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species, stabilizing them.

The influence of the environmental humidity on the Cr species deposited on inorganic supports like
MCM-41 silicates was analyzed by UV-vis Diffuse Reflectance (UV-vis RD), Electronic Spin Resonance
(ESR) and X-ray near-edge (XANES) spectroscopy. Metal speciation could be inferred, finding that
prolonged exposure periods under environmental humidity provoked the reduction of the active Cré+
species and thus, the decrease of the Cr/MCM-41 photoactivity. After the Ti loading over the Cr modified
samples, Cr species and the photoactivity were not notably influenced by the humidity exposure. Thus, it
could be concluded that the presence of Ti is important because the TiO, cover protects the oxidized Cr

© 2014 Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

1. Introduction

M41S family of mesoporous silicates and their transition metal
derivatives, have been extensively studied in order to enhance
their properties as environmental compatible catalysts [1-6].
In fact, the synthesis of mesoporous silicates with MCM-41
structure modified with transition metals has opened new possi-
bilities in the catalysis area. In this sense, the molecular structure
of metal oxides deposited on inorganic supports is of fundamental
importance to understanding the behavior of these resulting
composites as heterogeneous catalysts. Particularly, interesting
results have been reached in photochemical processes, among
which the photocatalytic degradation of organic compounds can
be found [7-9]. Several metals were used in order to modify MCM-
41 molecular sieves and give to them photocatalytic properties.
In this regard, Cr showed a good performance in organic com-
pounds degradation under visible radiation [9-12]. Nevertheless, Cr as
a transitional metal of the 3d series presents a notable variability in
their oxidation states, coordination number and molecular structure
[13]. Thus, investigate the Cr species on inorganic oxide surfaces is of
fundamental importance to understanding the behavior of Cr in
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Cr-based heterogeneous catalysts. The impregnation of a support with
a Cr source (salt of Cr), followed by drying and calcination procedures,
usually do not result in the thermodynamically more favored reaction
that is the chromia (a-Cr;0s) formation [14]. This phenomenon is
generally explained by the stabilization of Cr®* species onto the
support. However, the molecular structure of Cr species anchored on
the surface, is strongly dependent on the environmental conditions.
Thus, the presence of humidity in the environment where the catalyst
is stored could have a notable influence on the Cr speciation and
therefore, on the catalytic activity of the synthesized materials. In this
sense, this work reports a study about the influence of the humidity
on Cr speciation in MCM-41 materials and on their photoactivity in
the azo-dyes degradation. This analysis has been performed by means
of the combination of two spectroscopic techniques. Moreover, the
effect of the loading of a second metal (Ti) on the stabilization of the
active Cr species has been evaluated.

2. Experimental
2.1. Synthesis
The bare MCM-41 silicate was synthesized according to a

previous report [15]. These silicates were modified with Cr by
the wet impregnation method in order to reach metal loadings of
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3.5, 5.0 and 10.0 wt%, according to the previous report [10]. These
solids were calcined at 500 °C for 9 h. The Cr modified MCM-41
were also modified with Ti using a solution of Ti n-butoxide in
isopropanol and then calcined at 500 °C [10]. The nomenclature
used was: TiO,/Cr/MCM-41(x), where (x) is the theoretical Cr
loading and TiO, indicates the Ti loading. These samples were
referred as calcined samples. In order to investigate the effect of
relative humidity (RH) on the photocatalytic activity of the solids,
the calcined samples modified only with Cr and those modified
with Cr and Ti, were then exposed for different periods to the
atmospheric RH. According to the record of the meteorological
station 873440 (SACO) from Argentina corresponding to the
months from March to June of 2012, in which the experiments
were made, the average values of RH were in the range between
69.5 and 52.2%. These samples were referred as hydrated samples.
Then the samples were calcined again at 500 °C for 9h, and
referred as re-calcined samples.

2.2. Characterization

The Ti and Cr content in the final solids were determined by X-ray
fluorescence (XRF) using an Innov-X System model ALPHA-4000. UV-
vis RD spectra were measured in the wavelength range of 200-
900 nm using a Jasco 650 spectrometer. The ESR spectra of the
samples were recorder with a Bruker ESP 300 spectrometer operating
at 9.5 GHz. The spectroscopic analyses were performed for the
samples: calcined, hydrated (after the exposure to the environmental
conditions) and re-calcined (after a new calcination of the hydrated
samples at 500 °C for 9 h).

The Cr K XANES spectra were recorded at the XAFS2 beamline
of the Laboratorio Nacional de Luz Sincrotron (LNLS, Campinas,
Brazil) [16], running in storage ring mode at 1.37 GeV and with an
average current of 250 mA. The synchrotron radiation beam was
monochromatized by a double crystal Si(1 1 1) monochromator,
with an energy resolution of 1.9 eV at the Cr K-edge. The photon
flux was about 10'° photons/s for a beam size of about 450 x
250 pm?.

The samples were prepared as a pellet and fixed between two
self-adhesive Kapton tapes, after ex situ heating treatment in air at
500 °C in a tubular furnace for 9 h. The spectra were recorded
in transmission mode with ionization chambers filled with
N,/Ar, mixture under appropriate pressure for optimal absorption.
Between the second and the third ionization chamber was placed
a Cr metallic foil for energy calibration purposes.

The data processing was performed by standard procedures
using the Athena software [17].

2.3. Photocatalytic evaluation

The degradation experiments of the azo-dye Acid Orange 7
(AO7) in aqueous solution were performed using the photoreactor
and the experimental conditions already described in our previous
reports [10,11]. The AO7 concentration was monitored at 485 nm
using a Jasco 7800 spectrometer. The degradation percentage was
calculated as X=(Co—C)/Co, where Cy is the concentration after to
reach the adsorption/desorption equilibrium in the dark.

3. Results and discussion

The already reported XRD patterns of the calcined samples are
typical of the MCM-41 structure with the presence of the hexagonal
ordered unidirectional channels [11]. The XRD patterns of the
hydrated and re-calcined solids are similar to the already reported.
Table 1 shows the chemical composition and the structural properties
of the synthesized catalysts as it was reported in [11].

Table 1

Chemical composition and structural properties of the synthesized catalysts.
Catalyst Ti® cr? Dp® Vp© Area’

(wt%)  (wt¥)  (nm)  (cm’fg)  (m?[g)

Cr/MCM-41(3.5) - 2.05 2.52 1.353 1071
Cr/MCM-41(5) - 2.90 2.63 1.451 1045
Cr/MCM-41(10) 6.51 2.54 1.624 1006
TiO,/Cr/MCM-41(3.5) 2217 1.34 233 1.868 741
Ti0,/Cr/MCM-41(5) 21.42 1.82 232 1.589 791
TiO,/Cr/MCM-41(10) 25.52 3.455 2.46 1.637 706

¢ Measured by XRF.

b pore diameter calculated by the BJH method.
¢ Pore volume.

d Surface area (BET).

A useful and very sensitive technique for the study of the different
metallic species formed in the mesoporous structures is the ESR
spectroscopy. Fig. 1 shows the spectra corresponding to the calcined,
hydrated and re-calcined samples. Several signals with different
characteristics can be identified in the spectra, as it was already
reported in [18-21]. A narrow resonance, identified as y, centered at a
resonance field H,~3410 Oe and with peak to peak linewidth of
AH~20 Oe, is observed in all the spectra corresponding to the
calcined and re-calcined samples. This signal is assigned to isolated
Cr°*(3d") ions dispersed in the matrix [2223]. In addition, an
inhomogeneously broadened signal, identified as /3, with AH~800-
1000 Oe and located at H,~ 3400 Oe is also observed. This absorption
is assigned to dispersed Cr,Os; clusters. Finally, it is observed a
narrower and an almost symmetric signal centered at H,~ 3400 Oe
with AH~ 300 Oe, identified as x by Puurunen et al. [24]. This signal
is usually assigned to the presence of Cr>* dispersed in the sieve
or to amorphous Cr,03 clusters. After the exposure of the calcined
Cr/MCM-41(x) samples at environmental conditions notable changes
in the spectra can be observed: the line assigned to Cr°* (y)
diminishes in intensity, while the resonance of dispersed Cr>* ions
(x) markedly increases. Then, after the re-calcination treatment
the resonance of the oxidized Cr>* species again increases and
the signal corresponding to the dispersed Cr®* ions diminishes.
These results suggest that the exposure to the environmental
humidity favors the reduction of the metallic species [25]. The
changes are more noticeable when the Cr content of the samples
increases; this behavior implies that the samples with high
Cr content are more sensitive to the environmental humidity
presence. Meanwhile, the solids modified with Ti show practi-
cally the same ESR spectra for the calcined, hydrated and re-
calcined samples. This would be indicating that the TiO, is
protecting the oxidized Cr species. Nonetheless, the behavior of
the TiO,/Cr/MCM-41(5) sample was slightly different. As it was
already reported [18], this Cr content allows the appearance of
a & signal, assigned to the presence of surface isolated Cr*>* ions
stabilized after Ti loading [24-26]. In this case, although these Cr
species are protected by the titania cover, they are in the surface
and, after applying the re-calcination process, can migrate and
sinter, resulting in the appearance of the f signal corresponding
to Cr,05 clusters.

Then, UV-vis RD spectroscopy was employed in order to
analyze the coordination environmental of the metallic species
present in the MCM-41 structure (Fig. 2). It could be observed that
the Cr/MCM-41(x) solids show absorption at 200-400 nm assigned
to the charge transfer of 0>~ -Cr®* in monochromates (CrO4)~.
Then, the absorption in the 400-550 nm range corresponds to
Cr®* in di/polychromates, although an absorption at 450 nm could
also be assigned to octahedral Cr>* species present in small
clusters [11,19,20]. Meanwhile, the absorption at wavelengths
higher than 550 nm is assigned to Cr** in «-Cr,05 nanoparticles
[10,19,20,27-30]. For the TiO,/Cr/MCM-41(x) samples, the
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Fig. 1. ESR spectra of the calcined (black lines), hydrated (blue lines) and re-calcined (red lines) samples. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

absorption in the UV region can be awarded to the presence of
titania (TiO,), while the ability to absorb visible radiation is related
to the Cr presence [9,12,31,32]. After the Ti loading, the samples
with lower Cr content, show absorption in the 650-850 nm region
which would be related to a synergistic effect between Cr and Ti.
It has been already reported the importance of this heterojunction
for the photocatalytic activity in these solids [9,11,32]. On the
other hand, the differences in the ability for absorb radiation
between the hydrated and re-calcined samples can also
be observed in Fig. 2. From these spectra, it is possible to infer
that the re-calcination of the hydrated samples leads to the
restitution of the absorption around 350 nm (associated to oxi-
dized Cr species (Cr®*), observed for the calcined samples

[11,19,20,33]. On the other hand, the increase in the absorption
above 550 nm, very notable for the sample with the highest Cr
loading (Cr/MCM-41(10)), could be associated to the higher
amount of a-Cr,03 nanoparticles, as consequence of a sintering
effect by the re-calcination process. Meanwhile, Fig. 2B shows that
the spectra of the samples modified with Ti are not affected by the
environmental humidity exposure, being practically equivalent to
those obtained after applying the re-calcination process.

XANES spectra are frequently used as a “fingerprinting” to
recognize, for instance, in a straightforward way a tetrahedral
coordination from an octahedral one [34] and changes in the
average oxidation states [35,36]. An important XANES feature for
all 3d transition elements is the pre-edge peaks structure [37].
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Fig. 2. UV-vis RD spectra of the hydrated (solid line) and the re-calcined (dash lines) samples.

The pre-edge peak intensity for absorbing atoms (probes) with
T, symmetry is larger than those for O, symmetry [38], and the
intense pre-edge peak for tetrahedral species of 3d transition
metals is due to the p component at the final state of the transition
with d-p hybridized orbital [38]. Additionally, for the Cr environ-
ment, is well known that tetrahedral coordination geometry only
exists in Cr with the oxidation states 4+, 5+ and 6+, whereas
under octahedral coordination only occurs with oxidation states
3+ and 4+ [39].

Cr K XANES spectra of reference compounds of metallic Cr,
K>Cr;0; and Cr03 are reported in Fig. 3. In the corresponding
in-set, the normalized the pre-edge peaks region for K,Cr,0; and
for Cr,03 are observed. As metallic compound, Cr has a numeral
formal oxidation state “0”, in cubic coordination geometry and Cr
has tetrahedral coordination polyhedron in K,Cr,0, (Cr®*) and
octahedral coordination in Cr,05 (Cr>*). [40]. In the corresponding
XANES spectra for these reference compounds, the differences in
the intensity of the pre-edge peak is clearly observed. It is well
known that the pre-edge peaks intensity decreases when increas-
ing coordination numbers and the features of the pre-edge peak
are strongly influenced by the symmetry of the coordination
sphere [41].

Cr K XANES spectra of the synthetized Cr/MCM-41 samples are
reported in Fig. 4. Considering the particular and clearly distin-
guishable features for Cr XANES spectra for Cr at 3+ or 6+, it is
possible a rapid and qualitative evaluation of the Cr average
oxidation state in each sample. Indeed, the characteristic feature
of Cr®* is a very high pre-peak intensity (at 5993 eV), being, in
addition, clearly different at the white-line region (between 6000
and 6020 eV) from the corresponding spectrum for Cr>* species,
which not present pre-peak feature at all. The different content of
Cr3+ and Cr®* at the samples with different Cr concentration can
be determined by the analysis of the weighted overlapping of the
reference signals assigned to Cr in 3+ and 6+ pure oxidation
states. Thus, the XANES signal corresponding to Cr®* appears
more intense for the sample with the lower Cr content, in which it
is expected a higher amount of Cr ions in the higher oxidation
state, according to the observed by UV-vis RD and ESR. Mean-
while, as the Cr loading is increased, the signal of Cr®* decreases
and that corresponding to Cr>* increases becoming more defined
their characteristics peaks. The enlarged presence of Cr*>* in the

Normalized absorption (arb. units)

‘ ‘ ‘ 10.00
5985 5990 5995 6000
T T T T
5975 6000 6025 6050 6075
Energy (eV)

Fig. 3. The normalized Cr K XANES spectra for reference compounds: Cr metallic
(gray solid line), K>Cr,0; (black solid line) and Cr,05; (dash-dot). In the in-set:
normalized pre-edge peaks for K,Cr,0; and for Cr,0s.

samples with higher Cr contents is consistent with the determina-
tion of the other techniques (UV-vis RD and ESR) which also
showed the increment of Cr;0s. The corresponding linear fit of the
XANES spectra by superimposition of reference spectra (Cr®+* and
Cr3*) is showed in Fig. 4 and the fitted values are reported in
Table 2. Finally, by means of ESR, UV-vis RD and XANES the
chemical state of Cr®*, Cr°* and Cr>* ions present in the catalysts
could be identify.

In our previous report it was corroborated that the oxidized Cr
species are the photoactive ones for the azo-dye degradation [11].
Here, the effect of the hydration on the catalysts activity could be
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Fig. 4. The normalized Cr K XANES spectra for calcined Cr/MCM-41 samples. The dot is experimental spectra, the black solid line is the best linear combination fit using Cr K
XANES of reference compounds (Cr>* and Cr®*) and the gray solid line is the difference between experimental and fitting spectra (error).

Table 2

Chromium Cr®>* content (%) present in each sample
obtained by Cr K XANES linear combination fitting
of reference compounds (Cr**+ and Cr®+).

Catalyst 3t (%)?
Cr/MCM-41(3.5) 22.0+06
Cr/MCM-41(5) 245401
Cr/MCM-41(10) 362+0.7

3 The Cr®* is obtained as 100—[Cr*?].

explained from the spectroscopic analysis. In this sense, it can be
observed in Table 3 that the activity of the Cr/MCM-41(10) sample
is strongly dependent on the environmental humidity exposure.
Thus, after calcination, this catalyst leads to 80% of AO7 degrada-
tion which is notably reduced to 27% after 18 days of humidity
exposure. Then, this catalyst recovers its activity after the re-
calcination process giving account for the recovering of the active
oxidized Cr species. The effect of the hydration is notably minor for
the catalysts with lower Cr content, probably because the oxidized
Cr species, in lower amount, are more dispersed and less exposed.
When the catalysts were also modified with Ti, the influence of the
humidity on the solids activity was practically negligible. In this
sense, after 3 days of exposure to environmental conditions, the
catalyst without Ti loading (Cr/MCM-41(10)) shows an activity
reduction of around 50%, while the activity of the Ti loaded
catalyst (TiO,/Cr/MCM-41(10)) remain practically unchanged.

The results of the spectroscopic characterization and the
photocatalytic tests for our Cr modified MCM-41 catalysts could
be explained taking account that after the impregnation of the
molecular sieve with an aqueous solution of Cr, the Cr>* ions are
present as hexaaquo complexes. The location and nature of these
complexes after impregnation is not known, but appreciable
quantities of Cr may be inside the channels on the surface of the
pore walls. Upon calcination, the water molecules are removed
and Cr>* ions are mainly oxidized. The formed dehydrated species
can be anchored by an esterification reaction with the hydroxyl
groups of the MCM-41 resulting in the formation of the surface Cr

Table 3
Catalytic activity of the solids exposed to the environmental humidity for different
periods.

Catalyst X (%) Exposure period (days)
Cr/MCM-41(3.5) 67.36 0
Cr/MCM-41(3.5) 63.25 3
Cr/MCM-41(3.5) 56.56 8
Cr/MCM-41(5) 69.29 0
Cr/MCM-41(5) 58.50 3
Cr/MCM-41(5) 45.70 8
Cr/MCM-41(10) 80.95 0
Cr/MCM-41(10) 61.05 3
Cr/MCM-41(10) 43.00 8
Cr/MCM-41(10) 27.00 18
TiO2/Cr/MCM-41(3.5) 78.76 0
TiO,/Cr/MCM-41(3.5) 76.86 3
TiO,/Cr/MCM-41(3.5) 79.50 8
TiO,/Cr/MCM-41(5) 66.52 0
TiO,/Cr/MCM-41(5) 63.89 3
TiO,/Cr/MCM-41(5) 57.77 8
TiO,/Cr/MCM-41(10) 79.37 0
TiO,/Cr/MCM-41(10) 74.80 3
TiO,/Cr/MCM-41(10) 68.00 8

species such as chromate or di/polychromate (Cr®*), chromyl
cations (Cr’*), and some Cr,05 clusters (Cr>*).

On the other hand, under hydration conditions [13,42], the
surface of inorganic supports is covered by a thin water film and
the hydroxyl population on this surface is subject to pH-
dependent equilibria reactions, which are detailed below:

Si-OH « —»Si—0~ +H,"

Hf « -H*

where Hs- and H™' represent the surface and solution proton,
respectively. It is important to note that the isoelectric point (IEP)
(pH at which the surface of the support has a net zero charge) is
dependent on the support type and that at lower IEP the
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equilibrium of the reactions is driven to right. Therefore, MCM-41
silicates (which IEP reported in literature is between 3 and 4.6
[13,43]), present a higher H* concentration near the surface. Then,
for samples modified with Cr by impregnation, the decrease in the
surface pH by the hydration favors the polymerization of the
oxidized Cr species. At the same time, under these acidic condi-
tions, the highly polymerized Cr®+ species tend to be reduced and
the following reaction is involved:

Cr,02~ +14H* +6e~ « —2Cr3* +7H,0 Eg=1.33 eV

where Cr3* ions would be present, mainly, as octahedral hexaa-
quo ions Cr(H,0)2* highly dispersed in the sieve.

All the mentioned is in agreement with the observed by us
through the spectroscopic analysis. From these observations it is
possible to infer the cause of the low activity observed for the
hydrated catalysts. Thus, the hydrated surface of the solids
exposed to the environmental humidity leads to the presence of
the k signal in the ESR spectra, typical of hydrated Cr** com-
plexes. After the re-calcination process, this signal disappears and
a signal corresponding to oxidized Cr species emerges (y). At the
same time, an increase in the absorption corresponding to the
monochromates (Cr*) is observed in the UV-vis RD spectra, after
re-calcination of the hydrated samples. Thus, the environmental
humidity would provoke the reduction of the oxidized Cr species
(present after the impregnation and calcination process) to Cr>+
species inactive for the photocatalytic degradation of organic
compounds [11]. Therefore, it could be corroborated that the
notably major activity observed in the catalysts after the first
calcination and re-calcination processes is attributed to the incre-
mented presence of active oxidized Cr species. On the other hand,
the photoactivity corresponding to the catalysts also modified
with Ti was not affected by the environmental humidity. These
results are in agreement with the spectroscopic analysis that
showed that the metallic speciation was not changed by exposure
to the environmental conditions when Ti is present in the
catalysts. These observations evidence the shielding effect of
the TiO, cover on the oxidized Cr species, protecting them from
the water presence. Finally, it could be concluded that the Ti is
important to increase the photoactivity through a synergistic
effect (mainly for samples with lower Cr loadings [11]) and to
stabilize the oxidized active Cr species (mainly for samples with
higher Cr loadings).

4. Conclusions

By a combined spectroscopic analysis, it could be evidenced the
presence of oxidized Cr species (Cr®* and Cr°*) in the calcined
and re-calcined samples and of reduced Cr species in the hydrated
samples. On the other hand, a longer exposure to the environ-
mental humidity led to a major decrease in the activity, mainly for
the higher Cr loaded samples. These results would be associated to
the reduction of the active Cr species under hydration. Thus, the
hydroxyl groups in the support surface are subject to several
reactions that tend to the formation of hydrated Cr>* complexes,
from the chromates present in the surface. Moreover, under
hydration conditions, the Ti loading avoids the decrease in activity
of the catalysts modified with Cr. This evidences the importance of
this second metal to protect the photoactive Cr species from the
water presence and their consequent reduction.
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