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ARTICLE INFO ABSTRACT

Keywords: The stability and photo Fenton activity of nanoarchitectured silicates modified with Fe by the wet impregnation
Iron speciation method were studied as a function of the used solvent, calcination temperature and iron loading. The physi-
Solvent cochemical properties were characterized by SAXS, XRD, N, physisorption, SEM, AA, UV-Vis DR, XPS and TPR.
Stability

All solids showed long-range structural order typical of SBA-15 with high specific surface, Py and a narrow
distribution of Pp. The proper choice of impregnation solvent allowed tuning the iron speciation in order to
obtain catalysts highly stable and efficient for their use in the azo dyes photo-Fenton degradation at pH = 3.5.
Calcination temperature does not seem influence on such speciation. Isolated iron cations finely dispersed and
strongly anchored on the mesoporous channels, whose formation is promoted by the use of ethanol and the low
iron loading, are proposed as active sites for the photo-Fenton process. Likewise, low iron loadings also favor the
higher accessibility of these sites to the reactant molecules (AO7 and H,05). Thus, the highest dye mineralization
degree was obtained by an actual iron loading of 1.31% wt. The heterogeneity of the process was confirmed. The

Photo-Fenton

more active solid also showed a high stability and reuse capacity, maintaining its performance.

1. Introduction

Nowadays, there is a great variety of organic compounds discharged
into watercourses, product of different industrial activities such as the
manufacture of leather, rubber and textile production. Among these
substances are the azo dyes, whose structures ha azo groups that can
react with other substances in the aqueous medium, leading to the
formation of even more toxic compounds. Due to their persistent and
refractory nature, these dyes are resistant to conventional treatments
[1,2]. In this sense, researches have been conducted in order to develop
new remediation technologies. Here, Advanced Oxidation Processes
(AOPs) emerge as promising strategies. The main goal for these tech-
nologies is to generate radical species with high oxidizing power, cap-
able of attacking the organic pollutants reaching their complete de-
gradation and mineralization [3]. Interesting results have been
obtained applying homogeneous photo-Fenton process which involves
the redox reaction between the Fe?*/ Fe** species and the H,0,, with
the subsequent formation of the highly reactive free radical species [4].
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Since, homogeneous Fenton processes have the drawback related to the
needed of subsequent stages of treatment for the separation of solubi-
lized iron from the liquid effluent, one of the alternatives on the rise
involves the anchoring of iron species on porous solids with high spe-
cific area [5,6]. This would imply the presence of numerous and
available active sites, and in turn, an easy recovery from the reaction
medium when the treatment is finished. Nevertheless, the conventional
Fenton processes are effective at low pH values (2.8-3) [7,8], which is a
negative condition for the stability of the anchored iron species. Thus,
when solids materials are used as catalysts for pollutants degradation in
aqueous solutions, the leaching of metal species from the solid phase
must be considered and tested. The importance of the solid stability
involves two important aspects: 1) the leaching of the metal provokes
the loss of the catalytic activity due to the decrease in the number of
active sites on the solid surface and 2) the leached metal could also be
active in homogeneous phase and therefore, this contribution to the
observed activity must be determined.

SBA-15 silicates with a long-range hexagonal array of defined size
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mesopores present high specific surface resulting very attractive for the
anchoring of active metal species [9]. Several methods for the mod-
ification of inert supports with iron species exist, which influence on the
developed metal species and their stabilization on the structure. In this
sense, the wet impregnation post synthesis method, is an effective way
for the modification of SBA-15 silicates with catalytically active metal
species and has been widely used to prepare supported catalysts. Al-
though the impregnation method is simple and fast, involves several
steps that influence notably on the obtained solids and their catalytic
activity. Some researchers found that active species formed on catalysts
synthetized by the Fe loading on different supports, varied with the
calcination temperature, influencing for example, on the selective re-
duction of NOx with ammonia [9,10]. It has been found that the cal-
cination temperatures affect on the activity of iron oxide phase doped
with Mn [11]. Thus, a calcination temperature of 350 °C results in the
major formation of y-Fe,O3 which is more efficient to the NO conver-
sion than the a-Fe,Os, which appears for calcination temperatures of
450 °C. In the case of metal species supported on mesoporous structures
should also be considered that high calcination temperatures can result
in the bulky aggregation of oxide species that could cause the collapse
of the pore structure.

On the other hand, the wet impregnation method involves the use of
a solvent for the metal precursor dispersion on the support structure. In
this sense, it has been reported that the solvent for the impregnation
could affect the interaction between the developed metal species and
the support [12-14]. Tao et al. [15] reported about the influence of the
solvent on the catalytic properties of Ni/SBA-15 for CO methanation
reaction. They found that ethanol promotes the dispersion of the active
Ni species, affecting notably their catalytic activity.

Although the mentioned works reported on the reactivity of cata-
lysts prepared using different calcination temperatures and solvents, we
have not found researches about the effect of these parameters on the
physicochemical and catalytic properties of iron modified SBA-15 for
photo-Fenton heterogeneous degradation processes.

Thus, the present work reports about the influence of impregnation
solvent and calcination process employed to prepare iron modified
nanoarchitectured silicates, on the solids structure and the dispersion
and anchoring of the iron species developed. Likewise, in order to re-
veal the use possibility of these solids as photo-Fenton catalysts, their
stability against metal species leaching under acid conditions of the
reaction medium was tested. After determining the optimum synthesis
conditions and reaction medium pH value that ensure this stability, the
effect of the Fe loading on the speciation and catalytic activity of the
SBA-15 solids was studied in the photo-Fenton degradation process of
Acid Orange 7, used as a model pollutant molecule.

2. Experimental
2.1. Synthesis

The bare mesoporous molecular sieve, SBA-15, was synthesized
according to the following procedure: Pluronic P123 used as the
structure-directing agent, were dissolved in a 2M HCI solution under
stirring at 40 °C. Then, tetraethoxysilane (TEOS), the silicon source, was
added dropwise to this solution and kept under stirring at 40 °C for 4 h.
Then, the mixture was aged without stirring at 40 °C for 20h and at
80 °C for 48h. After this treatment the solid product was recovered,
washed and dried at 60 °C. Finally, in order to remove the organic
template, the solid was submitted to calcination process heating at 1 °C/
min until 500 °C maintaining this temperature for 8 h.

The calcined SBA-15 host was modified with iron by the wet im-
pregnation method using solutions of the metal precursor, Fe
(NO3)3'9H,0, in a concentration corresponding to the different nominal
iron loadings. In a typical synthesis, the SBA-15 solid was dispersed in
the metal solution at room temperature and then, the solvent was
slowly removed by rotary evaporation at 50 °C for 30 min. The resulting
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powder was dried at 60 °C and then submitted to a calcination process.
In this point it is important to clarify that, previous to the analysis of the
influence of the iron loading, it was studied the influence of the solvent
nature used to prepare the metal precursor solution and the calcination
process applied. The nominal iron loading chosen for this study was
10 wt.%. The tested solvents were water or ethanol and the applied
calcination process was heating at 3 °C/min until 500 °C, maintaining
this temperature for 8h or heating at 3°C/min until 350 °C, main-
taining this temperature for 3h. The materials were named: Fe/SBA-
15(10)T,, where T indicates the calcination temperature and “x” in-
dicates the used solvent: water (H>O) or ethanol (ETOH). Between
parentheses figures the nominal metal loading of 10 wt.%.

Then, when the precursor solution solvent and the calcination
temperature were chosen, the influence of the metal loading was stu-
died. The tested iron loadings were: 1.0, 2.5, 5.0 and 10.0 wt.%. These
samples were named: Fe/SBA-15()T,, where “i” indicates the nominal
metal loading.

2.2. Characterization

Small Angle X-ray Scattering (SAXS) experiments were carried out
using XEUSS 1.0 equipment from XENOCS with a Ka-copper radiation
microsource (A = 1.54 10\). A Pilatus 100K detector was used with
521 mm sample detector distance. The acquisition time of each pattern
was 30 min. One dimensional curves were obtained by radial integra-
tion of the 2D isotropic pattern using Foxtrot software. Samples were
placed between two Kapton® windows in a holder suitable for powders.
The XRD (x-ray diffraction) patterns (at low and high angle) were re-
corded in a PANalytical X’Pert Pro diffractometer with Cu Ka radiation
(A =1.5418 A) in the range of 0.5-6° and 20-80°. SEM (Scanning
Electron Microscopy) images were obtained in a JEOL model JSM
6380LV. Gold coverage was applied to make samples conductive. The
acceleration voltage was 20kV. UV-Vis diffuse reflectance spectra
(UV-Vis DRs) were recorded using a Jasco 650 spectrometer with an
integrating sphere in the wavelength range of 200-900 nm. For the
analysis of the metal content influence, the original spectra obtained
were fitted by three Gaussian bands using the conventional least
squares method. Curve-fitting calculations were useful in determining
each band location and relative area, with confidence levels given by
R%=>0.99 and y*> < 0.001. The metal content was determined by
Atomic Absorption spectroscopy (AA) according to the SMEWW-APHA
3111-B in CEQUIMAP from Universidad Nacional de Cérdoba. The N,
adsorption/desorption isotherms were obtained using a Micromeritics
TriStar II 3020 V1.03 (V1.03). Samples were previously dried using a
N, flux for 3h at 350 °C. The specific surface was determined by the
Brunauer-Emmett-Teller (BET) method in the relative pressure (P/Pg)
range of 0.1-0.25. The pore diameter (Pp) was calculated by the Barret-
Joyner-Halenda (BJH) method applied in the adsorption branch of the
isotherm. XPS (X-ray photoelectron spectroscopy) analyzes were per-
formed on a computer equipped with a Multitechnique Specs Dual X-
ray source Mg/Al model XR50 and hemispherical analyzer 150
PHOIBOS Fixed transmission mode analyzer (FAT). Spectra were ob-
tained with a power passage of 30 eV and Al anode operated at 100 and
150 W when conditions in the main chamber were adequate. The
pressure during the measurement was less than 2.10 8 mbar. The re-
ducibility of catalyst was measured by Temperature Programmed
Reduction (TPR) experiments in the Micromeritic ChemiSorb 2720
Instruments. In these experiments, the samples were heated from 298 to
1073 K at a rate of 10 °Cmin ™" in the presence of 5% H,/N, gas mix-
ture (25 mL min ! STP), and the reduction reaction was monitored by
the H, consumption with a built-in thermal conductivity detector
(TCD).

2.3. Stability measurements

The stability of solids as a function of the pH (2.8, 3.5, 5.0) was
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tested in order to determine the feasibility of their use as heterogeneous
catalysts for degradation of organic pollutants in aqueous solutions by
photo-Fenton processes. In this way, the solids were submitted
to a process mimicking the catalytic run conditions, but in absence of
reactant: catalyst concentration = 1gL™!, peroxide concentration
= 75.8mg L%, tested pH = 2.8, 3.5 and 5.0 adjusted using H,SOy,,
contact time under stirring = 5, 90 and 300 min, temperature = 25 °C.
The two first pH values were chosen due to they are very close to the pH
value for the optimum condition of homogeneous Fenton processes
[16,17]. The tested pH of 5.0 is the natural pH of the Acid Orange 7
(AO7) azo dye solution, chosen as probe molecules for the catalysts
evaluation. The iron content leached from the solid to the reaction
medium was determined by applying the o-phenanthroline colorimetric
method (3500-Fe) by spectrophotometry at 510 nm [18]. The method
consists of the sensitivity of o-phenathroline to form a complex with the
Fe?* ions present in solution. Thus, the absorption of the solution
treated with this complex agent, at 510nm, is proportional to the
concentration of solubilized Fe®>* ions. For the quantification of the
total Fe content (Fe*?2 and Fe®"), the reaction medium was previously
treated with a reducing agent in order to convert leached Fe** to Fe?*
ions.

2.4. Catalytic experiments

The photo-Fenton experiments were performed with a photo-reactor
which consists of a borosilicate glass tube of 0.85L capacity with a
sintered glass piece placed at the bottom and four UV,-vis lamps
(Actinic BL 20 W, Philips) placed around the tube. These lamps emit a
continuum spectrum in the wavelength range between 350 and 400 nm
and two bands at 404 and 438 nm (above 380 nm correspond to the
visible region). To avoid the radiation scattering, an aluminum foil was
placed around the photo-reactor. For temperature control, a tube was
placed in the center of the reactor allowing the circulation of re-
frigeration water. A circulation pump and a thermostated water bath
(25 * 0.2°C) were used for this purpose. The suspension volume em-
ployed in all of the experiments was 0.5 L with an initial concentration
of the AO7 and the catalyst of 20mg L~ ' and 1 gL.™?, respectively. The
suspended catalyst in the aqueous system was oxygenated using an air
flow of 1Lmin~", which allowed reach a percentage of oxygen sa-
turation of around 90%. Prior to irradiation, the suspension pH was
adjusted to the tested value and stirred in the dark for 45 min in order
to reach the adsorption/desorption equilibrium. After the adsorption
period, the adequate amount of H,O, was added and an initial sample
was extracted to calculate the initial concentration of AO7 and H,0,.
Then, the reactor was irradiated in order to start the experimental run.
Samples were periodically collected and filtered. The [AO7] was
monitored by measuring the absorbance at A of 485nm using Jasco
7800 spectrophotometer. The [H,0,] was determined by applying the
modified iodometric titration [19]. The organic pollutant mineraliza-
tion was measured determining the changes of the Total Organic
Carbon (TOC) concentration using a TOC Analyzer Schimadzu 5050.

3. Results and discussion

Fig. 1 shows the X-ray scattering patterns (SAXS) for the bare SBA-
15 and those modified with an iron loading of 10 wt.%, employing
different solvents and calcination temperatures. SAXS curves indicate
the presence of long range positional order. The positions of the peaks
in the reciprocal space relative to the position of the first peak are 1: V3:
V4, characterizing a two-dimensional hexagonal network in the plane
normal to the cylindrical pores. The curves are shown in a semi-log
scale in order to clarify the second and third order. The lattice para-
meter ‘ape,’ was obtained from the distance between the reflections: d
(hK) = apex/(h® + k% + hk)’2 by a non-linear least square routine
using a summation of Lorentzian functions where the relative peaks
position were constrained by the 2D hexagonal network progression
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[20]. The lattice parameter for bare SBA-15 was 9.94 nm (Table 1).
There were a slightly shrink in the hexagonal structure when iron is
loaded within the material as it is shown in Table 1. The full width at
half maximum (FWHM) of Fe/SBA-15(10.0)500y4,0 and Fe/SBA-
15(10.0)350gton from the first diffraction order peak (1,0) decrease in
a factor of two from the Fe/SBA-15(10.0)350420, in consequence, these
samples presented longer range order. Moreover, it was possible to
assigned the (2,1) and (3,0) reflections which appear at a relation of V7
and V9 from the first peak, those peaks were negligible in Fe/SBA-
15(10.0)350420. Nevertheless, all of the solids showed good structural
order beyond the solvent used or the applied calcination process.

Fig. 2 shows the high angle XRD patterns of the samples. Here, it
could be corroborated the presence of hematite nanoparticles (a-Fe,03)
formed on the external surface of the materials synthetized using water
as solvent [21,22]. On the other hand, when ethanol is used as solvent,
the lack of peaks corresponding to the presence of hematite crystallites
indicates that, if this phase is present, it would be of a very small
crystallite size or it is an amorphous phase.

Fig. 3 shows N, adsorption-desorption isotherms of the samples
determined at 77K and Table 1 reports the corresponding specific
surface, pore volume (Py) and pore diameter (Pp). As it can be ob-
served, all these parameters display values typical of SBA-15 structures.
Considering the IUPAC classification, all solids exhibited type IV iso-
therms which are reversible until relative pressures (P/Py) around of
0.5/0.6 and show H1 hysteresis loops, typical for mesoporous materials
with SBA-15 structure. According to Barrera et al. [23] the adsorption
at low relative pressures is due to the filling of micropores or to the
strong interaction between adsorbate and adsorbent. At intermediate P/
P, values, the adsorption is due to mono- or multi-layer adsorption of
N, on the mesopore walls. Then, the capillary condensation on primary
mesopores starts at P/Pg higher than 0.7 where these mesopores start to
fill. For these samples, it is important to note that the observed pro-
nounced inflection at this P/P, evidences a well-defined primary me-
sopore size. Moreover, the close position in the capillary condensation
for all solids indicates the similarity in the primary mesopore diameters.
The hysteresis loops in the desorption branches show a sharp fall at P/
P, around 0.7 except for sample impregnated with an aqueous solution
and calcined at 500 °C. This last sample exhibits an extended hysteresis
loop that is closed at around 0.45. This fact can be due to a partial
blocking of the mesopores by the hematite particles already evidenced
by XRD. On the other hand, the vertical and parallel adsorption and
desorption branches in the hysteresis loops give account for the pre-
sence of cylindrical pores with uniform sizes in the SBA-15 support.
This feature is only slightly affected by the iron impregnation. Finally,
the presence of a plateau in the isotherms at P/P, higher than 0.8, could
be consequence of the decrease in the external surface arising from the
improved alignment of the pores. Then, the higher slope observed for
the Fe/SBA-15(10)350y420 would evidence the slightly lower structural
order showed by SAXS analysis (Fig. 1). Thus, considering the complete
analysis, it can be inferred the following facts: 1) the slight decrease in
the specific surface of the Fe/SBA-15(10)350,0 sample with respect to
the bare SBA-15, would be due to the lower structural order evidenced
by SAXS and by the increased slope of the isotherm at P/P, higher than
0.8; 2) the slight decrease in the surface for the Fe/SBA-15(10)500520
could be attributed to the partial blocking of mesopores (evidenced by
the extended hysteresis loop) probably due to the presence of hematite
nanoparticles (evidenced by XRD); 3) the slight decrease in the surface
and the lower Pp observed for the Fe/SBA-15(10)350gron probably
result from the presence of finely dispersed iron oxide species on the
internal pores surface.

The Scanning Electron Microscopy (SEM) images of the synthetized
solids are shown in Fig. 4. For the bare SBA-15, a morphology con-
sistent with elongated (fiberlike) particles could be observed, which is
frequently found in this type of structure [24]. This morphology was
retained when iron was incorporated using water as solvent. Never-
theless, when ethanol was used as solvent for the iron impregnation,
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Fig. 1. SAXS patterns of synthetized solids.

Table 1

Hexagonal 2D Lattice parameter ‘ane,’ and FWHM from the first diffraction order obtained from SAXS patterns and physicochemical properties of the materials

synthetized with different solvent and under different calcination process.

Sample Apex (NM) FWHM (nm 1) Sper (m?2g™ 1) Py (cm®/g) Pp? (nm) Fe” (wt.%)
SBA-15 9.94 0.080 839 1.11 7.03 -
Fe/SBA-15(10.0)500420 9.87 0.045 716 0.83 7.08 6.57
Fe/SBA-15(10.0)35020 9.92 0.092 675 0.85 7.13 6.35
Fe/SBA-15(10.0)350gt0u 9.75 0.047 708 0.81 6.34 6.66

2 Pp by BJH in the adsorption branch.
> Determined by AA.

spongelike morphology was observed. This fact gives evidence of the
solvent influence on the particles agglomeration.

The UV-Vis DR spectroscopy was used in order to study the loca-
lization and environmental coordination of Fe** ions present in the
SBA-15 structures, as a function of the synthesis conditions (Fig. 5). The
spectra are the result of the absorption in three different regions:
200-310, 310-450 and 450-650nm [25]. The first region with a
maximum at around 254 nm corresponds to the ds-px charge transfer
between Fe>* and O~ indicating that Fe atoms are linked to O atoms
of the silica resulting in the presence of isolated Fe*>* on the surface.
The second region is usually attributed to the presence of small iron
oxides such as nanoclusters (FeO)n. Meanwhile the absorption in the
third region that extends to wavelengths longer than 500 nm is assigned
to the presence of bigger iron oxide (probably a-Fe,O3 nanoparticles).
In Fig. 5 it could be observed the increased absorption for the second
and the third region when water was used as solvent in the support

impregnation. Moreover, comparing with the spectrum of the sample
prepared using ethanol (Fe/SBA-15(10)350ETOH), a shifting of the
maxima to longer wavelengths could be seen. This fact, taking in mind
that a quantum size effect arising from the species sizes decreasing
provokes the UV-Vis DR bands shift to shorter wavelengths [26], is
another evidence of the presence of metal oxide species of bigger size
when water is used as solvent. Moreover, it is notable that the calci-
nation temperature (350 or 500 °C) had not influence on the metal
species developed in the silicate structure.

Then, the combined analysis of N, physisorption and UV-Vis DR
spectroscopy allows suggesting that using ethanol as solvent favors the
formation of metal species on the internal walls of the mesopores,
which would cause the observed decrease in the Pp. Meanwhile, sam-
ples impregnated in presence of water also showed a decrease in the
surface and Py, but Py, value was similar to that of the SBA-15 support.
This fact could be associated with certain degree of segregation and
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Fig. 2. High angle x-ray patterns of the solids: a) SBA-15, b) Fe/SBA-15(10)
500420, ¢) Fe/SBA-15(10)350y20, d) Fe/SBA-15(10)350gr0n. Between par-
enthesis were identified the diffraction planes corresponding to the presence of

the Fe,O3; hematite phase, (330664, Joint Committee on Powder Diffraction
Standards).

Adsorbed Volume (cm3/g)

PP,

Fig. 3. N, adsorption-desorption isotherms of the solids: a) SBA-15, b) Fe/SBA-
15(10)500420, ¢) Fe/SBA-15(10)350420, d) Fe/SBA-15(10)350gr0m-

agglomeration of Fe species from the inner of the mesopores toward the
external surface, resulting in bigger metal species that could be
blocking some pore mouths and reducing surface and Py.

Therefore, a predominant influence of the used solvent on the iron
speciation was found, instead of the slight effect produced by the cal-
cination temperature. Thus, although lower calcination temperatures
were expected to produce more dispersed species [27], this was not
observed here. The Fe-modified samples using water as solvent lead to
more segregated iron species of bigger size, for both low and high
calcination temperatures. For its part, it has already been reported the
influence of the solvent polarity on the metal species dispersion [15].
Molecules of water with high polarity can form a layer onto the silicate
surface since they strongly interact with the silanol groups on the SBA-
15 surface by H-bonds. Instead, a solvent of less polarity as ethanol
forms weaker H-bonds with the silanol groups, allowing that water
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ligands of hydrated ferric precursor interact directly with the surface by
means of H-bonds. In this way the anchoring and the dispersion of iron
precursor on the support is promoted by the use of ethanol. This feature
could result in a higher stability of the iron species on the solid.

The solids presented in this work were synthesized for their appli-
cation as catalysts in organic pollutants degradation by the photo-
Fenton process. It is important to take into account that the optimal
conditions for this process in homogeneous phase include the use of
hydrogen peroxide as oxidant at low pH (around 2.8) [16,17]. There-
fore, the solids stability to the metal leaching as a function of the pH
(2.8, 3.5, 5.0) should be studied in order to determine the feasibility for
their used as photo-Fenton heterogeneous catalysts. Thus, the solids
were submitted to a treatment mimicking the catalytic run conditions,
but in absence of reactant: catalyst concentration = 1gL™!, H,0,
concentration = 75.8mgL~! and tested pH = 2.8, 3.5 and 5.0, ad-
justed using H>SO,4 solution contact time under stirring = 5, 90 and
300 min, temperature = 25 °C. The first tested pH value was chosen due
to it is the optimal pH for the homogeneous Fenton process. The second
value was chosen in order to test an intermediate pH value and the last
value of 5.0 is the natural pH of the Acid Orange 7 (AO7) azo dye
solution, chosen as a probe molecule for the catalyst evaluation. From
the characterization results presented until now, it was inferred that the
calcination temperature does not affect the metal speciation developed
on the solids. Therefore, stability was evaluated for those solids pre-
pared using ethanol or water as solvent for the iron-impregnation and
calcined at 350 °C. Figs. 6 presents the percentage of iron leached with
respect to the initial iron content in Fe/SBA-15(10)350y20 and Fe/SBA-
15(10)350gton as a function of the pH and stirring time. For all the
tested pH values, the higher stability is observed for the sample pre-
pared using ethanol. Here, the higher iron leaching was around 0.9%
for the longest stirring time and the lower pH. Meanwhile, the solid
prepared using water as solvent was more sensitive to the pH changes.
An increase in the acidity provoked a high iron leaching which, for a pH
of 2.8, was around 16%. At an intermediate pH of 3.5, iron started to
leach from the solid for a stirring time higher than 90 min.

The notable differences in the stability of solids prepared using
water or ethanol could be related with the different interaction of the
support with metal species as a consequence of their different size, lo-
cation and dispersion on the structure. Therefore, the higher stability
for Fe/SBA-15(10)350ron would be associated to the presence of fi-
nely dispersed iron oxide species strongly linked to the silica surface.
Meanwhile, for Fe/SBA-15(10)3500 the bigger iron oxides segregated
on the external surface result more accessible and sensitive to the
leaching.

In order to continue the study about the solid performance as photo-
Fenton catalysts, the influence of iron loading on the metal species
developed and their impact on the catalytic activity were tested. Here,
the employed solids were those synthetized under the optimized im-
pregnation conditions: use of ethanol as solvent and calcination at
350 °C for 3h.

Figs. 7 shows the XRD patterns at low and high angle for the sam-
ples modified with different iron loadings. For all samples the low angle
XRD patterns for all samples (Fig. 7A) show peaks corresponding to
planes (100), (110) and (200) characteristic of the p6mm hexagonal
arrangement of SBA-15 silicates, giving evidence of the long range
structural order of the solids. The high angle XRD patterns (Figs. 7B)
show no peaks, evidencing that the metal species developed on the
structure, for all the metal loadings, have a crystallite size below the
limit detection of the technique or are in an amorphous phase.

The corresponding N, adsorption/desorption isotherms are de-
picting in Fig. 8 and Table 2 reports the data obtained from this ana-
lysis. For all the metal loadings the isotherms are type IV with H1
hysteresis loops characteristic of SBA-15 solids. Pronounced slopes
corresponding to the capillary condensation on primary mesopores
evidence the narrow pore size distribution. The decrease in the surface
and Pv, as well as an increase in the pore wall thickness (W) with the
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Fig. 4. Scanning electron microscopy (SEM) images of samples: (a) SBA-15, (b) Fe/SBA-15(10)500g20, (c) Fe/SBA-15(10)350x20, (d) Fe/SBA-15(10)350gT0w-

Intensity (KM)

T T
200 300 400 500 600 700 800 900
Wavelength (nm)

Fig. 5. UV-Vis DR spectra of solids a) SBA-15, b) Fe/SBA-15(10)500y20, ¢) Fe/
SBA-15(10)350p20, d) Fe/SBA-15(10)350g 0.

Fe loading increasing give account for the incorporation of the metal
species inside mesoporous channels.

Fig. 9 shows SEM images for samples modified with several iron
loadings. A mix of fibers and spongelike morphology could be observed
for samples with the lower metal loadings. As the metal loading is in-
creased the spongelike morphology predominates, evidencing the effect
of the iron impregnation with ethanol on the particles agglomeration.

By means of UV-Vis DR spectroscopy the influence of the metal
loading on the metallic species developed on the silicate structure was
analyzed. The original spectra have been fitted with three bands to
facilitate the assignments of the different iron species (Fig. 10). The
overall metal content in the final solids as well as the relative dis-
tribution of the different iron species and an estimation of the iron
percentage in these species, are presented in Table 3. The three prin-
cipal species are the already described: isolated Fe** cations, smaller
iron oxides such as nanoclusters (FeO)n and bigger oxide as nano-
particles (not observed by XRD Fig. 7B). Although the amount of all
metal species (Fe wt.%) increases with the iron loading, for the lower
ones the proportion of isolated Fe®* ions linked to the surface is higher.
Then, even as the presence of nanoclusters is predominant for all the
samples, a higher relative percentage of bigger oxide is observed for the
iron loading (% area in Table 3). In this sense, the development of the
different species as a function of the metal loading could be considered
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Fig. 6. Percentage of Fe leaching as a function of pH and stirring time for solid synthetized with water or ethanol as solvent.
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Fig. 7. A) Low-angle XRD patterns and B) high-angle patterns of samples: a) SBA-15, b) Fe/SBA-15(1.0)350gton, ¢) Fe/SBA-15(2.5)350gT0n, d) Fe/SBA-15(5.0)
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Fig. 8. N, adsorption-desorption isotherms of the solids: a) SBA-15, b) Fe/SBA-
15(1.0) 350gtom, ¢) Fe/SBA-15(2.5) 350gron, d) Fe/SBA-15(5.0) 350gtom, €)
Fe/SBA-15(10.0) 350gton-

Table 2
Physicochemical properties of solids synthetized with different iron loadings.

Samples Area Pp? (nm) Py Wall Thickness (Wt)"
(cm?/g) (ecm®/g) (nm)

SBA-15 893 7.03 1.11 3.39

Fe/SBA-15(1.0)350gr0n 887 7.13 1.06 3.31

Fe/SBA-15(2.5)350gT0oH 863 6.45 1.00 3.77

Fe/SBA-15(5.0)350gT0H 778 6.45 0.99 3.80

Fe/SBA-15(10.0)350gr0n 708 6.34 0.81 4.04

2 Pp by BJH in the adsorption branch.
b Wt =ay — Dp.

as follows. For lower metal contents the isolated Fe** ions are linked to
the surface by the anchoring with the O of the structure. When the iron
loading increases, the number of isolated Fe** ions linked to the sur-
face also increases. These species become closer giving rise to an

incipient oligomerization which result in the formation of a major
proportion of small nanoclusters (FeO)n. Then, when the iron loading
further increases and it exceeds the saturation coverage of the support
surface, the nanoclusters grow resulting in the formation of bigger
species such as nanoparticles. This fact is notorious for the sample with
the highest metal loading where the relative percentage of iron oxide
nanoparticles increases at the expense of isolated species (% area in
Table 3).

XPS spectra were measured in order to obtain information about the
surface composition of the mesoporous support modified with different
metal loadings. The XPS spectra were analyzed with the CasaXPS (Casa
Software Ltd, UK) software [28]. The spectra were calibrated using the
Cls peak correction. The peak areas were determined using Shirley
background integration. The peaks were considered as a mixed of
Gaussian and Lorenztian functions. The spectra in the Fe 2p region were
fitted with several peaks assigned to the Fe®* chemical state (Fig. 11).
It is important to note the low intensity of the signal in the Fe region,
which could be due to the low metal concentration in the samples.
Then, the peaks in Fig. 11 are broader compared with the narrow lines
frequently observed for bulk oxides. This fact could be taken as evi-
dence of presence of the highly dispersed metal species on the structure.
According to literature, for the Fe,O3 standard sample, the binding
energy of Fe 2p3,, that emerges at around 710 eV, is usually accom-
panied by a satellite line which is located at around 8 eV higher than
the main Fe 2p3,, peak. This peak is usually narrower and stronger than
the Fe 2p; » peak which is frequently located at 13.5 eV higher [29-31].
Data obtained from the fitting in the iron region are reported in Table 4.
Here, it could be observed the presence of the Fe 2p;,, peak at around
710 eV, accompanied by a satellite line visible at around 715 eV, and
the binding energy of Fe 2p, ,» peak at around 724 eV which has a sa-
tellite line at around 728 eV. All these peaks are indicative of the Fe>*
presence in oxide environment [26]. Nevertheless, it is interesting to
note that the binding energies difference between the Fe 2p5,, peak and
its satellite is around 5 eV, notably lower than the expected of 8 eV. The
shift of the satellite line could be taken as evidence that the iron species
developed on the silicate surface does not correspond to bulk hematite
oxide. In fact, it has been reported by Grosvenor et al. [32] that the
difference in energy separation between the main peak Fe 2p3» and its
satellite decrease when the electronegativity of the ligands decreased.
Then, when the metal center is lower coordinated, the electron density
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Fig. 9. Scanning electron microscopy (SEM) images of samples: (a) Fe/SBA-15(1.0)350gron, (b) Fe/SBA-15(2.5)350gton, (¢) Fe/SBA-15(5.0)350gron, (d) Fe/SBA-

15(10.0)350gr0mH-

surrounding it increases and lower energy is needed for the 3d electron
promotion. In addition, these authors also report the presence of a
“surface peak” at the mentioned binding energy (715 eV) which is as-
signed to the presence of lower coordinated Fe** ions present in the
surface. Therefore, in concordance with the mentioned, the presence of
this peak in the XPS spectra of our samples can be related to the pre-
sence of isolated Fe** cations linked to surface O atoms on the matrix
or present in small clusters. Both species were already evidenced by
UV-Vis DR spectroscopy. In this sense, judging by the lack of an oxygen
signal attributed to iron oxides (such as Fe,03) in the spectrum of O 1s
(Fig. 12), it could be possible to infer the predominant presence of Fe>*
in oxide environment as oligonuclear (FeO)n nanoclusters with lower
oxygen coordination. Nevertheless, taking in mind the very low iron
content in all solids and the preponderance of oxygen from the silica
matrix, the presence of a very small amount of oxide nanoparticles
cannot be discarded (as it is evidenced by UV-Vis DR). Finally, all
materials showed very similar spectra in the Si 2p region (Fig. 12)
which corresponds to the silicates of the mesoporous structure.

On the other hand, Table 4 shows the surface Fe/Si atomic ratios
from XPS for all samples obtained from the original spectra fitted. It is
known that the Metal/Si ratio could be considered as an indicative of
the metal dispersion on the support [33]. Then, an increase in the
surface Fe/Si atomic ratios with the increased metal loading could be
observed. Nevertheless, for the higher iron loaded samples this surface
ratio was markedly lower than the bulk. This feature can be considered
as a further evidence of the iron species incorporation inside the me-
sopores which would be causing the increase in the Wt observed.

It is known that the reduction behavior of metal species deposited
on mesoporous supports depends on the interaction of these species
with the surface. This interaction is stronger for smaller sized species
resulting hardly reducible [34]. In order to analyze the reduction pro-
files of the synthesized materials it is important to take into account
that H, consumption associated with the reduction of metal species can
be visualized if: 1) the interaction strength of the metal species with the
support permits the reduction in the range of temperatures applied, and
2) the metal species are in sufficient quantity to Hy consumption is
detected.

The profiles for all samples show an H, consumption at low

temperature (around 370 °C) which decreases with the metal loading
decreasing (Fig. 13). This first reduction temperature can be assigned to
Fe* ions present in iron oxide species, which weakly interact with the
support surface and are partially reduced to Fe>*/2*. Although these
species are reduced at low temperature, it is interesting to note the
shifting of the maximum to higher values for the samples with lower
metal loadings, from 370 to 393 °C. This behavior would be evidencing
a more difficult reducibility of Fe>* ions, present in these oxide species,
stronger linked to the surface O atoms when the metal loading is lower.
On the other hand, besides that for the highest iron loaded sample the
H, consumption is markedly higher, the notorious shoulder arising at
445 °C can be assigned to the further reduction of Fe>*/2* to Fe*>*. This
gives account for the lower interaction of these oxides with the support,
as a consequence of their increased size from the higher iron content
[35]. Thus, the TPR profiles for all the materials evidence the increase
in the amount, and reducibility of iron oxides when the metal loading
increases. However, it is important to note that these oxides have not
the reduction behavior of the bulk hematite. This could be due to they
are smaller nanoparticles that stronger interact with the support hin-
dering their reducibility. In addition, these species could also be in an
amorphous phase, probably as (FeO)n clusters, which are lacking of a
defined crystalline structure. Lazar et al. already observed the men-
tioned species in mesoporous materials with MCM-41 structure [36].
For the two higher iron loaded samples a new H, consumption at
605 °C arises. This peak could be associated to the presence of isolated
Fe®* ions, whose reducibility depends on the number of Fe-O-Si bonds
in their first coordination sphere which influences on the species sta-
bilization. In this sense, the evolution of this isolated species can be
considered as follows. When the iron content is low the Fe** ions could
be linked to multiple O atoms of the surface stabilizing and resulting
resistant to the reduction. Thus, these ions result not reducible in the
evaluated temperature range for Fe/SBA-15(1.0) and Fe/SBA-15(2.5)
samples, due to their high stability. It could be inferred that the co-
ordination sphere of the Fe** ions is saturated and the linked ions on
the surface are protected by the silica framework hindering their re-
duction. For the higher iron loadings, the Fe—O—Si bonds start to be
closer giving rise to polymerization reactions and formation of a
Fe—O—Fe bond network [37,38], where the metal ions are less bonded
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Fig. 10. UV-Vis DR spectra of samples synthetized with different iron loading.

with the support. Therefore, the presence of H, consumption at high
temperature (605 °C) for samples with the highest iron loadings could
be associated to reduction of Fe>* ions with lower coordination degree
with the support, less stabilized and of easier reducibility.

It is important to highlight the notably higher H, consumption at
the complete range of temperatures for the samples presented here with
respect to those synthetized from silicates with MCM-41 structures
[26,34]. Although the iron species are strongly linked to the surface in
both silicate supports, the SBA-15 molecular sieves have pore diameters
of almost twice that those of MCM-41. This feature would allow the

Table 3

easier diffusion of the H, molecules reducing in a greater proportion the
metal species.

Fig. 14 and Table 5 show the results of the catalytic evaluation in
the azo dye (AO7) degradation at pH = 3.5 for all iron modified ma-
terials using ethanol as the impregnation solvent. It is important to
clarify that under this pH the solid modified with the highest iron
loading was stable to the metal leaching. For all of the tested catalysts,
complete AO7 and H,0, conversion were reached. However, the in-
fluence of the metal content on the mineralization degree was evident
(Table 5), increasing up to 80% when the nominal content increases

Chemical composition and relative distribution of iron species in samples synthetized with different metal loadings.

Sample Iron content (wt. %)" Distribution of iron species

Isolated Fe**

Smaller iron oxides (nanoclusters)

Bigger iron oxides (nanoparticles)

% area Fe wt. % % area Fe wt. % % area Fe wt. %
Fe/SBA-15(1.0)350gT0H 0.47 47 0.22 45 0.21 8 0.04
Fe/SBA-15(2.5)350gT0H 1.31 30 0.39 58 0.76 12 0.16
Fe/SBA-15(5.0)350gt0n 3.80 22 0.84 68 2.58 10 0.38
Fe/SBA-15(10.0)350g 101 6.66 16 1.07 63 4.20 21 1.40

2 Determined by AA.
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Fig. 11. Fe 2p core level photoelectron profile of Fe/SBA-15(x)350gron-

from 1.0 to 2.5wt.%. Instead a mineralization decrease of 10% was
observed for the higher loaded samples. These results evidence the
major photo-catalytic efficiency of iron species when they are finely
dispersed on the surface, present as isolated Fe** ions, which are
proposed as the active sites for the reaction. Meanwhile, when the
metal content is increased, the growth of oxide species (as nanoclusters
or nanoparticles) could be partially blocking the active sites decreasing
their accessibility and catalytic efficiency. In this sense, the bulk oxide
Fe,O5; hematite was tested as a benchmark catalyst maintaining con-
stant all the other reaction conditions. This test showed a marked de-
crease in the AO7 degradation (Xa0; = 65%) and practically no H,O,
conversion (Xgo0 = 5%) neither mineralization (~0%) were observed.
Then, the importance of the isolated Fe>* ions on the surface of a
mesoporous silicate of high specific area was verified.

For its part, in order to corroborate the influence of the light irra-
diation on the catalytic performance of the most active solid, the ex-
periment of AO7 degradation in the dark, but maintaining constant all
of the other variables was performed. It was observed that under these
conditions the Fe/SBA-15(2.5)350rron solid was active for the Fenton
process. In this case a high AO7 degradation (Xa07 = 90%) and a high
H,0, conversion (Xy20 = 75%) were observed, but with a marked de-
crease in the mineralization degree (~65%). It is important to note,
that, even if the final AO7 degradation was high, the reaction in dark
was notably slower than that assisted with UV,-Vis light (see Fig. 14
dot-line). Then, taking the mentioned results in mind, Fig. 15 shows the
radical species formation pathways proposed for the process in the dark
and assisted with UV4-Vis light. Thus, even if no radiation is present,
the finely dispersed Fe®* linked on the SBA-15 surface could react with

Table 4

XPS binding energy (BE) values and surface atomic iron concentrations for Fe/SBA-15(x)350ETOH samples.
Samples Fe 2p3,2 Satellite Fe 2p3,» Fe 2py,, Satellite Fe 2p; > at.% Fe (XPS) Surface Fe/Si Bulk Fe/Si

(eV) (eV) (eV) (eV) (XPS) (AA)

Fe/SBA-15(1.0)350gT0oH 711.19 719.14 724.69 732.64 0.28 0.009 0.008
Fe/SBA-15(2.5)350grT0H 710.31 714.90 723.81 728.50 0.36 0.011 0.022
Fe/SBA-15(5.0)350gt01 709.87 713.28 723.18 726.88 0.44 0.014 0.065
Fe/SBA-15(10.0)350g 10 709.86 714.54 723.36 728.14 0.74 0.022 0.117

“Determined by AA.
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Fig. 13. TPR profiles of Fe/SBA-15(x)350xron samples.

the oxidant molecules H,0,, giving rise to the next reactions:

Fe3* + H,0, — Fe?* + "(HOy) + H™ €))

Fe®™ + H,0, — Fe—OOH?" + H* 2

Then, the Fe** ions can react with the oxidant and regenerate the Fe>*,
according to:

Fe?* + H,0, — Fe** + "(OH) + (OH)~ 3)

In addition, under radiation the photo-Fenton process includes the
next reaction:

Fe®™ +H,0 + hv — Fe?* + "(HO) + H* @

Moreover the efficiency of process increases due to the photolysis of
hydroxocomplexes of Fe*>* which acts as an additional source of radi-
cals:

Fe—OOH2" + hv — Fe?* + "(HO,) (5)

All the mentioned reactions (Eq. 1-3) involve the formation of free
radicals responsible for the organic molecules degradation. Thus, the
proposed reactions evidence that high concentration of isolated Fe>™*
on the surface, promoted by metal nominal loadings of up to 2.5 wt.%,
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Fig. 14. Percentage of AO7 degradation versus time under UV,-Vis irradiation
(pH = 3.5, catalyst concentration = 1g/L) for the solids: a) Fe/SBA-15(1.0)
350gton, b) Fe/SBA-15(2.5)350 gron, ¢) Fe/SBA-15(5.0)350 gron, d) Fe/SBA-
15(10.0)350 gron and e) Fe/SBA-15(2.0)350xron (without irradiation).

plays a significant role in producing active radical species due to such
ions can decompose H,0O, molecules to form the already mentioned
radical species "OH and "(HO,). In addition, these isolated species could
also play an important role in adsorbing water molecules to form sur-
face hydroxyl groups, which also promote the "OH generation enhan-
cing the degradation process. Therefore, both features would be con-
tributing to the major mineralization observed for the Fe/SBA-15(2.5)
350gron solid. Moreover, the presence of radiation also enhances the
radical species formation, increasing the degradation rate (Fig. 14) and
whereas resulting in the higher mineralization degree. In this sense, the
degradation rate could be significantly increased using photons which
provide additional radicals (Egs. (4) and (5)).

For its part, it is known that photo-Fenton processes in homo-
geneous phase can benefit from a wider range of radiation spectrum, as
wavelength up to 580 nm were found active for the photoreduction of
dissolved ferric iron [39]. According to this, the tests carried out with
ferric or ferrous sulfate as homogeneous catalysts led to a complete AO7
degradation and mineralization. Then, considering that the band-gap
energy (Eg) is the energy required for the formation of electron-hole
(e—/h+) pairs on the semiconductor solid surface, the Eg for the sili-
cates synthesized with different iron loadings were measured using the
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Table 5

Catalytic activity of solids synthetized with different iron loadings in the photo-Fenton AO7 degradation.
Sample Xao7 (%) X202 (%) Xrtoc (%) Fe (mgL™")* Eg
Fe/SBA-15(1.0)350gT0on 94.3 93.2 53 0.3 2.42
Fe/SBA-15(2.5)350 gron 95.3 90.9 81 0.3 2.35
Fe/SBA-15(5.0)350 gron 98.8 91.8 75 0.3 2.26
Fe/SBA-15(10.0)350 gron 98.7 94.0 74 0.5 1.94

@ Iron leaching determined after each catalytic run.

method based on the Kubelka-Munk function fitted as a function of the
energy in eV (Table 5) [40]. The obtained low Eg values evidence the
ability for the Fe-modified SBA-15 silicates to absorb radiation of low
energy. This feature explains the high activity observed for these solids
and the high mineralization of AO7 solution reached when UV,-vis
radiation was used. Thus, the presence of the dispersed and linked Fe>™*
ions on the mesoporous silicate surface provokes an efficient use of
radiation and the process could be enhanced in the presence of light.
Therefore, the synthetized heterogeneous Fenton catalysts have similar
performance to that of homogeneous processes, but with an increased
stability which will impact positively decreasing the cost of the treat-
ment process.

On the other hand, although the stability of solids at pH = 3.5 was
already tested, it is important to take into account that Fe ions leached

even in low concentrations could be active leading to a homogeneous
photo-Fenton process contribution. In order to rule out this contribu-
tion, the Fe amount leached from solids into reaction medium was
determined at the end of each catalytic evaluation. In this sense, for all
the samples, not leached Fe?>* was measured in the reaction medium.
Nonetheless, Fe*>* ions can also initiate the homogeneous Fenton pro-
cess and therefore, the total iron concentration in the medium was also
measured. The results from these experiments are presented in Table 5.
The low values of leached Fe concentration allow inferring the negli-
gible contribution of the homogeneous process on the mineralization
observed for the tested catalysts. It is interesting to note that using the
Fe/SBA-15(1.0)350gr0on @ mineralization of 53% was reached and the
leached Fe concentration was 0.3 mgL ™. Instead, using the Fe/SBA-
15(2.5)350gron @ mineralization of 81% was observed with the same
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concentration of leached Fe. Anyway, in order to verify the importance
of the homogeneous reaction on the final degradation results obtained
using the Fe/SBA-15(x)350gron catalysts, a reaction was performed
employing an aqueous solution of Fe>* (0.3 mgL~') as homogeneous
catalyst. This test resulted in a 27% of AO7 degradation and no mi-
neralization. Taking into account that using Fe/SBA-15(2.5)350rton
the almost complete AO7 and H,0, conversion and very high miner-
alization degree could be reached, it is possible to claim that he
homogeneous catalytic reaction is not significant. Then, these results
give account for the major contribution of the heterogeneous process.
Nonetheless, in order to further evaluate the stability of this catalyst, it
was recovered from the reaction medium after its use, calcined at
350 °C and again evaluated. The same mineralization degree was ob-
tained when Fe/SBA-15(2.5)350x10 Was used after a second catalytic
run confirming its stability and reuse capacity. Therefore, it is possible
to affirm that the solids are actually acting as heterogeneous photo-
catalysts and can be reused for a t least two cycles. A nominal Fe
loading of 2.5 wt.% arises as optimal in order to reach a high proportion
of active Fe>™ sites finely dispersed and accessible on the surface.

4. Conclusions

Mesoporous molecular sieves with SBA-15 structure were modified
with iron by the wet impregnation method employing different sol-
vents, calcination temperatures and metal loadings. All solids presented
good structural ordering and high areas, P, and Py, It could be inferred
the presence of three different Fe species formed on the structure: iso-
lated Fe>* cations, iron oxides such as (FeO)n nanoclusters and bigger
oxides as nanoparticles. The use of ethanol as solvent favored the
presence of iron species finely dispersed and highly stabilized mainly on
the internal walls of the mesopores. In fact, such solids resulted highly
stable to the metal leaching in presence of H,O, aqueous solution at
pH = 3.5 for long times of contact. This behavior was attributed to the
lower polarity of ethanol that allows the better dispersion of the metal
precursor during the impregnation, giving rise to the formation of the
isolated iron species strongly anchored on the surface. The calcination
temperature did not influence notably on the iron speciation. The lower
iron loadings also led to higher relative percentage of isolated Fe*>* ions
strongly linked to the surface and of hardly reducibility. Meanwhile, a
higher proportion of bigger iron oxides was observed for the higher
loadings.

The catalyst prepared with a nominal Fe loading of 2.5 wt.%, using
ethanol as impregnation solvent and calcination at 350 °C, allowed to
reach the highest mineralization (81%) of AO7 during the photo-Fenton
process under UV-vis at pH = 3.5. This fact gives account of the effi-
ciency of iron species when they are finely dispersed and accessible on
the surface, mainly as isolated Fe>* ions. The heterogeneity of the
catalytic process could be confirmed. The catalyst was highly stable and
could be reused remaining its high performance.
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