silica with the complex; (3) self-combustion of the iron-
glycinic complex. Glycine was added to a solution of iron nitrate
and the mixture strirred for 2 h. 0.9 g of freshly calcined SBA15 was
slowly added to this solution and the temperature was increased to
110°C. When a dry powder was obtained, the solid was transferred
in a furnace for glycine ignition (280 °C) followed by a calcination
step at 600°C in order to eliminate the remaining carbonaceous
residues coming from incomplete glycine combustion.

2.1.2. Co-condensed samples

This procedure consisted in the addition of an iron precursor
(iron nitrate or chloride) during the acidic SBA-15 silica synthesis.
Three samples, labeled SBA15-coFe(NO3), SBA15-coFeCl and SBA-
REF, were prepared according to the procedure used for the SBA15
silica except that iron precursor was added to the synthesis media
and precipitated with ammonia at pH 3.5. The co-condensed solids
were then hydrothermally treated at 100°C (SBA-REF [41,44,46])
or 130°C (SBA15-coFe(NO3) and SBA15-coFeCl).

Briefly, 8 g of triblock copolymer P123 was dissolved in 250 mL
HCI 1.9mol L~! and the solution stirred at 35 °C for 2 h, before the
addition of iron precursor (Fe(NO3)s, 9H,0 or FeCl3-6H,0). Then
15.5mL of TEOS was slowly added to the solution under stirring
and the pH increased to 3.5 by ammonia addition (35wt%). The
precipitate was maintained at 38°C for 24 h, before being trans-
ferred in an autoclave and heated at 130°C for 24 h. The red solid
was filtered, washed with distilled water, air-dried at 80°Cfor 12 h
and calcined at 600°C for 5 h under flowing air.

2.2. Catalysts characterization

Powder small- and wide-angle XRD patterns of the cal-
cined Fe/SBA-15 samples were recorded on a Bruker AXS D5005
diffractometer equipped with monochromatized Cu Ko radiation
(A=1.5418A) at 40kV, 30 mA. Phase identification was performed

by comparison with the information of the JCPDS database. Iron
chemical analysis was achieved by Atomic Emission Spectroscopy
with Induced Coupled Plasma (ICP-AES) using a Varian Vista AX sys-
tem. The surface area and pore size analysis of the samples were
carried out by adsorption-desorption of nitrogen on a Micromerit-
ics ASAP 2010 instrument (—196°C). Prior to Ny adsorption, the
samples were degassed under vacuum at 250 °C for at least 6 h. The
surface of the Fe/SBA-15 samples, as well as the iron oxide particle
size analysis, were investigated by TEM (Philips CM120 microscope
operated at 120 kV) coupled to an EDX analyzer (fixed probe) for Fe
spot detection over the sample surface. Electron microdiffraction
patterns were also recorded to identify the nature of the iron-
bearing particles. The samples were at first included in a resin that
was cut into sections of 30-50 nm with a microtome equipped with
a diamond cutter, before they were supported on a carbon-coated
gold grid.

2.3. Catalytic wet peroxide oxidation of phenol

Catalytic tests were performed in ambient conditions (at atmo-
spheric pressure and at 25 or 40°C) in a thermostated semi-batch
pyrex reactor of 250mL (Fig. 1) using phenol as reactant and
hydrogen peroxide as oxidant. The reactor was equipped with
a pH electrode to continuously monitor the pH value of the
reaction solution. The reaction pH value was maintained by addi-
tion of small amounts of diluted H,SO4 solution (0.1 molL-1),
close to its optimum value (pH~ 3.7) under continuous stirring.
The catalyst (100mg) was put into 100 ml of an aqueous phe-
nol solution (5 x 10~4 molL~1) under continuous stirring, 15 min
before the beginning of the hydrogen peroxide addition. H,0,
solution (0.1 mol L-1) was added continuously to the phenol solu-
tion containing the catalyst at a constant flow rate of 2mLh~!
through a dosimeter (Dosimat 725 Metrohm). The reaction was
performed under air flow (2Lh~!) bubbling directly through
the reaction solution in order to maintain the amount of dis-
solved oxygen close to its saturation concentration. After 4h of
reaction, the excess of hydrogen peroxide with respect to the
required amount needed for a complete phenol oxidation (accord-
ing to the reaction: CgHsOH +14H,0, — 6CO, +17H,0) was only
1.14.

Phenol conversion as well as the products formed by the reac-
tion were determined during the overall reaction (4h) using a
high performance liquid chromatography (Waters HPLC) equipped
with an Aminex HPX-87 (Biorad) column. The Total Organic Carbon
(TOC) content was measured by a DC-190 Dohrmann TOC meter.
Iron leaching was systematically evaluated by ICP analyses after
catalytic tests.

Automatic peroxide dosage

Sampling

=)

O \ r pH meter
g E Magnetic stirrer
Air compressor '
g L
Phenol solution and catalyst Thermostat

Fig. 1. Schematic view of the semi-batch type reactor system used for the CWPO
reaction.
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Table 1
Physico-chemical properties of the calcined SBA-15 silica host support and the Fe-based impregnated and co-condensed silica samples.
Sample Fe, 03 content (Wt%) Fe cont. (wt%) Sper (m2g~1) Dgjy (nm) Vineso (cm3 g=1) AVmeso™ (%) dy0o (Nm) ap (nm)
SBA 0.0 0.0 535 7.2 1.03 - 9.20 10.6
SBA-iFe(NO3) 10.1 7.07 406 6.8 0.63 -39 9.29 10.7
SBA-acFe(NOs3) 10.2 7.14 417 6.7 0.70 -32 9.60 11.1
SBA-coFe(NO3) 8.4 5.87 461 85 1.37 +33 10.04 11.6
SBA-coFeCl 8.4 5.87 561 8.9 1.42 +38 9.92 115
SBA-REF 8.5 5.95 647 6.9 1.01 -2 9.60 11.1

3 dVmeso being the fraction of pore volume lost after impregnation.

3. Results and discussion

Before characterizing the structural, textural and morpholog-
ical properties of the Fe/SBA-15 materials prepared by various
impregnation and co-condensation routes, we first checked that
the iron content of the samples (expressed in terms of Fe; 03 wt%)
remains close to the desired value. With respect to previous studies
describing the preparation and catalytic properties of a Fe;03/SBA-
15 nanocomposite with a bulk iron content as high as 16 wt%
[41,44,46], the Fe content was reduced in our case with the aim
of better controlling the iron dispersion inside the impregnated
and co-condensed samples. By decreasing the iron content, it is
expected a lower amount of large Fe; O3 aggregates located on the
external surface of the silica grains and an increased proportion of
Fe, 03 particles embedded into the mesostructured silica matrix, as
well as Fe3* ionic species dispersed within the SBA-15 structure.

Results presented in Table 1 show that the Fe;O3 content of
the impregnated samples (SBA-iFe(NO3) and SBA-acFe(NO3)) are
similar and agree with the theoretical value, whereas it remains
systematically lower than the desired value for the materials syn-
thesized by co-condensation (~8.4 wt% Fe,03). These data clearly
indicate that the incorporation of Fe3* cations during the silica syn-
thesis is not complete under the pH conditions used (i.e. pH 3.5).
Consequently, only ~85% of the iron species precipitated with the
siliceous species during the aging step.

3.1. Samples pore structure

Small-angle X-ray diffraction patterns obtained for the differ-
ent samples are presented in Fig. 2A. The SBA-15 silica as well
as the two impregnated samples display well-resolved XRD lines,
confirming that the hexagonal ordering in the SBA-15 silica was
retained after the impregnation/calcination steps. The d(; gy dis-
tances determined from the XRD patterns, as well as the ag unit cell

values assuming a hexagonal structure, are summarized in Table 1.
Cell parameter values ranging from 10.7 nm (SBA-iFe(NO3) sam-
ple) to 11.1 nm (SBA-acFe(NOs3) sample) are obtained, which are
close to that of the parent silica support (ap=10.6nm for SBA).
This indicates that the impregnating iron precursor and its further
decompositioninto iron oxide by calcination (case of SBA-iFe(NOs))
or by self-combustion (case of SBA-acFe(NO3)) do not resulted in
any drastic change in the final samples pore structure.

By contrast, for the co-condensed samples, while a well-
resolved XRD pattern is obtained for the SBA-REF sample, the
two other solids (SBA-coFe(NO3) and SBA-coFeCl) display poorly
defined XRD lines (Fig. 2A). Indeed, the (11 0) and (2 00) reflections
of these latter compounds are rather broad, suggesting that the
SBA-coFe(NO3) and SBA-coFeCl samples exhibit a lower long range
order of the pore structure or have a slightly deformed hexagonal
structure. Note that for the co-condensed samples, a shift of the
(100) reflection to lower 26 values is observed, leading to slightly
higher cell parameters (Table 1).

3.2. Structure of the iron-bearing particles

Wide-angle X-ray diffractograms of the samples prepared by
impregnation of iron nitrate and by self-combustion of the iron-
glycinic complex were recorded in the 10°-70° 26 range (Fig. 2B).
Besides the broad peak at 26 ~ 23° typical of the amorphous sil-
ica, the XRD pattern of the impregnated SBA-iFe(NO3) sample
also displays weak and broad lines at 26 ~33° and ~35.5°, read-
ily attributed to a-Fe;03 hematite (JCPDS file no. 089-0597) and
suggesting that the size of the particles formed are large enough
to be detected by XRD (dcysta >3 nm). Nevertheless, the diffrac-
tion peaks intensity remains low and the large FWHM suggests that
smalliron particles are present and possibly located inside the silica
porosity. In contrast, no discernable iron oxide reflections are visi-
ble on the diffractogram of the sample prepared by self-combustion

(A) (B)
o
5 SBA-iFe(NO3) 5
o 1; SBA-acFe(NO3)
2 SBA-acFe(NO3) | 5 -
b5 2 SBA-coFe(NO3)
£ SBA-coFe(NO3) | — L
SBA-coFeCl
SBA-coFeCl
SBA-REF B o5 A |
0 2 4 6 10 30 50 70
20/° 2.0:(°

Fig. 2. Small-angle (A) and wide-angle X-ray diffraction patterns (B) of the parent SBA-15 silica sample and the impregnated and co-condensed iron-based mesoporous silica

materials.
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SBA-acFe(NO3), suggesting the exclusive presence of very small
nanometric Fe(Ill) oxidic particles that cause the classical line
broadening on the XRD pattern. This observation is consistent with
recent results obtained for the synthesis of supported mixed-oxide
HMS-type silica materials using the same synthesis procedure [48].

Wide-angle XRD patterns of the three co-condensed samples
are also presented in Fig. 2B. SBA-REF sample exhibits only the
broad diffraction peak characteristics of amorphous silica and addi-
tional signals related to the iron oxide phase are hardly detectable.
That result suggests, as for the SBA-acFe(NO3) sample, that the
iron phase is well dispersed within the silica mesopores or is
isomorphously substituted in the silica structure. Slightly differ-
ences are observed on the XRD diagram of the sample prepared by
co-condensation of iron nitrate and TEOS, since weak and broad
diffraction lines attributed to the hematite phase are visible. Again,
the XRD intensity remains low and the FWHM high, suggesting as
in the case of the impregnated SBA-iFe(NO3) sample that small iron
particles are present inside or at the surface of the mesoporous sil-
ica. However, the sample prepared using iron chloride as Fe,03
precursor (SBA-coFeCl) displays intense, well-resolved XRD lines,
attributed to the hematite structure and suggesting that relatively
large particles are present. This result is not compatible with a crys-
tallization of iron oxide particles inside the silica porosity because
the pore size of the host support (Table 1) would obviously lead to
a limited Fe, 03 particle size growth and consequently to weak and
broad diffraction peaks as observed for the other Fe-based meso-
porous silica materials.

3.3. Samples physico-chemical properties

Table 1 summarizes the textural properties of the parent sil-
ica host support and the impregnated and co-condensed samples.
SBA-15 silica sample exhibits a specific surface area of 535m?2 g~!
with high pore volume (1.03 cm? g~1) and a mean pore size, deter-
mined by applying the BJH model to the desorption branch, of
7.2nm. Classical type IV isotherm according to the IUPAC classifi-
cation, with H1-type hysteresis, characteristic of cylindrical pores,
is observed on Fig. 3A. As suggested by the well- resolved small-
angle XRD pattern, this confirms that the silica sample presents

(A)
SBA

SBA-iIFe(NO3

SBA-acFe(NO3
SBA-coFe(NO3

SBA-coFe
SBA-REF

00 02 04 06 08 10
PIP, /-

N2 adsorbed volume/ a.u.

a well-defined hexagonal pore structure. This is also substanti-
ated by the narrow pore size distribution presented on Fig. 3B.
A decrease in both specific surface area and pore volume is log-
ically observed after the iron precursor impregnation step, from
535t0406-417 m? g~! (samples SBA-iFe(NO3) and (SBA-acFe(NO3)
respectively). This corresponds to a specific surface area decrease of
24% with respect to that of the parent silica support. A similar pore
volume decrease is also observed after the impregnation procedure
(32% for SBA-acFe(NO3) sample). Such values suggest some pore
blocking occurring during the crystallization of iron oxide particles
inside the silica mesoporosity. Indeed, a silica structure collapse,
that would obviously results in a pore volume decrease, is not
likely to occur as confirmed by the presence of well-resolved XRD
lines patterns after calcination of the impregnated solids (Fig. 2A).
Isotherms remain unchanged and a long adsorption plateau typical
of the N, capillary condensation in the mesopores is observed in
each case (Fig. 3A).

In contrast, the textural properties of the samples prepared
by co-condensation drastically differ from those obtained for the
impregnated compounds. While a logical decrease in specific sur-
face area and pore volume is observed after impregnation, two
of the co-condensed samples (SBA-coFeCl and SBA-REF) exhibit a
higher surface area than the parent SBA-15 silica sample (Table 1).
The pore size and pore volume values of the samples are also
strongly affected by this synthesis procedure. While the reference
co-condensed SBA-REF sample displays pore characteristics similar
to those of the silica support (Vimeso ~ 1 cm3 g=1), the two other co-
condensed samples exhibit far higher pore volumes, corresponding
to anincrease up to 38% with respect to that of the parent silica sup-
port. This is consistent with the increase in pore size also observed
for these two last samples (pores size ranging from 8.5 to 8.9 nm,
Fig. 3B). These variations of the physico-chemical properties are
clearly observed on the N, isotherms (Fig. 3A), where a shift of
the N, adsorption and desorption steps at higher P/Py is noticed
(characteristic of larger pore size values) for SBA-coFe(NO3) and
SBA-coFeCl samples, compared with the SBA-REF sample whose
isotherm is very similar to that of the silica sample. The shape of the
isotherms of samples SBA-coFe(NO3) and SBA-coFeCl also evidence
the higher pore volume exhibited by these samples.

(B) 7.2 nm
/ \__SBA
6,8 nm
/ \___ SBA-iFe(NO3)
6,7 nm
‘//\ SBA-acFe(NO3)

8,1 nm

‘ SBA-coFe(NO3)
8,9 nm
ﬂmﬁem
6,9 nm
| \\__SBA-REF

0 5 10 15 20
Pore diameter / nm

dV/dD/ a.u.

Fig. 3. N, adsorption-desorption isotherms (A) and the corresponding BJH pore size distributions (desorption branch) (B) obtained for the parent SBA-15 sample and for the

impregnated and co-condensed samples.
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Fig. 4. Representative TEM images of the impregnated samples. SBA-iFe(NOs3) (A and B), SBA-acFe(NO3) (C and D).

3.4. Samples morphology

Representative TEM images of the two impregnated Fe/SBA-
15 samples are depicted in Fig. 4A and D and show that
the silica pore structure remains unaltered after the successive
impregnation-drying-calcination steps. The hexagonal pore struc-
ture arrangement is clearly visible for both impregnated samples.
This observation is consistent with the XRD and N, sorption results
that evidenced well-resolved low-angle reflections as well as typ-
ical type IV isotherm with long adsorption plateau at high P/Py,
respectively. However, differences in terms of iron oxide particles
size and dispersion are observed for the two Fe/SBA-15 materials.
The presence of hematite particles within the porosity of sample
SBA-iFe(NOj3) is duly confirmed by TEM and electron microdiffrac-
tion analyses (Fig. 4A). Focusing on the silica mesopores (Fig. 4B)
indicates the formation of “pseudo spherical” crystallized iron
oxide particles of which the size is close to the silica pore diam-
eter (~7-8 nm). For this SBA-iFe(NO3) sample, iron oxide crystal
size growth is limited by the inorganic walls of the mesoporous
silica host support through a nanocasting effect.

Synthesizing iron-based mesoporous silica by self-combustion
of iron nitrate with an amino acid (glycine) is shown to either
prevent the iron oxide particle segregation outside the micromet-
ric silica grains, either to generate very small Fe,03 particles that
are hardly detected by TEM. Only a darker contrast on the sil-
ica pore walls with respect to the pure mesoporous silica sample
can be observed (Fig. 4C). These contrasts reveal the presence of
crystallized Fe,O3 nanoparticles (Fig. 4D) which are nanometric
in size (2-4nm), meaning that the nanocasting effect occurring
in SBA-iFe(NO3) sample does not happen for SBA-acFe(NOs3) sam-
ple because the iron oxide nanoparticle size is far lower than the

mean pore size of the silica. TEM observations are consistent with
the conclusions deduced from XRD and N, sorption isotherms.
Indeed, the X-ray diffraction patterns displayed the presence of the
hematite phase in SBA-iFe(NO3) sample (Fig. 2B), while no discern-
able iron oxide reflections were visible on the diffractogram of the
SBA-acFe(NO3) sample prepared by the self-combustion method.
These observations correlate well with the observed increase in
iron oxide crystal size by TEM for SBA-ac(Fe(NO3) sample (the
lowest particles size) and for SBA-iFe(NO3) sample (particles size
close to the one of the silica mesopores and, easily detected by
XRD). Moreover, the nanocasting effect occurring during the syn-
thesis/calcination of the impregnated SBA-iFe(NO3) sample could
induce some pore plugging, leading to a higher pore volume
decrease than for SBA-acFe(NO3) sample, which is confirmed by
N, adsorption-desorption analysis (Table 1).

The size and dispersion of the iron oxide particles of the samples
prepared by co-condensation strongly differ from that obtained for
the impregnated samples, as observed on Fig. 5. TEM images of the
sample prepared with iron nitrate as precursor (SBA-coFe(NO3),
Fig. 5A) evidence iron oxide particles of different sizes (from a few
nanometers to clusters of more than 30 nm). Despite the majority
of these Fe,03 particles are located within the mesoporous silica
matrix, a few very large Fe,03 aggregates (100-200 nm) are also
present on the outer surface of the silica. Nevertheless the pro-
portion of this second Fe, 03 population is low by comparison with
the one exhibited by the sample prepared with iron chloride as pre-
cursor (SBA-coFeCl). Besides the Fe, O3 particles embedded into the
mesostructured matrix and the larger outer Fe, O3 aggregates, spot
EDX analyses probing the mesostructured silica matrix also evi-
denced the presence of dispersed iron species within the SBA-15
structure (Fe3* ionic species). TEM investigation of Fe,03 particle
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Fig. 5. Representative TEM images of the co-condensed samples. SBA-coFe(NO3) (A), SBA-coFeCl (B), SBA-REF (C).

location in the SBA-coFeCl sample reveals hematite Fe,03 large
clusters coated the external surface of silica (Fig. 5B). Spot EDX
probing the sample surface indicates an inhomogeneous disper-
sion of iron species in the silica host support, thereby confirming
the low incorporation rate of iron species within the mesoporous
silica matrix during synthesis. This result is also in agreement with
the XRD analysis of SBA-coFeCl sample that pointed out narrow
and intense reflections characteristics of hematite (Fig. 2B). Finally,
small Fe, 03 particles having a size of less than 10 nm are detected
within the mesoporous SBA-15 support of the SBA-REF sample
(Fig. 5C). However part of the Fe;03 was also shown to be located
outside the silica grains in the form of large aggregates constituted
of small iron oxide particles (figure not shown).

In light of the TEM investigations, it appears that a higher dis-
persion and size control of iron oxide particles are obtained for
the two impregnated samples, being understood that the small-
est Fe;O3 particles are obtained for the sample prepared by the
auto-ignition route (SBA-acFe(NOs)). Indeed, dispersed embedded
hematite nanoparticles of about 2-4 nm within the mesoporous
SBA-15 silica are generated by the self-combustion of iron nitrate
with glycine inside the silica. Among the samples prepared by
co-condensation of various iron precursors and TEOS, only SBA-
coFe(NO3) and SBA-REF compounds seem to present the iron
dispersion and accessibility necessary for a use as heterogeneous
catalysts.

3.5. CWPO behavior of the Fe/SBA-15 materials

The elaboration of stable and efficient heterogeneous catalysts
is required for the improvement of industrial wastewater treat-

ment processes. During the last decades, numerous heterogeneous
Fenton catalysts were developed with an emphasis on the exper-
imental synthesis conditions that are considered as key factor in
the elaboration of active and stable catalysts in aqueous medium.
The evaluation of the catalytic activity in phenol oxidation by H,0,
of the iron-based mesoporous silica prepared by impregnation and
co-condensation routes was carried out at 25 and 40°C. The cat-
alytic reaction behavior obtained for the various Fe/SBA-15 solids
is shown in Table 2 and Figs. 6 and 7.

For the impregnated series, the total phenol conversion was
reached after 4 h of reaction at 25 °C, except for SBA-iFe(NO3) sam-
ple which proved poorly active (Fig. 6). In agreement with the
phenol conversion values, the lowest TOC conversion level (total
mineralization of the organic matter content) is obtained for this
SBA-iFe(NO3) catalyst (6.1%), while the sample prepared by the
self-combustion procedure (SBA-acFe(NO3)) shows a TOC abate-
ment of about 47%. This last sample exhibits a high activity in
phenol conversion even at ambient temperature (25 °C), which is
likely related to the presence of very small nanometric and well
dispersed Fe, O3 particles within the silica host support. Increas-
ing the reaction temperature up to 40°C logically results in an
increase of phenol conversion rate and TOC abatement level, up
to 55% for SBA-acFe(NOs3) sample. A progressive TOC increase is
observed as a function of reaction time, with stabilization at a
plateau, as observed for other catalysts such as pillared clays [32].
From the results obtained for the impregnated samples, it is unam-
biguous that the iron oxide particles size and dispersion is of major
importance to obtain high catalytic activity. The lowest iron disper-
sion was obtained for the sample prepared by wet impregnation of
iron nitrate SBA-iFe(NO3), that exhibits Fe,03 particles of which
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Table 2
Catalytic properties and stability of the different samples for the CWPO of phenol.

Sample Results at 25°C Results at 40°C

X (%) TOC (%) Fe (ppm) % Fe X (%) TOC (%) Fe (ppm) % Fe
SBA-iFe(NO3) 185 6.1 0.8 1.1 100 31.9 7.0 9.9
SBA-acFe(NO3) 100 46.8 0.8 1.1 100 55.5 8.2 114
SBA-coFe(NOs) 100 37.5 <0.1 0.1 100 55.4 0.1 0.1
SBA-coFeCl 100 314 0.1 0.2 100 46.8 0.5 0.8
SBA-REF 100 46.2 0.2 0.4 100 68.9 5.8 9.9

X and TOC: phenol and TOC conversion after 4 h of reaction; Fe: iron concentration in aqueous solution at the end the reaction; % Fe: percentage of iron leached from the

catalyst at the end of the reaction.
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Fig. 6. Influence of the reaction temperature on the phenol conversion (full lines) and TOC abatement (dotted lines) for the impregnated samples series. 25°C (A) and 40°C

(B).

the size is close to the silica pore diameter. One may also notice
that some pore blocking, and thus a limited iron accessibility, can
occur and resultin a decrease of the catalytic activity. Consequently,
the 7-8 nm sized iron oxide particles and the limited accessibil-
ity of these particles within the channels of the silica support are
suggested to be responsible for the low catalytic activity of this
sample. By contrast, the SBA-acFe(NO3) sample synthesized by
auto-ignition and containing lower Fe,03 particles size, logically
exhibits a higher catalytic activity.
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Fig. 7. Variation of the phenol conversion (full lines) and TOC abatement (dotted
lines) as a function of time at 25 °C for the co-condensed samples.

The catalytic results obtained at 25°C for the co-condensed
samples are presented in Table 2 and Fig. 7. As observed for the
impregnated samples, the phenol conversion readily reaches 100%
for the three samples. TOC abatement values are shown to vary
from 30% to 45% with similar evolutions with reaction time. Again
an increase of the reaction temperature results in an increase of the
TOC abatement. For instance, TOC conversion level increases from
46% at 25 °C to 69% at 40 °C for SBA-REF sample (Table 2). Whatever
the reaction temperature, the catalytic activity order of the samples
synthesized by the co-condensation route is the following:

SBA-REF > SBA-coFe(NO3) > SBA-coFeCl

As suggested by the results obtained for the impregnated sam-
ples, the iron oxide dispersion should also induce variation of the
catalytic activity of the co-condensed samples. Indeed, the lowest
iron dispersion coupled to large external hematite aggregates was
reported for the SBA-coFeCl sample (Fig. 7B), resulting in the lowest
phenol catalytic activity. Compared with SBA-coFe(NO3) sample,
the reference SBA-REF catalyst exhibits dispersed small Fe, 03 par-
ticles, that logically lead to the highest activity in the catalytic wet
peroxide oxidation of phenol.

In conclusion, interesting activities for the phenol oxidation are
obtained over some of the Fe-based mesoporous silica materials.
The best performances are obtained for the sample prepared by
direct synthesis using iron nitrate, namely SBA-coFe(NO3), as well
as the SBA-REF sample prepared by co-condensation according to
the synthesis procedure described in Refs. [42-46]. This clearly
shows that iron species embedded in the porosity of silica (and/or
partially incorporated in the silica walls) can exhibit a high activ-
ity if their dispersion and accessibility are appropriate (i.e. well
dispersed nanometric Fe; 03 particles).
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For all the experiments, it should be noted that the hydrogen
peroxide solution was added continuously to the phenol solution in
the semi-batch slurry reactor. As already evidenced earlier [15,49],
semi-batch reaction conditions (continuous addition of the hydro-
gen peroxide while phenol and the catalyst are introduced only
at the beginning of the reaction) are preferable over batch condi-
tions. These semi-batch conditions allow improving the efficiency
of the oxidant use (selectivity in the use of H,0,) with respect to
the competitive pathway of decomposition to H,O and O,. The
enhancement of the hydrogen peroxide efficiency is particularly
evidenced when the reaction is performed under air flow bub-
bling directly through the reaction solution [49,50]. This synergetic
effect between the oxidant (H,0,) and the co-oxidant (dissolved
0,) along the reaction time appears as a pre-requisite for both the
phenol and TOC conversion rates. The oxygen dissolved in water
also participates in the reaction mechanism. These conditions allow
avoiding the use of higher reaction temperature which would imply
working at a pressure >P,y, (to take into account the water vapor
pressure in the reaction medium), thus increasing the treatment
cost.

In this study, we have checked that a fraction of the added
H,0, remains unconverted in solution after 4h of reaction
for the sample prepared by direct synthesis with iron nitrate
(SBA-coFe(NO3)). At the end of the reaction, the excess of
hydrogen peroxide with respect to the required amount needed
for a complete phenol oxidation (according to the reaction:
CgHsOH +14H,0, — 6CO, +17H,0) was only 1.14. Taking into
account the H,0,/phenol ratio used, one can deduced that the effi-
ciency in the use of H,0; is high. The phenol conversion into CO, is
then only limited by the formation of oxalic acid in solution (major
product found) whose degradation rate is low. Oxalic acid is indeed
well known to be one of the most difficult chemicals to convert by
CWPO.

3.6. Stability of the Fe catalysts during the Fenton reaction

Table 2 summarizes the leaching level of iron species (ppm) in
the reaction medium at the end of the catalytic test (after 4 h of reac-
tion), as well as the corresponding iron content (%) leached from
the catalyst. It was first checked that the silica pore structure was
not altered under the catalytic reaction conditions. The results pre-
sented in Table 2 indicate that all the catalysts exhibit excellent
stability towards iron leaching at 25°C. Indeed, very low leach-
ing level of iron species ranging from <0.1 ppm (SBA-coFe(NO3))
to 0.8 ppm (SBA-iFe(NO3) and SBA-acFe(NO3)) are observed, which
indicates that the active phase is stable in the reaction medium. The
most stable catalysts are the Fe/SBA-15 materials prepared by the
co-condensation route. For the reference SBA-REF material, only
0.4% of the initial sample iron content is dissolved at the end of
the catalytic reaction. This value is more than two times lower
than the one obtained for the most stable impregnated samples
SBA-iFe(NOs3) and SBA-acFe(NO3).

Increasing the reaction temperature to 40°C is shown to
increase the concentration of Fe leached after the catalytic reaction,
up to 8.2 ppm for the impregnated samples, which corresponds to
10-11% of Fe leached from the catalyst (Table 2). However, the sam-
ples prepared by co-condensation of iron nitrate or iron chloride
with TEOS at 130°C (SBA-coFe(NO3) and SBA-coFeCl) remain sta-
ble under the experimental conditions used (Fe leached from the
catalyst <1%). With the purpose to quantify the effect of dissolved
iron species in the reaction medium (homogeneous catalysis), the
catalytic activity is evaluated in a solution containing 2 ppm of Fe3*,
giving rise to a TOC conversion of 19% after 4 h of reaction at 25°C.
Consequently, the presence of soluble iron species into the reac-
tion medium at 40°C accounts also for a homogeneous catalytic
contribution, especially for the catalysts prepared by impregnation

of iron nitrate and self-combustion of the iron-glycinic complex.
The low stability of these catalysts in aqueous medium when the
reaction is performed at 40°C is caused by the presence, in acidic
solution, of intermediate reaction products leading to the com-
plexation of Fe(Ill) ions, thus forming soluble moeities. This effect
is highly pronounced for the impregnated SBA-iFe(NO3) and SBA-
acFe(NO3) samples and the co-condensed SBA-REF catalyst, which
exhibit dispersed and very small iron oxide particles, suggesting
an insufficient stabilization of the Fe,O3 nanoparticles (weakly
acidic oxide) inside the internal pore volume of the mesoporous
silica (also weakly acidic oxide). As already evidenced earlier for
Fe,03/SBA-15 samples prepared using the chelate route [51,52],
such weakly acid-acid interaction achieved between the active
phase and the support resulted in moderately stable catalysts in the
catalytic wet peroxide oxidation of phenol in ambient conditions.
Despite well dispersed (sub)nanometric Fe, O3 particles were gen-
erated inside the mesopores of SBA-15 silica substrate through their
incipient wetness impregnation with iron precursors of the chelate
type, they proved far less resistant to leaching compared with larger
Fe, 03 particles embedded in the mesoporous silica matrix and cou-
pled to dispersed iron species incorporated in the silica walls, as for
those samples prepared by direct synthesis ((SBA-coFe(NOs3) and
SBA-coFeCl).

To prove the efficiency of a Fe/SBA-15 catalyst showing high
activity and stability during the first experiment, a recycling study
was performed with the SBA-coFe(NO3) sample prepared through
the co-condensation route. At the end of the first test, the catalyst
was centrifuged and washed thoroughly several times, before being
reintroduced inside the reactor without having been calcined. The
catalytic reaction behavior (phenol conversion, TOC abatement and
Fe leaching values) was shown to be totally similar during the sec-
ond and third cycle of reaction, confirming the remarkable stability
of the sample prepared by direct synthesis using Fe(NOs3 )3 as iron
precursor. The concentration of leached iron species was as low
as 0.1 mgL-1 after the third cycle of reaction, confirming that the
Fe(III) active species were stabilized and strongly retained within
the mesoporous silica matrix.

4. Conclusion

A series of iron-based mesoporous silica materials were pre-
pared according to different impregnation and co-condensation
routes following literature as well as home-made syntheses pro-
cedures. The structural, textural and morphological characteristics
of the solids were determined before their catalytic properties in
the total phenol oxidation by H,0, were evaluated. Among the
two synthesis routes used in this study, the wet impregnation
procedure led to Fe/SBA-15 materials exhibiting a homogeneous
dispersion of very small iron oxide particles within the silica poros-
ity. While Fe,03 particles with size limited by the pore diameter
of the mesoporous silica (~8 nm) were obtained for the sample
prepared by the classical wet impregnation procedure, very small
iron oxide nanoparticles were generated within the silica meso-
porosity when a more sophisticated impregnation method was
used (namely self-combustion of iron-glycinic complex). The con-
trol of the size and dispersion of Fe, 03 particles was more difficult
to achieve by using the co-condensation routes. Depending on
the procedure used (iron precursor, synthesis temperature,...),
small Fe,0O3 particles as well as iron oxide clusters whose size
is varying from a few nanometers to several nanometers were
obtained.

The catalytic activity of the Fe/SBA-15 samples in the CWPO of
phenol was strongly influenced by the iron dispersion and acces-
sibility within or at the surface of the silica host support. The
impregnated solids exhibiting the highest iron oxide dispersion
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proved to be the most active catalysts, but the less stable ones in
aqueous solution due to iron leaching in the reaction medium. This
effect was particularly pronounced when increasing the reaction
temperature from 25 to 40 °C (percentage of iron leached from the
catalyst as high as 10%) and stemmed from an insufficient interac-
tion of the Fe, 03 nanoparticles with the weakly acidic mesoporous
silica internal pore volume. Therefore, without sufficient stabi-
lization of nanometric and very active Fe,03 particles within the
silica porosity, the most interesting results were obtained for the
catalysts synthesized following the co-condensation route. Larger
iron oxide clusters embedded in the mesoporous silica matrix and
coupled to dispersed iron species incorporated in the silica walls
proved more efficient as active sites in Fenton catalysis, especially
for along duration catalytic conversion of pollutants such as phenol
with hydrogen peroxide.
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