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a b s t r a c t

Isomorphously substituted (MeDM) and impregnated metal-containing MCM-41 (MeOx/IM) catalysts,
in which Me = Co, Cu, Cr, Fe or Ni, have been prepared. Structural and textural characterizations of the
catalysts were performed by means of X-ray diffraction (XRD), chemical analysis, Raman spectroscopy,
electron paramagnetic resonance (EPR), N2 adsorption isotherms and temperature programmed reduc-
tion (TPR). Cu2+, Co2+, and Cr4+/Cr3+ species were found over the catalysts as cations incorporated in the
MCM-41 structure (MeDM) or highly dispersed oxides on the surface (MeOx/IM). The MeDM catalysts
exhibited a good performance in the dehydrogenation of ethylbenzene with CO2. However, MeOx/IM
catalysts had a low performance in styrene production (activity less than 15 × 10−3 mmol h−1 and selec-
tivity for styrene less than 80%) due to the high reducibility of the metals species. However, Ni2+ or Fe3+

coordinated with the MCM-41 framework, as well as NiOx and Fe2O3 extra-framework species, is contin-

eactivation
O2

uously oxidized by the CO2 to maintain the active sites for dehydrogenating ethylbenzene. Deactivation
studies on the FeDM sample showed that Fe3+ species produced active sp2 carbon compounds, which are
removed by CO2; the referred sample is catalytically selective for styrene and stable over 24 h of reaction.
In contrast, highly active Ni2+ and Ni0 species produced a large amount of polyaromatic carbonaceous
deposits from styrene, as identified by TPO, TG and Raman spectroscopy. An acid–base mechanism is pro-
posed to operate to adsorb ethylbenzene and abstract the �-hydrogen. CO2 plays a role in furnishing the

n the
lattice oxygen to maintai

. Introduction

Due to the increasing demand for energy-saving processes, the
xploration of alternative technologies as a source of chemical
roduction is under way worldwide. The dehydrogenation of ethyl-
enzene with CO2 to produce styrene, for instance, is an important
xample of the application of a more ecological and economical
rocess [1–8].

Currently, styrene monomer is used in the petrochemical
ndustry to produce valuable commodities, including expandable

tyrene-butadiene latex, acrylonitrile–butadiene–styrene resins
nd a variety of polymers [9–11]. The overall reaction of styrene
roduction by the dehydrogenation of ethylbenzene in the pres-
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E-mail address: alcineia@ufc.br (A.C. Oliveira).
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Fe3+ active sites in the dehydrogenation of ethylbenzene to form styrene.
© 2009 Elsevier B.V. All rights reserved.

ence of CO2 is given as reaction (I) [4,5]:

C6H5CH2–CH3 + CO2→ C6H5CH CH2 + CO + H2O (I)

Other possibilities to obtain styrene are: the catalytic dehydro-
genation of ethylbenzene in the presence of steam (reaction (II));
the dehydrogenation of ethylbenzene using oxygen over carbon-
based catalysts (reaction (III)); as a byproduct in the epoxidation
of propene with ethylbenzene hydroperoxide over Mo-complex-
based catalysts.

C6H5CH2–CH3 → H2 + C6H5CH CH2 �H298 K= 28.1 kcal mol−1

(II)

C6H5CH2–CH3 + 0.5O2 → C6H5CH CH2 + H2O
�H298 K = −29.7 kcal mol−1 (III)

The catalytic dehydrogenation of ethylbenzene with steam is usu-
ally performed over iron oxide, which is generally highly promoted
by metals (Styromax Process) and accounts for more than 90% of

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:alcineia@ufc.br
dx.doi.org/10.1016/j.molcata.2009.09.006
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he 25 million tons of styrene monomer produced by the indus-
ry annually [11–14]. However, processes that use oxygen and
poxidation of propene do not efficiently convert ethylbenzene to
tyrene.

The steam-based process (reaction (II)) has a significant thermo-
ynamic limitation for ethylbenzene conversion, because it uses

arge amounts of overheated steam and the catalyst deactivation
s irreversible [15,16]. Therefore, the steam process is a penal-
zing process in energetic costs for the industry [17]. However,
he process that uses oxygen (reaction (III)) is free from thermo-
ynamic constraints regarding conversion and operates at lower
emperatures, since it is an exothermic reaction. The potentially
xygen-containing mixture and the deep oxidation of styrene to
arbon oxides are the main drawbacks of this process [17–20]. In
ontrast, reaction (I) is a well-known and widely applied technique
y researchers that focus on more environmentally friendly alter-
atives to produce styrene, which avoids the vaporization of tons
f water, and thus, less energy is needed.

Therefore, the dehydrogenation of ethylbenzene using CO2
nstead of steam appears to be a better method since carbon
ioxide, which is one of the major greenhouse gases, prevents
otspots on the catalyst surface, accelerates the reaction and avoids
chemical equilibrium [1–11,15]. However, the dehydrogenation
f ethylbenzene with CO2 is still only performed on a laboratory
cale because of lack of active and stable catalyst systems. Indeed,
ince Fe catalysts promoted by potassium (10%) and other com-
onents (Al2O3, Cr2O3, Pd, Co, V, Ce, W and Mo) [18–20] used for
ommercial dehydrogenation process with steam do not work effi-
iently in the presence of CO2, this has motivated the evaluation of
arbon dioxide on new catalysts systems.

It is well known that the dehydrogenation of ethylbenzene in
he presence of CO2 can be performed with good styrene selectivity
sing a variety of catalysts [1–13]. Additionally, supported cata-

ysts containing only non-precious metals, e.g., nickel, iron, cobalt,
hromium, lanthanum, copper and vanadium, were successfully
pplied and performed comparably to the precious metal catalysts
8–20].

Among the catalysts studied, the molecular sieve-supported
xide catalysts were found to be the most promising in the dehy-
rogenation of ethylbenzene with carbon dioxide due to their high
atalytic activity [19–22]. Thus, mesoporous molecular sieves, such
s MCM-41, HMS, SBA-15, and silicalite mesoporous zeolite with
ighly ordered mesoporous channels and a controllable pore size
ca. 2–10 nm) and a high surface area, have been screened in the
eaction with the MCM-41-based catalyst being superior to their
nalogues in terms of stability [18,21]. Also, similar catalytic behav-
or has been observed in the case of the direct thermal synthesis of

e-MCM-41 (where Me = Cr, Ga, Ni, V, Mn, Fe, or Co) for catalytic
eactions, such as the dehydrogenation of propane with CO2 [23],
xidation of alkyl hydroperoxides [22,23] and the dehydrogenation
f ethylbenzene with CO2 [18].

The direct-hydrothermally synthesized Me-MCM-41 meso-
orous molecular sieves have been shown to have high catalytic
erformance due to factors such as: enhancement in redox and
cid–base properties of the systems, relatively high thermal sta-
ility and textural properties (e.g., their high surface area and
niform pore size) that avoid coke formation [18,23]. Although

imited studies on the oxidative dehydrogenation of ethylben-
ene with CO2 with mesoporous materials exist, a detailed
nvestigation of materials, i.e., Me-MCM-41 or MOx/MCM-41,
or the new dehydrogenation process has not yet been carried

ut.

For a deep understanding and improvement of styrene pro-
uction using the dehydrogenation of ethylbenzene with CO2, the
ffect of two different preparation methods on the catalytic perfor-
ance was studied in the present contribution.
r Catalysis A: Chemical 315 (2010) 86–98 87

The isomorphous substitution method has a tendency to incor-
porate metals inside the framework of MCM-41, while supporting
the metals on the solid by impregnation provides highly dispersed
locations of the metals on the wall surfaces inside the mesopores
[24,25]. That is to say, through the modification of MCM-41 by
incorporating Mn+ ions into the porous framework or by deposit-
ing MOx onto the surface, one can manipulate the physicochemical
properties of both Me-MCM-41 and MOx/MCM-41. This strongly
suggests that the influence of the preparation method must be dis-
cussed in detail to explain which type of metal species act in the
dehydrogenation of ethylbenzene with CO2. This was achieved by
characterization of the physicochemical properties of the catalysts
by XRD, N2 isotherms adsorption, TPR, chemical analyses, Raman
spectroscopy, TG/DSC, and EPR, as well as the catalytic performance
in dehydrogenating ethylbenzene using CO2 as a mild oxidant.

2. Experimental

2.1. Catalyst preparation

The MCM-41 mesoporous silica was synthesized by adopting
the procedure reported by Grün et al. [26]. In a standard method
of synthesis, 0.81 g of cetyltrimethylammonium bromide (CTAB,
Reagen) was dissolved in 17.7 mL of water under vigorous stirring
at 70 ◦C for 10 min. After cooling this solution, a mixture of 10.3 mL
of ethanol (99%, Vetec) and 8.1 mL of ammonium hydroxide was
added and the solution was stirred for an additional 10 min. Then,
15 g of tetraethyl orthosilicate (TEOS, Aldrich 98%) was added drop-
wise to the solution with stirring for an additional 24 h. The molar
composition of the resultant mixture was 1 TEOS:0.3 CTAB:11
NH3:144 H2O:58 EtOH.

After being stirred continuously, the precipitate was filtered,
washed with deionized water, acetone, and dried at 60 ◦C for 4 h.
The solid product was finally heated to 550 ◦C at a ramp rate of
1 ◦C min−1 in an air flow and calcined at this temperature for 5 h to
give purely siliceous MCM-41, denoted as M.

A series of catalysts was prepared by isomorphous substitution
using the so-called direct method (DM) by following a method
similar to that described above using aqueous solutions of the
metal salts: iron nitrate (Fe(NO3)3·9H2O, Reagen), nickel nitrate
(Ni(NO3)2·6H2O, Reagen), cobalt nitrate (Co(NO3)2·6H2O, Vetec),
copper nitrate (Cu(NO3)2·3H2O, Reagen) and chromium acetate
(CrAc, Vetec).

It is important to point out that metal solutions were the
last reactant added to the synthesis. The obtained catalysts were
denoted as MeDM, where Me corresponds to Cr, Co, Fe, Cu or Ni,
and DM represents MCM-41 prepared by the isomorphous substi-
tution method. The percentage of metals was approximately 1 wt%
hereafter.

Another series of catalysts was prepared by adopting the incip-
ient wetness impregnation approach (IM). Aqueous solutions of
the aforementioned precursors with 1 wt% of metals were added
separately to 1 g of the pure MCM-41 support under stirring. The
catalysts were marked as follows: the denotation of MeOx/IM con-
tains the abbreviation of the Cr, Co, Fe, Cu or Ni, and it indicates
each metal loaded, while IM represents the MCM-41 support.

2.2. Characterization of catalysts

Both MeDM and MeOx/IM catalysts were characterized by vari-

ous techniques.

Inductively coupled plasma (ICP) optical emission spectroscopy
was used to measure the concentration of nickel, copper, iron,
chromium and nickel in each of the samples synthesized above.
A 0.1 g sample of the catalysts was dissolved in 40 wt% hydrofluo-
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ic acid solution and heated at 200 ◦C in a sand bath. The solution
btained was evaporated and dried, and a solution of 3.4 mL of nitric
cid and 10 mL of water was added prior to the measurements. The
btained solutions were then analyzed in a sequential ARL model
erkinElmer 3410 machine.

X-ray diffraction (XRD) experiments were carried out on a
igaku X-ray diffractometer (Rigaku model, 40 kV and 25 mA)
sing CuK� radiation. Crystal structures were determined using

ow-angle (2� = 1–8◦) and wide-angle diffraction patterns in the
� = 3–80◦ range.

Scanning electron micrographs were recorded using a Philips
L-30 (EDX Link Analytical QX-20000 system coupled to the SEM
icroscope). The fresh and spent samples were deposited on a sam-

le holder with an adhesive carbon foil and sputtered with gold for
iewing with a scanning electron microscope.

N2 adsorption–desorption isotherms were used to examine the
orous properties of both fresh and spent samples by using nitrogen
s the adsorbent at −196 ◦C. The measurements were carried out
n a Micromeritics ASAP 2002 instrument. Before the analysis, all
amples were pretreated in a vacuum at 100 ◦C for 12 h.

TPR measurements of fresh catalysts were carried out in home-
ade equipment in the range of 50–1000 ◦C at a heating rate of

0 ◦C min−1. A 5% H2/N2 mixture was used. Before the analysis,
amples of ca. 0.1 g were placed in a quartz tube reactor and heated
nder nitrogen at 100 ◦C for 2 h. Thermoprogrammed oxidation
xperiments for the spent catalysts (TPO) were performed in the
ame equipment using a mixture of 10% N2/O2 and a heating rate
f 5 ◦C min−1, ranging from 25 to 1000 ◦C.

TGA and DSC experiments for spent catalysts were carried out
sing Netzsch STA 409 PC/PG equipment coupled to a Bruker Tensor
7 IR instrument. The measurements were performed on spent cat-
lysts to examine the coking degree of the spent samples from room
emperature to 1000 ◦C at 10 ◦C min−1, under air flow by placing

pproximately 15 mg of the sample in an aluminum pan.

EPR experiments were performed in order to study the oxidation
tate of the metals present in the solids. EPR spectra were taken in
Bruker cavity at room temperature on an upgraded Varian spec-

rometer operating at 100 kHz field modulation and a frequency of

Fig. 1. XRD patterns of calcined MeDM and MeOx/IM samp
r Catalysis A: Chemical 315 (2010) 86–98

9–11 GHz in the X-band mode. DPPH was used as a standard for
g-value determinations.

Raman spectra of the selected spent catalysts were obtained
on a T64000 Raman spectrometer (JobinYvon triple spectrome-
ter) under ambient conditions. A 514.5 nm Ar laser was used as
the exciting source on the sample surface and a power of 20 mW.
The measurements were referenced to Si at 521 cm−1 with 16 data
acquisitions in 120 s. The lens focus was of 100 times.

2.3. Catalytic evaluation

Dehydrogenation of ethylbenzene with carbon dioxide was car-
ried out in a tubular stainless steel reactor where 0.1 g of catalyst
was loaded per run. Before the catalytic measurements, the cata-
lysts were activated in situ under a nitrogen or carbon dioxide flow
from room temperature to 550 ◦C over the course of 1 h. Thereafter,
ethylbenzene (Fluka, 99.99 wt%) was fed through a vaporizer where
the nitrogen flow mentioned above was mixed with carbon dioxide
(AGA 99.99 wt%, with a molar ratio CO2/EB = 30). The mixture was
then passed through the reactor continuously. The reaction was
operated at atmospheric pressure in the range of 530–650 ◦C. The
products of the reaction were condensed in an ice/water trap and
analyzed by a gas chromatograph (Simple Chrom model) equipped
with a flame ionization detector. The gaseous effluents (CO2, CO
and CH4) were analyzed in a thermal conductivity gas detector
chromatograph (Ciola model).

3. Results and discussion

3.1. XRD and EPR studies

Fig. 1 shows the small- and wide-angle XRD patterns of the
MeDM and MeOx/IM catalysts.
In the range of 2� = 1–8◦, Fig. 1a shows that XRD features of
all the samples are rather similar, and four well resolved diffrac-
tion lines are observed and indexed to the (1 0 0), (1 1 0), (2 0 0)
and (2 1 0) reflections. This kind of XRD profile is characteristic of
the hexagonal mesostructure of MCM-41 reported earlier [27]. For

les: (a) small-angle region and wide-angle region (b).
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Fig. 2. EPR spectra taken at room temp

iDM and FeDM, the (2 1 0) lines disappeared without structural
isorder of the MCM-41 framework. Indeed, the introduction of Fe
r Ni by isomorphous substitution shifts the diffraction peaks to
igher 2� values than the M sample. This fact is associated with the
ecrease of periodicity over the FeDM and NiDM samples and is in
ood agreement with previous work [28].

In the case of NiOx/IM and FeOx/IM, the gradual decrease in
he intensity of the diffraction peaks compared to those of purely
iliceous MCM-41 suggests that there is a deterioration of the
rdered pore structure. This phenomenon was also observed in
ther analogous materials [25,29] and was attributed to Ni and
e providing changes in the coordination spheres of the materi-
ls.

The intensity of the diffraction peaks in the small-angle
egion of the other metal-impregnated samples (IM) was retained,
uggesting that there was no deterioration of the ordered struc-
ures.

XRD patterns in the wide-angle (Fig. 1b) showed that the cata-
ysts prepared by neither incipient impregnation (MeOx/IM) nor
he isomorphous substitution method (MeDM) had any diffrac-
ion lines corresponding to the crystal phase of the Men+ ions or
xides due to the detection limit of the XRD technique as well as the
ncorporation of these chemical entities into the MCM-41 frame-

ork and/or by the high dispersion of the oxides. However, NiDM
nd Fe-containing catalysts had diffractions peaks corresponding
o NiO and Fe2O3 oxides, in accordance with the observation of
he shift of the diffraction lines at low diffraction angles for these
amples.

This is explained by the fact that even at a low content (approx-
mately 1 wt%), the incorporation of metal cations with ionic radii

4+
arger than Si (0.40 Å) leads to larger M–O bond distances [30].
he ionic radius of Fe3+ (0.74 Å) and Ni2+ (0.69 Å) is larger than that
f Si4+, and thus, the values of ao of FeDM and NiDM, i.e., 42.8 Å
nd 42.7 Å, respectively, are close to M, whose value is 42.2 Å, as
een in Table 1. This is an indication of partial incorporation of Fe3+

able 1
roperties of MeOx/IM and MeDM catalysts.

Sample Metal (wt%) ao (Å)

M – 42.2
FeDM 0.79 42.8
CrDM 0.95 43.4
CuDM 1.06 46.7
CoDM 0.80 45.3
NiDM 1.10 42.7
FeOx/IM 1.60 42.5
CrOx/IM 1.20 44.6
CoOx/IM 1.70 43.8
NiOx/IM 1.90 43.0
CuOx/IM 1.00 42.3

o = 2d
√

3

e of (a) NiDM and (b) NiOx/IM samples.

and Ni2+ ions into the MCM-41 framework. These metals can also
exist in small Me oxide clusters as octahedrallly coordinated NiO
and Fe2O3 species after calcination [29–31].

Indeed, the amorphous features of XRD of all the IM samples
are similar to those of the DM samples in wide-angle (Fig. 1b). The
color of the Ni-containing catalyst is black, while that of the Fe-
containing catalyst is pale brown after calcination at 550 ◦C, which
indicates the signals of NiO and Fe2O3 in these solids, and supports
the previous results regarding the elongation of the metal–oxygen
bond distance of the MCM-41-based materials [28,30]. The ao val-
ues of the other DM samples are larger than the M value, suggesting
an enlargement in the unit cell parameters of the substituted mate-
rials after incorporation of metal cations. No clear correlation of the
ao value of the IM samples and their structural features was found.

The EPR technique is a very sensitive tool to obtain information
on the chemical environment and the coordination states of metals
in mesoporous MCM-41 materials [26,27]. The EPR spectra of the
calcined MeDM and MeOx/IM catalysts displayed typical spectral
features of metallosilicates (Fig. 2).

Cr3+, Cu2+ and Co2+ present calculated free energies of electron
(g value) of 1.98, 2.05 and 2.24, respectively, which corresponds to
the metals incorporated inside the framework of MCM-41 [25,28],
and these are in good agreement with the XRD results. The EPR anal-
ysis of the IM series shows g values of 4.2, 2.3 and 3.2, for Cr3+, Cu2+

and Co2+ species, respectively, and these values are also ascribed
to the presence of isolated Men+ ions highly dispersed on the wall
surface within the MCM-41 mesopores [31–33]. Interestingly, the
signal observed for CuOx/IM at higher magnetic fields corresponds
to a g value of 2.07 while the hyperfine splitting pattern of Cu2+

(I = 3/2) was observed at lower magnetic fields with a g value of
3+
2.4 that is typically due to CuO particles [31–33]. Indeed, Fe and

Ni2+ prepared by both methods are found to be in isolated oxides
that are well-dispersed on the surface of the MCM-41 mesoporous
materials, which is in agreement with the reports on these catalysts
[33].

Sg (m2 g−1) Vp (cm3 g−1) Dp (nm)

1108 1.03 3.4
541 0.76 1.3
573 0.50 1.6
587 0.80 1.8
453 0.64 2.0
462 0.66 1.7
406 0.36 1.3
501 0.45 1.6
420 0.37 1.3
398 0.35 1.2
590 0.52 0.9
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Fig. 3. SEM images of the catalysts studied:

.2. Chemical analysis and textural features

The metal content was approximately 1 wt% for all MeDM and
eOx/IM series of solids, and their Si/Me ratio was close to 90

Table 1).
However, the metal-loaded samples have diminished Si/Me

atios (∼=50) in comparison with those of the MeDM series due
o the slight increase in the metal content in these solids. At the
ame Me loading level (Table 1), the catalysts prepared by neither
ethods exhibit diffraction lines of MeOx (Fig. 1b), with the excep-

ion of the Ni- and Fe-containing samples. This implies that nickel
r iron species are mostly dispersed/incorporated on the MCM-41
tructure.

N2 adsorption–desorption isotherms of the MeOx/IM and MeDM
eries are of type IV and show steep hysteresis of type H1 at low
elative pressure. The sharp inflection observed at pressures rang-
ng from 0.2 to 0.4 suggests that these materials have a regularity
f the mesopores structure [25,27].

Table 1 exhibits the textural features of the solids. Purely
iliceous MCM-41 has the major values of textural properties: a sur-
ace area of 1108 m2 g−1, a pore volume of 1.03 cm3 g−1 and a size
f 3.4 nm. The incorporation of metals provides a drop in volume
nd surface area, whereas little change in average pore size was

bserved in the isomorphous substituted samples when compared
ith siliceous MCM-41.

The drop in surface area and pore size could be a result of a cer-
ain amount of Me incorporation in the MCM-41 structure, which
s limited, and the metals can be partially dispersed in the MCM-41

Table 2
H2-TPR results of the catalysts.

Sample Tmax (◦C) H2 con

FeDM 330; 510–700 1070
CrDM 380; 510 193
CuDM 350 45
CoDM 500 201
NiDM >850 858
FeOx/IM 320; 500 412
CrOx/IM 200; 300–510 766
CoOx/IM 530 184
NiOx/IM 400; 610 517
CuOx/IM 300 70
, (b) NiOx/IM, (c) FeOx/IM, and (d) CrOx/IM.

framework or partially dispersed as fine MeOx oxides on the pore
(not detectable by XRD analysis).

The textural features of MeDM samples are rather similar to
those of MeOx/IM. However, as the contents of the metals are
slightly higher on the latter, the MeOx species impose a partial
blocking of the pores, mainly in the case of the NiOx/IM and FeOx/IM
samples. These NiO or Fe2O3 entities are deposited onto the MCM-
41 surface by manipulating the physicochemical properties of the
porous materials. This is confirmed by the small shift to a lower pore
diameter upon loading of MeOx, which is reflected in the formation
of particles inside the mesopores of the MeOx/IM catalysts.

3.3. SEM–EDX analysis

The SEM image of MeDM catalysts shows that they are made
up of spherical particles (Fig. 3a) ranging from 1 to 3 nm that
are formed during the preparation of the isomorphously substi-
tuted samples. Aggregates of such spherical particles are observed
for MeOx/IM catalysts. For instance, NiOx/IM (Fig. 3b) and the
co-presence of irregularly spherical morphology were detected
(Fig. 3c).

The SEM micrograph of CrOx/IM (Fig. 3d) is interesting because
it has a high dispersion of small Cr particles deposited on surface

of the silica (as suggested by the EDX analysis).

These particles exist in various sizes and are bigger than those
of the MeDM series of samples (e.g., 5–10 nm). We propose that
such a transformation in particle morphology might be associated
with the dispersion of the MeOx that possesses weaker interaction

sumption (�mol g−1) H2/Metotal (�mol g−1)

14.0
2.0
0.45
2.5
7.8
2.6
6.3
1.1
2.7
0.7
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Fig. 4. TPR analyses of solids: (a) MeDM and (b) MeOx/IM samples.

f metals with the siliceous MCM-41 support. This agrees with the
extural properties that showed the changes provided by the low
mount of crystalline MeOx oxides deposited on the mesopores of
eOx/IM catalysts.

.4. H2-TPR profiles

The reduction profiles of the catalysts are comparatively stud-
ed to investigate the reducibility of the Me species and their main
eatures are summarized in Fig. 4 and Table 2.

In the case of Cr-containing catalysts, two peaks of approxi-
ately 380 ◦C and 510 ◦C were observed for CrDM (Fig. 4a), while
peak at 200 ◦C and a broad peak at 300–510 ◦C were seen for the
rOx/DM catalyst. The presence of these two peaks can be ascribed
o the reduction of Cr6+ to Cr3+ or Cr2+ species [34]. The easier reduc-
ion of CrOx/IM (Fig. 4b) indicates the existence of Cr2O3 interacting
eakly with the MCM-41 support, whereas the CrDM catalyst has

ts Cr ions in the MCM-41 framework, which makes reduction dif-
cult. In addition, CrOx/IM has the highest H2/Me ratio among the

M samples (e.g., 6.3 �mol g−1) due to the highest H2 consumption
xhibited by Cr2O3 species on the solid surface.

The H2-TPR profiles of Cu-containing samples show only a
eduction peak at about 350 ◦C [35] that relates to the reduction
f Cu2+ to Cu0. Again, the H2 uptake as well as the temperature

f reduction of the CuDM sample (Fig. 4a) was lower than that of
he CuOx/IM supported material (Fig. 4b). It is most likely that this
ifference is caused by a low pore diameter (ca. 0.9 nm) and uni-
ary cell parameter (42.3 Å) favoring the formation of Cu species on
he solid surface of CuOx/IM. This can be due to the large radius of
r Catalysis A: Chemical 315 (2010) 86–98 91

Cu2+ ions (e.g., 0.96 Å) in comparison with those of the other metal-
loaded samples. CuOx species are easily reduced at 300 ◦C on a solid
surface.

For Fe-containing samples, it is clearly seen that the TPR profiles
recorded are not similar to each other, either in the positions of
the reduction peaks or in their features. For FeDM, the first peak
at 330 ◦C is related to the transformation of Fe3+ to Fe2+ [16,36].
A broad reduction peak within the range of 510–700 ◦C in the H2-
TPR patterns is also shown and it displays the high reducibility of
iron. These broad peaks, when resolved into two small ones, are
attributed to the transformation of Fe2O3 to FeO and its reduction to
metallic Fe, which is in good agreement with silica-based catalysts
[36]. The TPR pattern of FeOx/IM exhibits two peaks at 320 ◦C and
500 ◦C, which are attributed to the aforesaid reduction of Fe3+ to
Fe2+ and of Fe2+ to Fe0, respectively. The H2/Me ratio obtained for
FeDM was higher (14.0 �mol g−1) as compared to those measured
for the other samples.

The reduction behavior of Ni-containing samples is character-
ized by the fact that two steep reductions occur. For NiDM, the
H2-TPR profile is typical of NiO weakly interacting in the framework
of the solid (confirmed by EPR results) with one peak of reduction
at 430 ◦C and another one up to 850 ◦C; this can be related to the
difficult reduction of Ni2+ species introduced into the silica frame-
work [37,38]. For the NiOx/IM sample, the low temperature peak
(280 ◦C) is attributed to the NiO in bulk or interacting with the sup-
port. The reduction of bulk NiO is up to 500 ◦C, which is considerably
lower than that of 850 ◦C, arising from the reduction of nickel in
the silica environment of the NiDM catalyst. A slight difference in
H2 uptake of these solids is given in Table 2. NiDM surface avail-
ability for the reduction of Ni species is increased in comparison
with NiOx/IM (from textural properties); thus, more hydrogen is
consumed, whereas the H2 consumption of NiDM is increased due
to the need to reduce Ni2+ linked and/or finely dispersed on the
surface of MCM-41. The decrease in the H2/Me ratio of NiOx/IM
(2.7 �mol g−1) in comparison to that of NiDM (7.8 �mol g−1) is due
to the formation of NiO (1.9 wt% of Ni), mostly deposited on the
surface of the NiOx/IM sample.

In the case of Co-based systems, CoDM showed less complex
interactions, with a sharp peak at 530 ◦C, which is ascribable to
the single complete reduction of cobalt [37]. However, CoOx/IM
is reduced at 500 ◦C. According to these findings, Co ions start to
reduce to metallic clusters consisting of a few atoms and unre-
duced (Co2+) with partially reduced Co1+ ions, which are distributed
both in the framework and on the surface of the MCM-41 pores
[39]. The H2/Me ratio decreased from 2.5 to 1.1 �mol g−1 because
of the Co loading was increased from 0.8 to 1.7 wt% of Co on the Co-
containing samples. This can explain the slightly higher reduction
of CoDM in comparison with CoOx/IM.

From these results, it can be pointed out that the MeDM series
of catalysts possessing high values of textural parameters is made
up of metals in the framework of the MCM-41 that are difficult to
reduce, except for the Ni- and Fe-containing samples. In contrast,
some dispersed oxides are found in the MeOx/IM catalyst series that
possess less available surfaces and easier reducibility.

3.5. Catalytic activity in the dehydrogenation of ethylbenzene
with CO2

3.5.1. Effect of pretreatment
The preparation method is generally considered to be an impor-

tant factor for the structure and dispersion of metal catalysts, and

these factors commonly influence the catalyst performance in the
dehydrogenation of ethylbenzene [1–17].

The catalytic results are summarized in Table 3.
The catalytic performance of Ni-containing MCM-41 pre-

treated with N2 is higher than that of the other solids in
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he same conditions. For instance, NiDM and NiOx/IM have
ctivities of 50 × 10−3 mmol g−1 h−1 and 32.1 × 10−3 mmol g−1 h−1,
espectively. By contrast, copper-based MCM-41 presents the
owest activity among the solids studied, for example, CuDM
nd CuOx/IM have activities of 6.5 × 10−3 mmol g−1 h−1 and
.0 × 10−3 mmol g−1 h−1, respectively. After this kind of pretreat-
ent, EPR results identified Cu2+, Cu0, Co0, Co2+ and Cr4+/Cr3+ as
ell as Ni2+and Fe3+ species.

These results illustrate that the Ni2+ active sites can convert
thylbenzene, whereas the Cu2+ sites are less effective. Ethylben-
ene conversion on Cr- and Co-containing catalysts of both series
f solids shows intermediate values of activity among the sam-
les, with the MeDM series being superior to that of MeOx/IM. The
ombination of redox and acid–base bi-functionality mechanisms
s responsible for the higher activity of Ni-based catalysts, as sug-
ested by similar metal-containing MCM-41 catalysts [20,23]. In
he MeDM sample, the Men+ ions are incorporated into the silicate
ramework, so the structure of the MCM-41 helps convert ethyl-
enzene to styrene into its walls where the Ni2+and Fe3+ ions are

ocated.
In contrast, the N2 atmosphere could remove the oxidized

pecies from the wall of the MCM-41 structure [20]; consequently,
he aforementioned species that were detected by EPR migrate
rom the solid framework to the surface in the form of oxides and/or
educed species. Thus, the activity is only restricted to a few min-
tes of reaction. It was evident in Co-, Co- and Cr-based catalysts
nd thus, it can explain the low performance of the CuDM, CoDM
nd CrDM samples.

Additionally, there is a change in the structure of MCM-41 after
ispersing the MeOx species, which results in the aggregation and a
ecrease in the structural regularity of the mesopores as seen by the
extural parameters. These MeOx species are easily reduced on the
olid surface (TPR analysis). Hence, the MeOx/IM series loses their
fficiency, and consequently the catalytic performance is decreased
ince there is a reduction in the possible MeOx active sites weakly
inked to MCM-41 surface. The order of activity of these solids
s NiDM > FeDM > CrDM > CoDM > CuDM, with the DM series being

ore active than the MeOx/IM series. Nevertheless, further stud-
es are necessary to elucidate the catalyst deactivation after 3 h of
eaction.

The selectivity for styrene was modest in all Ni-containing
atalysts. However, over Fe- and Cr-containing samples, the selec-
ivity for styrene was above 80%. Higher selectivity values for
he monomer together with higher conversion was observed with
eDM and CrDM, as found earlier for similar materials [18,24,36],
ue to the pairs, Cr3+/Cr2+ and Fe3+/Fe2+, which are oxidized by CO2;

his gas reacts with H2 through the RWGS reaction (IV).

O2 + H2 → CO + H2O (IV)

able 3
ctivity and selectivities for styrene (SSt), toluene (ST), benzene (SB) and non-identified
O2/EB = 30; 3 h of reaction.

Sample Activity (×103 mmol g−1 h−1) %Sel

SSt

FeDM 32.0 98.
CrDM 15.0 87.
CuDM 6.5 99.
CoDM 7.0 100
NiDM 50.0 62.
FeOx/IM 13.7 100
CrOx/IM 9.1 94.
CoOx/IM 2.3 99.
NiOx/IM 32.1 48.
CuOx/IM 1.0 99.
r Catalysis A: Chemical 315 (2010) 86–98

Selectivities of Cu- and Co-containing samples reached almost
100% due to the low conversion level reached by using these
solids. In the case of Cr-containing samples, the findings report
that the CrO4 tetrahedra are regenerated by the reoxidation of CrO6
octahedra with CO2 [23]. Thus, active phases of chromium in the
dehydrogenation reaction are believed to be Cr4+/Cr3+ species. Even
if the TPR results show a high degree of reduction of these species
treated previously with N2 gas, the styrene monomer is likely the
main product.

The Fe3+ ion is highly selective for styrene, as noticed by the find-
ings [16]. In other words, reverse interconversions of Fe3+ ↔ Fe2+

and also Cr3 ↔ Cr2+ seem to occur although hydrogen and carbon
monoxide are present in the reaction media, as reducing agents. The
RWGS reaction (IV) proceeds through a coupling of Fe3+ to Fe2+, as
well as Cr3+ to Cr2+ by hydrogen:

Fe3+–O + H2 → Fe2+ + H2O (V)

This reaction is irreversible; however, Fe2+ to Fe3+conversion by
carbon dioxide over FeDM is likely. The same hypothesis is given
for CrDM to explain the high selectivity for styrene.

The products formed on Ni-containing catalysts are styrene,
benzene and toluene, which are produced by the thermal degra-
dation of ethylbenzene [9–15].

C6H5CH2CH3 → C6H6 + C2H4 (VI)

C6H5CH CH2 + 2H2 → C6H5CH3 + CH4 (VII)

Indeed, the non-identified products could be methane, ethane
and polyaromatics. No differences in terms of selectivity between
MeDM and MeOx/IM were observed. Obviously, the enhancement
of the catalytic properties can be attributed to the influence of the
metals, e.g., Ni and Fe, in converting ethylbenzene.

In the case of catalysts pretreated under a CO2 atmosphere,
the activity is slightly higher than that of those treated with N2
(Table 4).

For instance, the activity of NiDM was 66.2 mmol g−1 h−1, while
the same parameter was 50.0 mmol g−1 h−1 when the catalyst
was activated with N2. Again, both Ni- and Fe-containing cata-
lysts are the most active solids, with activities comparable to that
of the literature [18], whereas the copper solids had the lowest
catalytic performance. Additionally, the high activity of Ni- and
Fe-containing catalysts in the presence of CO2 is due to the disso-
ciation of the referred gas on the catalyst surface to produce active
oxygen lattice species [20,22]. These oxygen species are able to oxi-
dize the H2 produced in reaction (II) into H2O through the reverse
shift reaction (RWGS, reaction (IV)); thus, it releases the limitation

of thermodynamic equilibrium [10,18] to provide a high catalytic
activity.

The selectivity behavior of CO2-pretreated solids was similar to
that of N2-pretreated solids. Indeed, no effect of the preparation
method on the selectivity was observed, and the influence of the

products (Sx). Reaction conditions: pretreatment: N2; catalyst weight: 100 mg;

ectivity

SB ST Sx

2 – – 1.8
4 2.6 5.4 5.2
6 0.04

0 27.0 4.9 6.1
– – –

9 2.8 2.3 –
8 – – 0.02
0 23.1 4.8 24.6
0 – – 1.0
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Table 4
Activity and selectivities for styrene (SSt), toluene (ST), benzene (SB) and non-identified products (Sx). Reaction conditions: pretreatment:
CO2; catalyst weight: 100 mg; CO2/EB = 30; 3 h of reaction.

Sample Activity (×103 mmol g−1 h−1) %Selectivity

SSt SB ST Sx

FeDM 42.6 95.6 1.3 2.8 0.02
CrDM 27.3 93.7 2.2 4.1 –
CuDM 6.9 100 – – –
CoDM 8.1 98.9 – – 1.1
NiDM 66.2 52.8 14.0 21.3 11.9
FeOx/IM 11.3 99.3 – – 0.07
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CrOx/IM 14.6
CoOx/IM 3.7
NiOx/IM 44.9
CuOx/IM 2.6

etals was more pronounced. The CO2 atmosphere activating the
atalysts seems to results in an oxidation of Me species, and the
etal surface is kept in a high oxidation state, which comes from

he reaction. Therefore, the catalysts activated by CO2 produced
r4+/Cr3+, Cu2+, Co2+, Fe3+ and Ni2+ species in both series of solids,
ccording to EPR analysis.

In contrast, the metal species formed on the N2-activated solids
ere rather similar to those of the CO2-activated ones; however,

he highest oxidized species provided by CO2 when combined with
he hard reducibility of isomorphously substituted materials (DM)
esult in more active catalysts, as compared with the impregnated
olids (IM). Indeed, it can be said that lattice oxygen in the DM and
M samples was consumed during the dehydrogenation under an

2 atmosphere to result in the corruption or weakening of the long-
ange regularity of the hexagonal arrays while the defect formed by
he lattice oxygen uptake can be refilled by oxygen from gas-phase
O2, resulting in no substantial change in the structure under a CO2
tmosphere, as previously studied in CrMCM-41-based materials
23].

.5.2. Effect of temperature on the conversion and styrene
electivity

The conversion and selectivity of ethylbenzene at different tem-
eratures are depicted in Fig. 5.

The catalytic performance was very poor (less than 2%) over all
r-, Co- and Cu-containing samples during 6 h of reaction at all tem-

eratures studied; this is due to the reduction of the metal species.
herefore, the catalytic run was performed for NiDM, NiOx/IM,
eDM and FeOx/IM.

Taking Fig. 5 result into account, variation of the ethylben-
ene dehydrogenation conversion with increasing the temperature

ig. 5. Effect of the temperature on the conversion and selectivity for NiDM,
iOx/IM, FeDM and FeOx/IM. Reaction conditions: 6 h; CO2/EB = 30; mcat = 100 mg;
retreatment: CO2.
97.5 – – 2.5
99.1 0.09 – –
35.6 32.1 8.0 24.3
00 – – –

reveals that the DM solids are more active than the MeOx dispersed
metals (IM). Up to 500 ◦C, the increase in conversion was linear,
reaching about 50% of this catalytic parameter for the Fe-containing
samples, while the Ni-containing catalysts had the inverse ten-
dency, reaching almost 36% of conversion at 500 ◦C, independently
of the preparation method. These results indicate that the influ-
ence of the Mn+ or MeOx species are rather similar, considering
that 1 wt% of the referred species are present. The increase in tem-
perature favors Mn+ leaching from the MCM-41 framework to form
MeOx species; thus, at the final stage, all the active sites of both
series of catalysts have the same nature.

The selectivity for styrene over the solids showed a distinct
behavior. On one hand, Fe-containing catalysts experienced a slight
decrease in selectivity, e.g., 88–70% for FeDM, by increasing the
temperature (550–650 ◦C). Conversely, for Ni-containing catalysts
the selectivity was drastically decreased, reaching values close to
zero up to 650 ◦C. In the range of 450–650 ◦C, both NiDM and
NiOx/IM samples had selectivity values of approximately 40% due
to the low conversion achieved for the referred solids after 6 h of
reaction.

These results are justified by the fact that an increase in temper-
ature favors the conversion of ethylbenzene due to the endothermic
character of the reaction, mainly over Fe3+ active sites, which are
selective for styrene [2,14]. In contrast, over Ni-containing samples,
furnishing energy to the process by means of increasing the temper-
ature initially results in high catalytic performance. As the reaction
proceeds, the Ni2+ species are reduced in the reaction media to
Ni0 active sites, which are not reoxidized by the CO2 atmosphere,
because they form carbonaceous deposits (further confirmed by
Raman spectroscopy), which deactivates the catalysts at relatively
high temperatures (>600 ◦C).

The selectivity for styrene was decreased up to 550 ◦C due to
thermal cracking of ethylbenzene, toluene, benzene, and ethane
(reactions (VI) and (VII)). Also, the cracking of ethylbenzene in car-
bonaceous deposits over Fe-based catalysts cannot be excluded
(reaction (VIII)):

C6H5CH2CH3 → 8C + 5H2 (VIII)

In the case of NiDM and NiOx/IM catalysts, the styrene selec-
tivity is initially high because of the degradation of carbonaceous
deposit precursors, i.e., coke precursors, in the presence of water
into carbon dioxide and hydrogen [8] on the Ni0 sites (reaction (IX))

cokeprecursors + H2O → CO2 + H2 (IX)
Nevertheless, after 6 h of reaction, the high amount of toluene,
benzene and other polyaromatics condensed are deposited on the
surface/pores of the Ni-containing samples due to the high amount
of Ni0 species exposed to the reactants. Thus, the selectivity for
styrene is drastically decreased.
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ig. 6. The partial pressure versus conversion of ethylbenzene for Ni- and Fe-
ontaining catalysts at 550 ◦C, 1 h; mcat = 100 mg; pretreatment: CO2.

.6. Effect of the partial pressure of CO2 on the conversion of
thylbenzene

The partial pressure of CO2 was varied by adjusting the molar
atio of CO2 and N2, while the ethylbenzene total flow was kept
nchanged. The preparation method has almost no influence on
he catalytic performance; however, the metal nature has a signifi-
ant influence. Since CO2 has a profound influence on the catalytic
ctivity, in the absence of this gas ethylbenzene conversion is low
ver all catalysts (less than 2.5%), as seen in Fig. 6.

Small amounts of CO2 (PCO2 = 0.5 bar) give an ethylbenzene
onversion of approximately 6.0% with the FeDM while FeOx/IM
onversion is modest (less than 2%). Indeed, there is a maximum
n terms of conversion for all catalysts studied up to 1.0 bar. An
ncrease in the partial pressure of CO2 up to 1.5 bar gave a drop in
onversion over the FeDM catalyst whereas over the FeOx/IM cata-
yst the conversion was not drastically changed. A further increase
n the partial pressure of CO2 results in a decrease in ethylbenzene
roduction because of the low adsorption of ethylbenzene on the
atalyst’s surface in the presence of an excess of CO2 [10,22]. The
onversion of the Ni-containing catalysts is superior independently

f the preparation method.

In all cases, the selectivity for styrene was not been substantially
hanged over FeDM and FeOx/IM. However, both NiDM and NiOx/IM
ad selectivities lower than 50%, indicating that CO2 is unable to
xidize Ni0 species, which is not selective for styrene.

Fig. 7. Schematic representation of the dehydroge
r Catalysis A: Chemical 315 (2010) 86–98

According to the mechanistic considerations of oxidative dehy-
drogenation of ethylbenzene, H-abstraction of ethylbenzene by a
basic surface oxygen located at a defect site has been proposed
[41], which would leave two OH groups at the surface. The direct
recombinative desorption of hydrogen in the form of water under
the consumption of surface oxygen is most likely. At the final step,
the reoxidation of Fe3+/Fe2+ pairs by dissociative adsorption of CO2
added to the feed is possible, as observed over iron oxide catalysts.

Therefore, in the case of FeDM catalysts, intermediates of ethyl-
benzene are dissociated at the �-position of this molecule. Indeed,
neutrally adsorbed molecular oxygen species and O− species of
the catalysts demonstrate the ability to activate CO2 according to
deuterium exchange experiments [42]. Thus, the reaction of ethyl-
benzene with CO2 has been shown to occur on O− species [3,14,20].
Since the former species are consumed by the reaction, CO2 sup-
plies the deficiency of the catalyst, especially on FeDM. Hence,
the Fe3+ acid site of the catalyst adsorbs ethylbenzene (Fig. 7),
reversibly abstracting the �-hydrogen at a basic OH adjacent to
the acid site. The base sites, e.g., oxygen species and O− species,
activate the gaseous CO2 to form an O− entity, which abstracts the
�-hydrogen.

At the same time, the interconversions of Fe2+ ↔ Fe3+ can occur
when carbon dioxide is present in the reaction. Simultaneously,
hydrogen also may reduce the Fe3+ acid site in a parallel reaction,
mainly on FeOx/IM, on which deactivation is severe. Finally, the
carbon monoxide may react with water or oxygen by generating
carbon dioxide:

CO + H2O → CO2 + H2 (X)

CO + 0.5O2 → CO2 (XI)

However, there is an optimum level of CO2; if this circum-
stance is achieved, the catalysts deactivate because of the RWGS
reaction (reaction (IV)), which is further translated to syngas forma-
tion; thus, a thermodynamic equilibrium is achieved as observed
in mechanistic studies [41,42]. Ni-containing catalysts have styrene
selectivity decreased because of deactivation of the nickel sites by
coking, which grows on Ni0 sites.

3.7. Characterization of spent catalysts
The catalysts were exposed to a complex gas environment under
reaction conditions, which suggests researching the causes of cat-
alyst deactivation. In order to understand the origin of catalyst
deactivation, we have characterized the spent catalysts by TPO,

nation of ethylbenzene over FeDM catalyst.



A.H. de Morais Batista et al. / Journal of Molecular Catalysis A: Chemical 315 (2010) 86–98 95

ysts. S

X
E

t
C
c

c
c
t
[
r
r
z
c
t
f
t
s
s

l
d
i
F
t

T
P

Fig. 8. XRD diffractograms of spent catal

RD, Raman spectroscopy, textural features, thermal analyses and
PR techniques.

After the reaction, there was a collapse in the MCM-41 struc-
ure and/or a decrease in regularity of the hexagonal array in Cu-,
r- and Co-based catalysts (Fig. 8a), whereas Fe- and Ni-containing
atalysts had their structure preserved, according to XRD analysis.

The XRD results from a wide-angle of diffractions (Fig. 8b) indi-
ate that Cu-, Cr- and Co-containing catalysts have peaks that are
haracteristic of Cu0, Co0, and Cr3+/Cr2+, which is in accordance with
he g values obtained for the spent catalysts by EPR experiments
31,32]. These species were not detected by XRD after the catalytic
un due to the limitations of this technique. It suggests the high
educibility of Cu2+, Co2+ and Cr4+/Cr3+ after their use in ethylben-
ene dehydrogenation. On the other hand, Fe- and Ni-containing
atalysts have peaks corresponding to NiO and Fe2O3, aside from
he peaks ascribed to carbon species deposited on the solid sur-
ace at 2� = 25.3◦ and 42.5◦ [8]. From these results, it seems that
he preparation method does not influence the deactivation of the
olids. The nature of the metals present on the MCM-41stucture
eems to be more relevant.

Table 5 shows the physicochemical properties of spent cata-

ysts. It can be seen that the surface area and pore diameter values
ecreased after the catalyst test, by comparing the values presented

n Table 1. It was not possible to measure the particle size of both
eOx/IM and NiOx/IM samples due to the large amount of coke on
he solids surface.

able 5
hysicochemical properties of spent catalysts.

Sample Sg (m2 g−1) Particle size (nm) Species identified by EPR

CuDM 328 23.1 Cu0

FeDM 534 2.8 Fe2+; Fe3+; C
CoDM 240 17.5 Co2+; Co0

NiDM 456 1.9 Ni2+; Ni0; C
CrDM 148 10.6 Cr2+

FeOx/IM 203 – Fe2+; C
CrOx/IM 102 38.5 Cr2+

CoOx/IM 286 20.8 Co2+; Co0

NiOx/IM 308 – Ni0; C
CuOx/IM 285 28.0 Cu2+; Cu0
mall (a) and wide (b) diffraction angles.

Specifically, over the CuDM, CrDM and CoDM samples, the val-
ues of surface area were slightly higher than those of CuOx/IM,
CrOx/IM and CoOx/IM. Also, these results are in line with an increase
in the particle size observed after the catalyst test, which sug-
gests a phase transformation. Hence, there was a sintering of these
solids, which explains the low performance of these catalysts in the
reaction. In contrast, Fe- and Ni-containing samples experienced a
decrease of less than 5% in their surface area in comparison with
the fresh values of this parameter (Table 1).

3.7.1. Coke analysis
In order to investigate the causes of the deactivation of the Ni-

and Fe- containing catalysts, which were deactivated by coking,
the content and nature of the carbon species deposited after 24 h
of reaction were investigated by Raman and TPO analyses.

Both FeOx/IM and NiOx/IM samples were deactivated after 3 h of
reaction by clotting of the reaction tube by coking. However, NiDM
and FeDM were active during 24 h of reaction. TPO thermograms
of NiDM showed three kinds of carbon, which were attributed
to aliphatic carbon, polyaromatics and graphitic carbon at 462 ◦C,
485 ◦C, and 568 ◦C, respectively. In contrast, only one kind of carbon
was found deposited on the FeDM sample, which was burned off
at 450 ◦C, as seen in Fig. 9. This explains the ease in alleviation of
coking by using CO2 with the FeDM sample.

TG and DSC curves showed that the spent catalysts had a mass
gain event in the temperature range 200–400 ◦C, probably due to
the oxidation of the remaining metals present on FeDM and NiDM
samples. In addition, both samples had a further mass loss event
centred at 500 ◦C which was attributed to the combustion of amor-
phous (non-graphitic) carbon, derived from the reaction, mainly
on NiDM that had the greatest proportion of non-graphitic car-
bon. A second mass loss event at approximately 800 ◦C and 720 ◦C,
respectively for FeDM and NiDM, was observed. This indicates that

highly graphitic (or crystalline) carbons are thermally more stable
compared to less crystalline or amorphous carbons [8,38]. The crys-
talline carbon species can occur on the pore mouth and on the outer
surface regions of FeDM particle where they may be readily graphi-
tized. Simultaneously, carbon deposition on the surface as well as
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Fig. 9. TPO thermograms of spent NiDM and FeDM samples.
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and G band, e.g, ID/IG is equal to 0.62 for NiDM while FeDM has
ig. 10. Coking degree and ethylbenzene conversion under different atmospheres.

ithin the pores of the mesoporous materials led to amorphous
arbon. It can explain the amount of carbon species formed in the
ehydrogenation of ethylbenzene with CO2, which were further
onfirmed by Raman spectroscopy.

The amount of coke deposited was related to the conversion of
thylbenzene (Fig. 10).

There is a correlation between the coke amount and ethyl-

enzene conversion in each atmosphere where the reaction was
erformed. In the presence of CO2, coke formation was diminished
nd the carbon deposition was not severe over the FeDM sample.
he carbon deposits can be removed from the surface of the catalyst

Fig. 12. SEM images of spent cataly
Fig. 11. Raman spectra of spent NiDM and FeDM catalysts.

by water and generate carbon monoxide and hydrogen, according
to the reaction (XII):

coke + H2O → CO + H2 (XII)

The CO2 formed upon reaction (IX) acts to reoxidize Fe3+ ions
on the surface (Fe2O3) and on the structure of MCM-41; thus, it
provides the catalytic conversion of ethylbenzene in line with the
EPR analysis of spent catalysts that detected Fe3+ species. However,
over the NiDM sample, the coking was intensified in the presence
of N2 or CO2 due to the Ni0 species, which are prone to form car-
bonaceous deposits [8,38]. In this case, the CO2 does not behave as
an oxidant for Ni0 species, and the surface of the solid is covered by
coke after 24 h of reaction. The nature of the carbon species formed
on the solids was investigated by Raman spectroscopy (Fig. 11).

The Raman spectra of the spent NiDM sample shows a strong G
band peak at 1590 cm−1, which is ascribed to the graphitic structure
of carbon, and a small D band peak around 1349 cm−1 correspond-
ing to disordered carbon, such as amorphous carbon.

In the case of FeDM, the band at 1345 cm−1 and 1592 cm−1 are
related to the D and G bands, respectively. Particles of Fe2O3 are
also observed, as reported in the literature for analogous materials
[44,45], whereas the NiDM bands of NiOx species on carbon-based
materials [38,46] were not observed due to the limitation of the
equipment.

The Raman spectra show that the ratio between the D band
ID/IG is equal to 0.84, suggesting that the high conversion and low
selectivity to styrene over NiDM are related to the degradation
of ethylbenzene into carbon species that are highly disordered,
i.e., polyaromatics carbon. These species were formed through the

sts: (a) FeDM and (b) NiDM.
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olymerization of styrene and the degradation of other carbon
ources (toluene, benzene), the so-called ‘quinines, carbon sp2’ or
active coke’ [40,43], which is slightly removed by CO2.

This clearly indicates that the carbon species are removed in
eOx/IM and NiOx/IM samples as the reaction proceeds, so the con-
ersion of ethylbenzene is maintained during 24 h of reaction. On
oth the NiDM and FeDM catalysts, the coke deposition on the
urface of the solids was lower in the presence of CO2 than in its
bsence, and this is believed to be the main reason for the deacti-
ation of the catalysts (Fig. 10).

The SEM images of NiDM and FeDM (Fig. 12) show that in the
ase of FeDM, the structure of this catalyst coexists with carbon fil-
ments; however, these carbonaceous deposits are homogeneous
nd it covers the surface of the solid, as in the NiDM sample
Fig. 12b).

Over the FeDM catalysts, the coke was totally burned off at
50 ◦C, making the stable ‘sp2 active species of carbon’, which is
ccessible to CO2 gas. Consequently, there is an inhibition of the
ncapsulated carbon present on the Fe3+ active sites by the pol-
aromatics carbon species and the sp2 active species are burned
ff by the CO2. This increases the selective properties of the cata-
ysts due to the continuous Fe3+/Fe2+ redox cycle, which is highly
electivity for styrene.

In the case of NiDM, the combustion of coke and the building of
ew highly disordered polyaromatic species occur on the surface
ecause of the high reactivity of Ni2+ and Ni0 species. As a con-
equence, the combustion of coke partially occurs due to the new
ayers of highly disordered polyaromatics (from styrene, benzene
nd toluene) deposited on the surface, hindering the selectivity of
he NiDM catalyst.

From these results, it can be inferred that ethylbenzene dehy-
rogenation with CO2 can be done by using MeDM and MeOx/IM
olecular sieves. The Cu2+, Co2+ and Cr4+/Cr3+, as well as their

xides, give an initial activity in the reaction; as the reaction
roceeds, the referred species are reduced after 3 h of reaction.
evertheless, Fe3+ and Ni2+ species are much more active than the
ther species in the MCM-41 structure. Deactivation studies show
hat continuous Ni0 formation enhances the carbonaceous depo-
ition by decreasing the catalyst selectivity, whereas Fe3+ species
re continuously reoxidized by CO2, which alleviate coke forma-
ion. The Fe3+ ions in the structure of MCM-41 result in a highly
elective catalyst for styrene production.

. Conclusions

Based on the above results and discussion, it is concluded that:

(i) Me-incorporated MCM-41 and MeOx/IM were formed using
isomorphous substitution synthesis and the incipient wetness
impregnation method, respectively, by producing well-
ordered mesoporous-containing metal structures and highly
dispersed MeOx species. Textural and EPR analyses indicated
that upon metal incorporation (Cu, Co and Cr), relatively high
surface areas were obtained, except for the catalysts with the
metals loaded, which had low textural features.

(ii) Cr3+, Co2+ and Cu2+ species were found as framework species
of MCM-41 in the case of isomorphous substituted catalysts or
highly dispersed oxides for the impregnated catalysts. How-
ever, by both methods of preparation, Fe3+ and Ni2+ ions
were isolated, indicating that Fe2O3 and NiO, respectively,
exist on the latter solids. The activity of these Co-, Cu- or Cr-

containing catalysts in the dehydrogenation of ethylbenzene
was restricted to 3 h of reaction due to the high reducibility of
the Cr3+, Co2+ and Cu2+ species compared to that of the Fe3+

and Ni2+ ions as evidenced by TPR experiments. CO2 is not able
to oxidize these species as seen by EPR.

[
[

[
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iii) Fe3+ and Ni2+ ions in the structure of MCM-41 are highly active
for producing styrene by dehydrogenating ethylbenzene due to
both low reducibility and stabilization of these species in the
MCM-41 framework. Nevertheless, when the catalysts were
impregnated with metals, e.g., Ni and Fe, they demonstrated
low performance during the reaction due to the phase transfor-
mations of the NiOx and FeOx species. Hence, the Me-MCM-41
structure works better to produce styrene regarding Mn+ sta-
bilization in the MCM-41 framework.

(iv) Deactivation studies show that the coke nature is relevant to
the performance of the catalysts. Polyaromatics from styrene
on Ni0 sites rapidly decrease the catalytic selectivity, while
‘active sp2 carbon species’ on Fe3+ sites are continuously oxi-
dized by CO2, leading to high catalytic activity. A detailed
acid–base and redox mechanism of styrene formation from
ethylbenzene on the surface of the catalysts is proposed and
is in good agreement with the Fe3+ and Ni2+ isomorphously
substituted catalysts.
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