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a  b  s  t  r  a  c  t

Cr/SiO2 mesoporous  materials  (Cr-MCM-41)  were  obtained  by  hydrothermal  synthesis.  The  effect  of
hydrothermal  treatment  and  calcination  temperature  on  the structure  and  catalytic  behavior  of  syn-
thesized  materials  were  analyzed.  The  materials  were  characterized  by XRD,  N2 adsorption–desorption,
TEM-SEM,  TG-DTA,  FTIR-HATR,  DRUV–vis  and XPS.  The  hydrothermal  treatment  promoted  the  incor-
poration  of Cr3+ into  the  silica network,  improving  their  resistance  to oxidation.  The  calcination  in air
produces  the  simultaneous  presence  of Cr3+ and  Cr6+ ions,  and their  relative  amounts  depend  both  on
the  hydrothermal  pretreatment  and  the  calcination  temperatures.  The  Cr3+ ions  constituted  coordinative
unsaturated  acid  centers  responsible  of the cyclohexanol  to cyclohexene  dehydration  reaction.  More-
PS
yclohexanol
yclohexene
yclohexanone

over, the  Cr6+ ions  correspond  to  either  isolated  monochromate  species  linked  to the  silica  structure  or
to  polychromate  aggregates,  which  produce  crystalline  �-Cr2O3 clusters  after  calcination  in  air  to  450 ◦C.
The monochromate  centers  were  active  for the  dehydrogenation  reaction.  So,  although  dehydration  was
the main  reaction,  the dehydrogenation  reaction  to cyclohexanone  also  was  observed  after  calcination
in  air  to  450 ◦C.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Molecular sieves family, M41S, developed by “Mobil” in 1992,
ttracted considerable attention due to its high specific surface
rea, ordered porous structure, and narrow porous size distribu-
ion [1–4]. However, this material presents low stability at pH
alues (pH > 9), which limited its application in basics aqueous sys-
ems. Due to this disadvantage, numerous efforts were made to
mprove its stability by changing the synthesis procedure or by
ost-synthesis steps modifications. One of the procedures that give
etter results was the restructuring hydrothermal treatment pro-

osed by Mokaya et al. [5].

The transition metals incorporation into these molecular sieves
as deeply studied for their use as heterogeneous catalysts in

∗ Corresponding author. Tel.: +54 387 4251006; fax: +54 387 4251006.
E-mail addresses: pcuesta@unsa.edu.ar (P.M. Cuesta Zapata),

azzarro@unsl.edu.ar (M.S. Nazzarro), gonzo@unsa.edu.ar (E.E. Gonzo),
parentis@unsa.edu.ar (M.L. Parentis), bonini@exa.unsa.edu.ar (N.A. Bonini).

ttp://dx.doi.org/10.1016/j.cattod.2015.04.038
920-5861/© 2015 Elsevier B.V. All rights reserved.
selective oxidation reactions on various substrates. Chromium is
particularly attractive owing to its redox properties and it has a
wide application to different oxidation catalytic reactions [6–13].
The strong chromium attachment, to the support preserving the
mesoporous structure, is the biggest goal to achieve active catalysts
for environmentally friendly oxidation reactions both in liquid and
gas phase.

The chromium species dispersion and their redox properties
are also crucial factors to obtain highly active catalysts. For this
reason the oxidation state and coordination, either as supported
chromium oxide or as isolated chromium ion attached to the
mesoporous material’s surface, has been deeply studied in the bib-
liography by diverse techniques [14–18]. In this regard, over the
Cr/SiO2 “Phillips” catalyst, responsible for more than one third of all
the polyethylene (PE) produced in the world, highly extended char-
acterization studies were carried out [18–20]. These studies have

proved the presence of chromium in diverse oxidation states (Cr2+,
Cr3+, Cr5+, Cr6+) and also the existence of monomeric, dimeric or
polymeric oxidized species; the last ones leading to the formation
of amorphous or crystalline aggregates. These studies correlated
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he catalytic behavior with the coordination and the oxidation state
f the supported chromium species.

Usually, “direct synthesis” methods such as sol–gel,
recipitation-deposition and carbonate deposition by one side, or
he incipient wetness impregnation by the other, were the most
sed techniques for the deposition of metallic ions in the matrix
f these porous materials and/or for the formation of polymeric
uperficial oxidized species, respectively. Meanwhile, ion exchange
r gas phase deposition methods allow obtaining monodisperse
onic surface species in different coordination states.

The Crn+ incorporation into the structure of the mesoporous
olecular sieves with high specific surface area (SBET) is a good

trategy to improve the catalytic properties of these materials by
eveloping high dispersion and/or reaching appropriated coordi-
ation states of the metallic ion interacting with the support. The
onditions during the hydrothermal synthesis, when templates are
ixed with Cr3+ salt solutions, make possible to generate Cr/SiO2
aterials in which the mesoporous MCM-41 structure prevails
ith a good catalytic performance.

In a previous work [21], using cetyltrimethylammonium bro-
ide (CTAB) as template and after hydrothermal treatments to

ifferent temperatures, Cr-MCM-41 catalysts were obtained with
iverse Si/Cr molecular ratio. The hydrothermal treatment up to
50 ◦C incorporates Crn+ species to the silica structure, preserving
he MCM-41 mesoporous structure.

In this work, Cr/SiO2 (MCM-41) catalysts were synthesized
nder different hydrothermal conditions. They were obtained
hrough the incorporation of the metallic precursor “in situ”, before
he hydrolysis and condensation of the silica precursor (TEOS) in the
resence of CTAB as template. After the hydrothermal treatment,
he materials were heated to 500 ◦C in N2 and calcined in air to
00 ◦C to eliminate the template. The influence of the hydrotreating
emperature over the mesoporous structure and the Cr oxidation
tate was systematically analyzed, and correlated with the catalytic
ctivity in the cyclohexanol reactions. The variation of these prop-
rties with the calcination temperature in air between 300 and
50 ◦C was also analyzed.

. Experimental

.1. Sample preparation

.1.1. Reactants
Tetraethylorthosilicate (TEOS) (Merck >98%) as silica source;

etyltrimethylammonium bromide (CTAB) (Fluka) as surfactant;
r(NO3)3·9H2O (Anedra > 98%) as chromium source; tetramethy-

ammonium hydroxide (TMAOH) (Merck – 20% aqueous solution),
thanol (EtOH) (Merck – 99.9%), and distilled water, were used for
he samples synthesis.

.1.2. Procedure
About 15 g of CTAB dissolved in 137 mL  of water was  added to a

ixture of 38 mL  of TEOS, 137 mL  of distilled water, and 180 mL  of
tOH under vigorous stirring for 30 min  at room temperature (RT).
hen, 4.1 g of Cr(NO3)3·9H2O dissolved in 100 mL  of a H2O:EtOH
1/1) solution was slowly added to the previous mixture, which was
tirred for 90 min. The obtained solution was heated up to 50 ◦C
nd 20 mL  of TMAOH 25% was added. The molar composition of
he final mixture was 1.0 TEOS:0.24 CTAB:105 H2O:25 EtOH:0.25
MAOH:0.06 Cr. The mixture was allowed to gel during 24 h. Por-
ions of the gel were placed in a Teflon vessel and hydrothermally

reated at temperatures between 150 and 220 ◦C. The obtained solid
as filtered and washed with water and EtOH/acetone (1:1) mix-

ure to remove the free chromium. The solid sample obtained was
ried at 110 ◦C, calcined in a nitrogen flow at 550 ◦C for 19 h and
is Today 259 (2015) 39–49

finally treated in air flow at 300 ◦C for 3 h to remove the surfac-
tant. The elimination of the surfactant in the sample was monitored
by FTIR spectroscopy. The materials were assigned as 5MExxx

yyy

where xxx is the hydrotreatment temperature and yyy the calcina-
tion temperature in air. The non-hydrotreated sample was denoted
as 5MEnHT.

2.2. Sample characterization

2.2.1. Textural characterization
Adsorption–desorption isotherms were carried out in a

Micromeritics ASAP-2020 sorptometer, employing N2 as adsor-
bate. Specific surface area (SBET) was  determined using the standard
BET method. The pore size distributions were calculated from the
adsorption–desorption isotherms data, using the BJH method.

2.2.2. X-ray diffraction (DRX)
Crystallographic studies and the mesoporous array of the sam-

ples were carried out in a RIGAKU-DENKI D-Max IIC powder
diffractometer with a 40 V Cu-K� emission source.

2.2.3. Transmission electron microscopy (TEM)
TEM images were obtained on a JEOL 100CX instrument at an

acceleration voltage of 100 kV.

2.2.4. Scanning electron microscopy (SEM)
SEM images were obtained on a JEOL JSM – 6480 LV instrument

operating at 15 kV. The samples were previously covered with a
thin graphite film.

2.2.5. Thermo-gravimetric (TG) and differential thermal analysis
(DTA)

The analysis was carried out in air, in a RIGAKU unit, at a heating
rate of 10 ◦C/min, from room temperature to 1000 ◦C. The amount
of sample used was  15 mg.

2.2.6. Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra were recorded on a Spectrum GX-FTIR Perkin

Elmer spectrophotometer. Transmission spectra were obtained
from the samples diluted with KBr and pressed at 2 Tn/cm2. The
spectra were normalized with respect to the height of the band in
the 1150–1000 cm−1 spectral region.

2.2.7. Horizontal attenuated total reflection (HATR)
HATR-FTIR spectra were recorded on a Spectrum GX-FTIR Perkin

Elmer spectrophotometer fitted with a ZnSe horizontal ATR cell,
after 10 scans at 4 cm−1 resolution.

2.2.8. UV–vis diffuse reflectance spectroscopy (DRUV–vis)
These analyses were carried out in GBC-918 spectrophotometer

fitted with a diffuse reflectance sphere, employing BaSO4 as ref-
erence. In the 190–900 nm range, spectra were determined from
previously ground samples.

2.2.9. X-ray photoelectron spectroscopy (XPS)
The study was  performed in situ using a VG Microtech ESCA

spectrometer with a non-monochromatic Al K� radiation (300 W,
15 kV, h� = 1486.6 eV) as the excitation source combined with a VG-
100-AX hemispherical analyzer operating at 25 eV pass energy. The
instrumental resolution was 0.1 eV. The Si2p peak at 103.4 eV was

taken as reference for the binding energy (BE) calibration. Samples
were outgassed, at room temperature in the preparation cham-
ber (10−6 Torr) until constant pressure was  achieved, and then
introduced to the analysis chamber (10−9 Torr) for recording.
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Fig. 1. N2 adsorption–desorption isotherms (77 K).
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Fig. 2. Mean por

.2.10. Atomic absorption spectroscopy (AAS)
The sample chromium loading was determined by Atomic

bsorption Spectroscopy (AAS), with a GBC 904 AA Spectrometer,
fter dissolving the samples with HF.

.3. Catalytic activity

The catalytic activity for the cyclohexanol (CyOH) reaction was
arried out at atmospheric pressure in a Pyrex tubular gas flow reac-
or (internal diameter = 5 mm).  The amount of catalyst varied from
0 to 100 mg  (80–100 mesh). N2 and N2/O2 mixtures were used as
he carrier gas at a flow rate of 180 mL/min. The CyOH was  vapor-
zed into the carrier gas to obtain a partial pressure of 0.012 atm.
he effluent gas composition was determined by a Shimatzu GC-
B gas chromatograph, fitted with a thermal conductivity detector,
ver a Carbowax 20M/Chromosorb PAW column.

. Results and discussion

.1. N2 adsorption–desorption isotherms (77 K)

Fig. 1 shows the N2 adsorption–desorption isotherms of the syn-
hesized samples. The sample without hydrothermal treatment,
MEnHT

300, and the one treated at 150 ◦C, 5ME150
300, show type

V isotherms, characteristic of mesoporous solids according to the
UPAC classification [22]. Besides, the 5ME150

300 sample presents a
ype H4 hysteresis loop characteristic of solids with interparticles
ores [22]. On the other hand, the sample hydrothermally treated
t 220 ◦C, 5ME220

300, developed a Type II isotherm, characteristic

f open surface solids, with a Type H3 hysteresis loop, inherent to
olids formed by particle aggregation [22].

Table 1 summarizes the textural properties, such as SBET, pore
olume (VSTP) and average pore diameter (Dp), of the 5ME  materials
 distribution Dp.

obtained after different hydrotreatments. This table shows that the
SBET decreases from 1344 m2 g−1 to 776 m2 g−1 as the temperature
of the hydrothermal treatment increases from RT to 150 ◦C. The
abrupt SBET decrease observed in the 5ME220

300 sample reflects the
collapse of the ordered mesoporous structure as will be established
below.

It can be observed in Fig. 1 that for P/P0 < 0.1, a strong increase
of the adsorbed volume (VSTP) is produced as a consequence of
the N2 monolayer-multilayer adsorption on the mesopores wall. At
higher values of P/P0, the isotherms show an inflection resembling
capillary condensation inside the primary uniform mesopores. This
inflection point, moves to higher P/P0 values as the hydrothermal
treatment temperature increases. This shift is a consequence of the
pores diameter increase (Dpores) (Fig. 2) [4,5,23].

The material without hydrotreatment shows a unimodal dis-
tribution centered at Dp = 2.3 nm. This unimodal distribution is
conserved by the material treated at 150 ◦C, but centered at
Dp = 2.9 nm.  Meanwhile, the material submitted to hydrothermal
treatment at 220 ◦C, presents a wide pore size distribution (maxi-
mum at 3.2 nm)  characteristic of a SiO2 amorphous material; with
a negligible contribution of ordered mesopores as a consequence
of the collapse of the structure.

Moreover, the chromium loading (Table 1), in all mate-
rials, was  lower than the theoretical amount added because
the non-anchored chromium was released by washing before
drying (see experimental section). Accordingly, the amount of
chromium was 30% lesser into the 5MEnHT material and 20%
lower in the hydrotreated samples. This difference is attributed
to the lower amount of water and superficial hydroxyl groups
present on the hydrotreated materials (Table 2) as result of

the SBET decrease. Though, it must be also consider that, under
hydrothermal condition, a certain solubility of the Si-oligomers
may  occur, leading to a consequent increase in the final chromium
amount.



42 P.M. Cuesta Zapata et al. / Catalysis Today 259 (2015) 39–49

Table 1
Textural properties of prepared materials.

Sample d1 0 0 (nm) SBET (m2 g−1) VSTP (cm3 g−1) Dp (nm) a0 (nm) t (nm) %Cr (w/w)

5MEnHT
300 3.8 1344 0.779 2.3 4.3 2.0 3.5

5ME150
300 4.3 776 0.796 2.9 5.0 2.1 4.0

5ME220
300 – 237 0.579 3.2 – – 4.0

Table 2
Experimental data obtained from TG-DTA thermograms of 5ME materials.

Sample % total loss of weight % loss of weight
(RT–150 ◦C)

% loss of weight
(150–450 ◦C)

% loss of weight
(450–750 ◦C)

% loss of weight
(750–1000 ◦C)

T1

5MEnHT
300 26.5 20.5 2.5 

5ME150
300 18.0 9.5 4.0

5ME220
300 10.5 5.0 3.0

Fig. 3. XRD patterns of samples obtained by different hydrothermal treatments.
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.2. X-ray diffraction studies

Fig. 3 shows the XRD patterns, at low diffraction angles, of the
ynthesized materials at different hydrothermal treatment temper-
tures.

In the sample without hydrothermal treatment, 5MEnHT, diffrac-
ion lines are observed at 2.35, 4.13 and 4.74, units of 2�. These
ignals correspond to the h k l diffraction planes (1 0 0), (1 1 0) and
2 0 0), respectively, of a MCM-41 material, with a hexagonal well-
rdered structure [2,3].

The diffractogram of the 5ME150 sample shows the disappear-
nce of the signal corresponding to the (2 0 0) diffraction plane
nd an intensity decrease and broadening of the other signals,
ith displacements to lower 2� values. These modifications in the
iffractogram reflect a diminution in the order of the mesoporous

tructure and a change in the a0 cell parameter, as a consequence
f the increase of Dp. Both structural parameters relate to the wall
hickness between pores through the expression:

0 = Dp + t
2.5 1.0 306
3.5 1.0 313
2.0 0.5 325

where the cell parameter a0 can be determined from the difrac-
togram (a0 = 2d1 0 0/

√
3) and Dp is the mean pore diameter

calculated by BJH [1,5].
The structural parameters presented in Table 1 show that the

hydrothermal treatment up to 150 ◦C increases the values of the
cell parameter a0, Dp and t respect to those observed in 5MEnHT

300.
Moreover, the samples treated at 220 ◦C, 5ME220, do not present
signals at low values of 2�, revealing the collapse of the ordered
mesoporous structure. This behavior is coincident with the low
values show of SBET (Table 1), the widening of the pore size dis-
tribution (Fig. 2c) and the development of an adsorption isotherm
typical from open structure solids (Fig. 1c).

Table 1 also shows the chromium loading in the different syn-
thesized materials. It can be observed a difference between the
theoretical chromium content, originally added to the gel (see Sec-
tion 2.1.2 experimental section), and that experimentally found.

Around 80% of the added chromium was  incorporated into the
support during the hydrotreatment, while the remaining 20% was
eliminated in the different washing steps. A similar behavior was
previously observed in amorphous materials of Cr/SiO2 prepared
by hydrotreating [24]. Moreover, the increment of the amount of
metal incorporated in the samples, when the hydrothermal treat-
ment temperature increases, is attributed to a reduction of the
water content as a consequence of the specific surface area decrease
confirmed by TG-DTA (see below). Furthermore, diffractograms of
the samples, in the 10–80 2� units range, showed only the typi-
cal behavior of amorphous siliceous materials demonstrating the
absence of crystalline oxide species.

3.2.1. Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM)

Fig. 4 shows electron micrographs obtained by TEM and SEM
of the 5ME  materials. The TEM micrographs, both in the sample
without hydrothermal treatment, 5MEnHT

300 (Fig. 4a) as the sam-
ple treated at 150 ◦C, 5ME150

300 (Fig. 4b), show the existence of
a hexagonal uniform mesopores arrangement. Conversely, in the
5ME220

300 sample it is not observed a regular pattern system;
which coincides with that found by N2 adsorption and DRX, pre-
viously discussed. None of the samples show aggregates of surface
chromium oxides.

The scanning electron micrograph (SEM) of the 5MEnHT
300

sample (Fig. 4a), shows spherical particles with a size distribu-
tion between 100 and 500 nm,  with a high proportion in the
100–250 nm range. In agreement with that reported by Leboda
et al. [25], the hydrothermal treatment at 150 ◦C (Fig. 4b) produces

the aggregation of the small diameter particles giving bigger
spherical aggregates; remaining only a low amount of small iso-
lated particles. The agglomeration between small particles to form
aggregates justifies the Type IV hysteresis loop observed in the
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M an

a
r

a

Fig. 4. TEM and SEM micrographs of samples calcined at 300 ◦C. (a) TE
dsorption–desorption isotherms (Fig. 1b), characteristic of mate-
ials with inter-particles pores.

Finally, the hydrotreatment at 220 ◦C (Fig. 4c), produces
n increase in the particle aggregation and a deformation
d SEM 5MEnHT
300, (b) TEM and SEM 5ME150

300 and (c) SEM5ME220
300.
of the spherical ones, giving a spongy appearance mate-
rial [25]. This justifies the Type III hysteresis loop
observed in the adsorption–desorption isotherms shown in
Fig. 1c.
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Fig. 5. FTIR spectra of 5ME, structural modification in

.2.2. FTIR and HATR-FTIR study
Fig. 5 shows the transmission FTIR spectra, in the

350–500 cm−1 spectral region, of materials obtained by dif-
erent hydrothermal treatments and calcined in air between 300
nd 450 ◦C. In this FTIR spectral region, the amorphous silica
pectrum shows the presence of three characteristic absorption
ands: (a) a wide and high intensity band at 1100 cm−1, with a
houlder around 1200 cm−1, assigned to the asymmetrical stretch-
ng (�as) of the Si O Si bonds; (b) a less intense band at 800 cm−1

orresponding to the symmetric stretching (�s) of the Si O Si
onds, and (c) a low intensity one, arising from the stretching of
he Si OH bonds [26].

The replacement by metallic ions of the hydrogen atoms of
uperficial Si OH groups causes a diminution of the intensity of
he third band and their shift to lower frequencies. The magni-
ude of the shift depends on the chemical characteristics of the

etal used. In the case of Cr3+ ion, a band assigned to Si OCr bond
tretching was observed at 970 cm−1 [6,24]. So, the decrease in
he intensity of this band as the temperature of the hydrothermal
reatment increases, is related both to the drop of the SBET and the
ncorporation of the Cr+3 ions into the silica structure.

In materials calcined in air, bands at 903 and 956 cm−1 are
bserved. These bands, assigned to the �s and �as vibrations of the

 Cr O bonds, respectively, are characteristic both of oxidized
solated Cr6+ species and polychromate compounds [6,27]. Their
ntensity increases as the calcination in air temperature goes from
00 to 450 ◦C for a given hydro treatment temperature. However, as
he temperature of hydrotreatment increases, the intensity of these
ands increases more slowly. Accordingly, in the 5ME220 (Fig. 5c)
aterials the intensity of the 903 and 956 cm−1 bands are low,

ven after calcination on air at 450 ◦C. However, they are already
bserved in the 5MEnHT

300 spectrum (Fig. 5a). This material with-
ut hydrothermal treatment (Fig. 5a), calcined in air at 450 ◦C is
he only one who, besides the previous bands indicated, presents a
ouple of very weak bands at 564 and 619 cm−1. These new bands
re characteristic of the �s and �as vibrations of the O Cr O bonds
f �-Cr2O3 formed from polychromate clusters [28]. This behavior
eflects an increase in the support metal interaction and a high oxi-

ation resistance of the isolated Cr3+ incorporated into the silica
tructure as a consequence of the hydrotreatment.

The amorphous silica structure can be described by the pres-
nce of different oligomeric species Qn, where n (0 ≤ n ≤ 4),
tion of hydrotreatment and calcination temperature.

represents the number of next-nearest neighboring Si atoms.
Among these oligomers is possible to differentiate those who  form
the internal polymer structure (Qnint) and those finishing the three-
dimensional net (Qnext). The existence and the amount of each type
of oligomers can be determinates by 29Si NMR  or FTIR spectroscopy.
Zholobenko et al. [29], demonstrated that the Q3int oligomers (�as

1040–1060 cm−1) are the most abundant in the MCM-41 wet
materials, and that its amount decreases as result of further con-
densation forming Q4int oligomer units (�as 1100–1120 cm−1), after
the material is dried or calcined. The Q4ext and Q3ext oligomer units
present adsorption bands at 1220 and 1180 cm−1, due to the �as

of the bonds in the (SiO)3SiOH and (SiO4) tetrahedral, respectively.
The bandwidth (HWTM) corresponding to �as (Si O Si), located
at 1100 cm−1 approximately, reflects the Si O Si bonds hetero-
geneity. The hydrothermal treatment produces a band shift from
1088 cm−1 (5MEnHT

300) to 1105 cm−1 (5ME220
300), and a lower

HWTM in agreement with previously pointed out. Furthermore,
it can be observed, at 1220 cm−1, a band shoulder decrease due to
the partial disappearance of Q4ext units (1220 cm−1) and to the Q3ext
formation. It can be concluded that the increase of hydrothermal
treatment temperature leads to amorphous SiO2 materials forma-
tion with a much more uniform structure. On the other hand, from
the spectra in Fig. 5, it can be observed that the hydrothermal treat-
ment has a higher influence than the calcinations treatment, on the
silica structure.

3.3. Horizontal attenuated total reflection (HATR)

To understand the structural changes observed in the obtained
materials after different hydrothermal treatment, FTIR spectro-
scopic analysis was  made using the HATR technique. Since in the
HATR technique the light penetrates only a few micrometers in the
sample, optically dense samples such as aqueous solutions can be
very well studied. However, the spectra reflect mainly the compo-
sition of the solution, but not the dispersed solid [30].

Fig. 6a illustrates the spectra corresponding to aqueous dis-
persions of the gel materials (5ME) submitted to different
hydrothermal treatments after water washes to eliminate the sur-

factant residues remaining in solution. In all the spectra is observed
two signals at 1045 and 1086 cm−1, corresponding to the pres-
ence of the same oligomer soluble precursor, independently of the
thermal treatment to which the mixture was  submitted.



P.M. Cuesta Zapata et al. / Catalysis Today 259 (2015) 39–49 45

 synth

c
s
s
w
t
h

o
m
o
b
t
Q
s
i
m
Q
d
t
(
a

t
“
o

3

a
(

a
i
a
l
t
t
U
1
t
7
b

Fig. 6. HATR spectra of 5ME  catalysts (a) in gel forms as

Fig. 6b shows the HATR spectra of samples dried at 110 ◦C. It
an be observed that the hydrothermal treatment effect on the
ilica structure is not the same for the different materials. The
amples without hydrotreatment present two adsorption bands
ith maximum at 1048 and 1210 cm−1. As the temperature of

he hydrothermal treatment increases, a shift of the first signal to
igher frequencies and of the second to lower frequencies occurs.

This shift is related to the formation of Q4int instead of Q3int
ligomer species, whose signal disappears as the samples are sub-
itted to more severe hydrothermal treatments. From the profile

f the spectra in the region between 1250 and 1150 cm−1 is possi-
le to have an approximation of the concentration ratio between
he different oligomers in the external gel structure; since the
3ext oligomers present a band at 1180 cm−1, while Q4ext oligomers
pecies present a band at 1220 cm−1 [29]. Looking at the spectra,
t can be concluded that the sample without hydrothermal treat-

ent shows a higher concentration of Q4extern species respect to the
nextern (n < 4); which is deduced from the intensity of the shoul-
er at 1220 cm−1. As consequence of the hydrothermal treatment,
here is an increase of the external oligomer species of low order
n < 4), mainly of the type Q3ext, which leads to a band intensity loss
t 1220 cm−1.

Therefore, it can be concluded that by effect of the hydrothermal
reatment there is an increase in the “internal” Q4int respect to the
external” Q4ext oligomer species, which agrees with the results
btained by transmission FTIR (Fig. 5).

.3.1. Thermal analysis TG-DTA
The results obtained by TG-DTA of the samples calcined in

ir at 300 ◦C and submitted to different hydrothermal treatments
5MEnHT

300, 5ME150
300 and 5ME220

300), are shown in Fig. 7.
Between approximately 20 and 150 ◦C, an endothermic band

ccompanied by an important loss of weight attributed to the elim-
nation of physically adsorbed and occluded water, is observed in
ll the samples. At temperatures higher than 150 ◦C, a continuous
oss of weight is produced as a consequence of different dehydra-
ion processes [31,32]. Table 2 shows the total weight loss (%) and
he loss of weight corresponding to different temperature ranges.
p to 150 ◦C the physisorbed water is totally lost, while between

50 and 450 ◦C the loss of weight is due to the water elimina-
ion by condensation of vicinal silanol groups. Between 450 and
50 ◦C is produced the geminal silanols condensation and finally,
etween 750 and 1000 ◦C, occurs the elimination of remaining
esized at different hydrotreatments, (b) in air at 110 ◦C.

isolated silanols groups and the silica sintering. The total weight
loss and the endothermic band intensity until 190 ◦C are directly
related to the change in the SBET and the surface hydroxylation
degree.

In the sample without hydrothermal treatment (5MEnHT
300), as

well as on samples treated hydrothermally at 150 ◦C, the area of
the endothermic peak and the total weight loss are proportional
to its SBET (Table 1). Above 150 ◦C, the hydrotreatment increases
the density of Q3ext oligomers promoting a relatively higher loss of
water by condensation of silanol groups.

All the 5ME  materials developed, besides the endothermic band
from the progressive water elimination, an exothermic peak in the
range between 300 and 325 ◦C. With the hydrotreating temperature
increase, the maximum of this peak (Fig. 7 and Table 2) shifts to
higher values while increases their area. This peak is assigned to the
oxidation of Cr3+ to Cr6+, attached to the surface by SiO-Cr bonds.
These chromium species remain as Cr+3 after calcination in air at
300 ◦C. Their amount and resistance to oxidation increase with the
rise of the hydro treating temperature, consequence of a higher
metal–support interaction [33,34].

3.3.2. Diffuse reflectance spectroscopy (DRS UV–visible)
Fig. 8 presents the DRSUV–vis spectra displayed by samples pre-

pared at different hydrotreatment temperatures and submitted to
calcination in air between 300 and 400 ◦C.

The 5MEnHT
300 catalyst spectrum (Fig. 8a) presents four absorp-

tion bands at 270, 355, 445 and 665 nm. The bands at 270 and
355 nm correspond to charge-transfer transitions from ligand to
metal (LMCT)(O→Cr(VI)) in chromate type species with the metal
in tetrahedral coordination [14,15]. The band at 445 nm is a
complex band arising from the d–d transition (4T1g(F)→4T2g(F)),
characteristic of Cr(III) species in octahedral coordination and the
LMCT O→Cr6+(1t1→2e) transition prohibited by symmetry. In spite
of being a prohibited transition, the last band increases its inten-
sity in di or polychromate species, being its contribution more
important than the correspondent to the d–d (4T1g(F)→4T2g(F))
transition [14,15]. Finally, the band at 665 nm,  assigned to the d–d
(4T2g(F)→4A2g(F)) transition, is characteristic of Cr3+ species whose
octahedral coordination gets distorted as they are incorporated into

the support [13,24].

The rise of the calcination temperature increases the intensity
of the signals corresponding to Cr(VI) species, both as chromates or
as di or polychromates, while the bands corresponding to Cr(III)
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Fig. 7. TG-DTA of 5ME  materials calcined in air at 300 ◦C. (a) 5MEnHT
300, (b) 5ME150

300 and (c) 5ME220
300.
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Fig. 8. DRUV–vis spectra of mesostructurated samples as a funct

ecrease. Accordingly, the spectrum of the sample calcined at
50 ◦C (5MEnHT

450) shows mainly the bands at 260 and 355 nm
hile those at 445 and 665 nm practically disappear. The disap-
earance of the signal at 445 nm is associated with an important
idening in the 355 nm band. This is related to the presence of
-Cr2O3, previously observed by FTIR (Fig. 5a) and XRD (Fig. 11),
hich is formed from segregated species of polychromates.

The spectrum of 5ME220
300 sample clearly shows the bands, at

45 nm and 665 nm,  corresponding to Cr(III) species. On this mate-
ial, only weak signals, characteristic of Cr(VI), at 270 and 355 nm
re observed. The rise in the calcination temperature leads to a
radual intensification of the last one and a diminution of the sig-
als corresponding to Cr(III) species. In the 5ME220

450 spectrum
Fig. 8c) the Cr+3 signal is observed at 665 nm,  besides the char-
cteristic signals corresponding to Cr(VI) species, even though the
ignal at 445 nm has gone.

The samples with hydrotreatment at 150 ◦C (Fig. 8b) present an
ntermediate behavior between the observed on samples without

T and those treated at 220 ◦C.

The DRUV–vis spectra of the samples calcined at different tem-
eratures provide evidence about the increasing effect of the metal
upport interaction and on the Cr3+ oxidation resistance as a
 calcination temperature. (a) 5MEnHT, (b) 5ME150 and (c) 5ME220.

consequence of hydrothermal treatment. So, while, on 5MEnHT
350

the Cr(III) bands are weakly developed, on 5ME220
450 the Cr3+ sig-

nals are notoriously observed together with the Cr6+ bands. Another
important fact is the diminution of the polychromates/chromate
ratio in hydrothermally treated materials, due to their high resis-
tance to segregate oxides, despite the SBET decrease.

3.3.3. X-ray photoelectron spectroscopy (XPS)
Fig. 9 shows the XPS spectra, obtained on samples submitted to

hydrothermal treatments and calcined in air at different tempera-
tures. The increment of the XPS signal intensity, as the temperature
of the hydrothermal treatment increase (Fig. 9), suggests that in the
samples with highly ordered porous structure, the greater amount
of chromium is on the internal pore surface where it is not detected
by the XPS technique. As the hydrotreatment temperature rise and
the mesoporous structure disappear, the signal intensity increase
due to that great part of chromium get exposed in the “XPS acces-
sible” external surface of the catalyst.
On the spectra of the calcined samples is observed the simul-
taneous presence of signals of Cr3+ (577 eV) and Cr6+ (579 eV),
whose relative intensity are modified by the calcination temper-
ature. At the same time a shift to higher binding energy (BE) values
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Fig. 9. Cr2p XPS spectra of mesostructurated samples as a function of calcination temperature. (a) 5MEnHT, (b) 5ME150 and (c) 5ME220.

Table 3
BE and FWHM variation in function of hydrothermal treatment.

Sample Oxidation state
assignment

Cr2p(3/2)

BE (eV) FWHM

5MEnHT
300 3+ 576.5 2.2

6+ 578.0 2.7

5ME150
300 3+ 577.0 2.4

6+ 578.6 3.4

i
(
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t
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b
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w
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t
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5ME220
300 3+ 577.2 2.7

6+ 579.0 3.8

s produced as the hydrothermal treatment temperature increases
Table 3) [16,17].

Table 3 displays the BE and FWHM values of samples calcined
t 300 ◦C. The 5MEnHT

300 sample presents signals at 576.5 and
78 eV for Cr3+ and Cr6+, respectively; while the 5ME220

300 spec-
rum develops BE values at 577.2 and 579.0 eV. This shift to higher
E values is related to an increase in the metal support interaction
y formation of Si O Cr bonds, improving the oxidation resistance.

The XPS spectra deconvolution allows the calculation of the rel-
tive amount of the Cr3+and Cr6+ species present in the different
aterials. Fig. 10 shows the variation of the (Cr3+/Cr3+ + Cr6+) ratio
ith hydrothermal treatment and calcination temperature. In this
gure, it can be observed that in calcined samples at 300 ◦C, the
r3+ content increases as the hydrothermal treatment increases.
The rise in the calcination temperature leads to the diminution
f Cr3+ content due to the oxidation to Cr6+. However, the oxi-
ation to Cr6+ is lower in samples with hydrotreatment at high
emperatures.

ig. 10. Relative amount (Cr3+/Cr3+ + Cr6+) variation in function of calcination tem-
erature in 5ME  materials with different hydrotreatments.
Fig. 11. DRX patterns of materials with different thermal hydrotreatments calcined
in air at 450 ◦C.

Moreover, on the 5MEnHT samples is observed, at 400 ◦C, an
increase of the relative Cr3+ amount, which is accompanied by a
BE diminution (Fig. 9a).

This behavior coincides with the �-Cr2O3 signals appear in the
XRD of the sample calcined at 450 ◦C (Fig. 11), as a consequence of
the oxygen lost by calcination of the segregated Cr6+ oxides. This
sample shows weak signals at 2� = 24.5◦, 36.2◦ and 54.8◦, charac-
teristic of the presence of �-Cr2O3 (JCPDS N◦ 84-1616) [35].

The �-Cr2O3 formation was  only observed in the sample with-
out hydrothermal treatment after in air calcination to 450 ◦C. In
this sample, the low metal–support interaction lets the segrega-
tion of the Cr+6 oxides. This agrees with the XPS spectra (Fig. 9)
of the other samples hydrothermally treated at different tempera-
tures and calcined in air at 450 ◦C. Therefore, the samples treated
hydrothermally at 150 and 220 ◦C (5ME150

450 and 5ME220
450), do

not present in their XRD pattern signals corresponding to the for-
mation of chromium crystalline species (Fig. 11).

3.3.4. Catalytic activity
The gas phase cyclohexanol reaction over supported cat-

alysts goes through different mechanisms according to the

catalyst characteristics. So, on strongly acid catalysts the dehy-
dration reaction to form cyclohexane is the predominant, but the
dehydrogenation/oxy-dehydrogenation or oxidative decomposi-
tion reactions to form cyclohexanone or CO2 are very noticeable
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Fig. 12. Dehydration rate at 300 ◦C in function of hydrothermal trea
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ig. 13. Cyclohexanone production rate (300 ◦C) in function of hydrothermal treat-
ent and calcination temperature, for different O2 pressures.

hen catalysts have redox superficial centers. On the Cr/SiO2
atalysts, the relative amount of these products depends on the
etal–support interaction developed by the hydrothermal treat-
ent and calcination temperature.
The catalytic behavior in the gas phase cyclohexanol reaction

f the different catalysts prepared, are represented in Figs. 12–14.
ig. 12 shows the dehydration reaction rate at 300 ◦C, mea-
ured at different oxygen partial pressures. This figure also shows
he effect of the calcination temperature on samples submitted
o different hydrothermal treatments. The materials calcined at

00 ◦C (5ME300) show only dehydrating activity, independently
rom the hydrotreatment temperature or oxygen partial pressure
mployed. This dehydrating activity increases with the rise of
he hydrothermal treatment temperature. So, the sample without

ig. 14. Cyclohexene selectivity variation with the O2 pressure in materials calcined
n  air at 450 ◦C.
tment and calcination temperature, for different O2 pressures.

hydrotreatment (5MEnHT
300) shows a dehydration rate almost an

order of magnitude lower than the observed in the sample prepared
at 150 ◦C (5ME150

300). This behavior reflects the increment of the
catalyst acidity as a consequence of the hydrotreatment.

According to the results obtained by characterization tech-
niques, it was  concluded that the hydrothermal treatment leads
to the incorporation of Cr3+ ions to the support structure, which
is reflected by the BE values (Fig. 9, Table 3) corresponding to
the Cr2p(3/2) peaks. This incorporation produces the formation of
chromasiloxanes cycles [18,20,36], in which the angular tension
and the coordinative unsaturation of the Cr3+ions increase with
the hydrothermal treatment temperature [18,20,36]. In a previ-
ous work [24], the presence of these centers was  related to the
dehydrating activity of these materials.

The increase of the oxygen pressure in the reaction atmosphere
did not modify significantly neither the reaction rate nor the selec-
tivity, which remained at 100% to the alkene formation.

It can be observed (Fig. 12) that the calcination in air at 450 ◦C of
the materials submitted to hydrotreatment leads to a diminution
of its dehydrating activity as a consequence of the partial oxida-
tion of the Cr3+ to Cr6+ centers. Over these materials, the increase
in oxygen pressure leads to an increase in the reaction rate to
the cyclohexanone formation (Fig. 13), due to the presence of the
Cr6+ centers. Fig. 13 presents the dehydrogenation rate on 5ME
catalysts obtained by different hydrothermal treatments calcined
in air at 450 ◦C and at different oxygen partial pressures. In the
absence of oxygen, the catalyst treated hydrothermically at 220 ◦C,
5ME220

450, has only dehydrating activity. The catalyst prepared at
150 ◦C, 5ME150

450, presents dehydrogenating activity from oxy-
gen partial pressures of 15.5 mm  Hg, while the material without
hydrothermal treatment presents oxy-dehydrogenating activity at
oxygen partial pressures of 54.4 mm Hg. In all cases, the dehydro-
genation activity was  much lower than the dehydration, which is
reflected in the high alkenes selectivity values, which was always
greater than 70% (Fig. 14).

Fig. 14 shows the selectivity to cyclohexene as a function of
the oxygen partial pressure on catalysts calcined at 450 ◦C. These
catalysts produce the highest conversion to cyclohexanone due to
the high Cr6+ sites concentration. The increment of oxygen par-
tial pressure leads to an increase of the dehydrogenation reaction
rate (Fig. 13). The materials 5MEnHT

450 and 5ME150
450, which in

N2 present only dehydrating activity, in the presence of oxygen
(54.4 mmHg) led to the cyclohexanone formation with selectivities
between 10% and 28%, respectively.
As discussed previously, the dehydrogenating activity is related
to the presence of Cr6+ sites, generated from the oxidation of Cr3+

species in strong interaction with the support do to the chro-
masiloxanes formation. On the other hand, those Cr6+ ions weakly
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inked to the support, that form polychromates precursors by oxi-
ation, have little or null dehydrogenating activity. They tend to
ransform to �-Cr2O3 by the effect of the calcination in air at 450 ◦C.

. Conclusions

Cr/SiO2 catalysts were prepared by the sol–gel method where
he chromium salt and the surfactant (CTAB) were added prior to
ydrolysis and condensation of the silica precursor (TEOS). This
ynthesis method allowed obtaining highly ordered mesoporous
aterials (Cr-MCM-41), with a very narrow pore size distribution.

he ordered mesoporous structure, with slight deformation, was
aintained up to a hydrotreatment temperature of 150 ◦C. The

ydrothermal treatment at 220 ◦C produced the collapse of the
rdered mesostructure and the formation of an amorphous Cr-SiO2
aterial.
The surfactant removal required a treatment in N2 at 550 ◦C and

he subsequent calcination in air at 300 ◦C. The materials calcined
t this temperature present the chromium species as Cr3+ and Cr6+.
he Cr3+ ions are present in a distorted octahedral coordination,
ncorporated into the silica structure. The Cr6+ ions with tetrahedral
oordination correspond to isolated monochromate species linked
o the silica structure and to polychromate aggregates that produce
rystalline �-Cr2O3 clusters after calcination in air to 450 ◦C.

The hydrothermal treatment increases the incorporation of Cr3+

nto the support, improving their resistance to oxidation. This Cr+3

ons constitute coordinative unsaturated acid centers responsible
f the cyclohexanol to cyclohexene reaction. Although dehydra-
ion was the main reaction, after calcination in air up to 450 ◦C,
yclohexanone also was  observed.
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