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a b s t r a c t

Pore-expanded mesoporous MCM-41 silica-supported chromium oxide catalysts with different chromia
loadings were synthesized using three different methods. The catalysts were thoroughly characterized
and used for ethane dehydrogenation (DH). Reaction studies revealed that the ethane conversion and
coke formation on the catalyst depend on the chromia loading and the catalyst preparation method. All
catalysts were highly selective toward ethylene. However, among the three catalysts containing 5 wt%
chromia, the 5 wt% Cr/PE-MCM-41 catalyst exhibited the best performance with an ethane conversion

◦

eywords:
thane dehydrogenation
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ore-expanded MCM-41
PS

of 23% and ∼99% ethylene selectivity at 650 C (C2H6/N2 = 0.176, total contact time = 0.0032 g min/mL).
The chromia catalysts prepared using as-synthesized pore-expanded mesoporous silica (Cr/PE-MCM-
41) also exhibited the highest stability. XPS analysis revealed the presence of three different chromium,
namely Cr(II), Cr(III) and Cr(VI), whose overall surface concentration as well as relative content varied with
the reaction time-on-stream (TOS). Furthermore, the nature and relative amounts of surface chromium
species were monitored by in situ XPS measurements as a function of TOS. Correlation of the XPS findings

wed c
with ethane DH data sho

. Introduction

Due to its equilibrium limitations and endothermic nature, the
thane dehydrogenation (DH) process is favored at relatively low
ressures and high temperatures. However, such conditions usually

ead to decreased ethylene selectivity due to overcracking phe-
omenon and to severe deactivation of the catalyst because of coke

ormation [1–3]. Thus, developing novel catalysts, which are highly
elective and capable of withstanding large coke build-up while
aintaining high catalytic activity for prolonged times, would be

n important achievement.
Despite the importance of ethane DH, only few studies dealt with

his reaction over catalysts such as rhenium [4], gallium oxide [5],
nd chromium oxide [1,6–11]. Rovik et al. [4] investigated 2.8 wt%
e catalyst supported on mesoporous MFI zeolite (Si/Al > 500) for
thane DH at 550 ◦C and found it to be relatively stable at low con-
ersions (2–6%). However, the performance of the catalysts was

ot investigated at higher temperatures (>550 ◦C) to achieve higher
onversions. Nakagawa et al. [5] studied ethane DH over several
etal oxide catalysts for only 30 min time-on-stream. They found
a2O3 to be the best catalyst compared to other metal oxides but
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learly that the Cr(III) species are the main active sites.
© 2009 Elsevier B.V. All rights reserved.

the stability or life time of the catalyst was not reported. Supported
chromium oxide catalysts were also found to be effective for DH
of ethane [6–11] and most of these studies focused mainly on elu-
cidating the role of chromium active sites. However, the nature of
chromium active sites is still being debated as both Cr(II) [6,7] and
Cr(III) [11–14] species were reported to be the active sites for light
alkane DH. Furthermore, there is very little information available
on the stability and regenerability of supported chromia catalysts
for ethane DH.

Pore-expanded mesoporous MCM-41 silica exhibits a unique
combination of high surface area (>1000 m2/g), large pore sizes
(up to 25 nm) and high pore volume (up to 3.6 cm3/g) [15–17].
Over the past few years, several applications for pore-expanded
mesoporous silica in adsorption [18–22] and catalysis [23,24] were
reported. The objective of the current investigation is the devel-
opment of stable, highly selective and active ethane DH catalysts
based on chromium oxide supported on pore-expanded meso-
porous silica. Another major thrust of this work is the use of
quasi in situ X-ray photoelectron spectroscopy (XPS) to monitor
the catalysts surface during ethane DH. To the best of our knowl-
edge, there are no other studies on quasi in situ XPS investigation
of supported chromia catalysts at different stages of ethane DH.

Correlation of XPS findings and catalytic activity provided strong
evidence that Cr(III) is the active site for ethane DH. Notice that the
synthesis and detailed characterization of three series of chromia-
containing catalysts have been reported in a companion paper
[25].

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:abdel.sayari@uottawa.ca
dx.doi.org/10.1016/j.molcata.2008.12.027
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. Experimental

.1. Catalysts preparation

As stated earlier, all the chromia-based catalysts were described
lsewhere [25]. The pore-expanded MCM-41 silica was prepared
n two stages, namely the synthesis of conventional MCM-41 silica
n the presence of cetyltrimethylammonium bromide (CTAB) fol-
owed by the hydrothermal pore-expansion process in the presence
f dimethyldecylamine (DMDA) as a swelling agent.

The chromia-based catalysts were prepared using the three fol-
owing methods.

Method I: The as-synthesized PE-MCM-41 silica, i.e., filled with
CTA cations and DMDA was used as support. The chromium was
loaded through complexation by the occluded DMDA followed
by calcination in air at 700 ◦C. The obtained catalysts are denoted
as xCr/PE-MCM-41, where x is the wt% loading corresponding to
Cr2O3.
Method II: Selective extraction of DMDA in as-synthesized PE-
MCM-41 silica afforded PE-MCM-41E, which was used as catalyst
support. Supported chromia catalysts were prepared by the incip-
ient wetness impregnation technique followed by calcination in
air at 700 ◦C. The catalysts thus obtained are referred to as xCr/PE-
MCM-41E, where x is the wt% loading corresponding to Cr2O3.
Method III: The as-synthesized PE-MCM-41 silica was calcined
at 700 ◦C and used as support. Deposition of chromium was
achieved by the incipient wetness impregnation technique as
described in Method II using the calcined support. Only one
sample, 5Cr/PE-MCM-41C with ∼5 wt% chromia loading was pre-
pared.

.2. Catalysts characterization

Detailed characterization of the catalysts using nitrogen adsorp-
ion, X-ray diffraction, temperature-programmed reduction was
eported elsewhere [25]. UV–vis diffuse reflectance spectroscopy
easurements were obtained using a Varian Cary 300 spectrome-

er.
As reported earlier [25], X-Ray Photoelectron Spectroscopy

XPS) measurements on supported chromium oxide catalysts were
erformed on a Kratos Axis Ultra DLD spectrometer using a focused
onochromatized Al K� radiation (1486.6 eV). Charging effects of

he sample were minimized by employing a low energy electron
un. High resolution XPS spectra were obtained at 20 eV pass energy
n a short period of time (∼12 min) in order to avoid or minimize the
eduction of surface chromium species induced by X-rays [26–28].
he binding energies were calibrated using the peak of adventi-
ious carbon (C 1s) at 284.6 eV [28]. Quantitative calculations of
he surface atomic concentrations and the composition of different
hemical states of surface chromium were obtained by peak fitting
f XPS spectra using Vision 2.0 processing software, provided by
ratos Analytical Ltd., UK.

The quasi in situ XPS analysis over the supported chromia cat-
lyst during activation and ethane dehydrogenation was carried
ut using the same instrument, which was also equipped with an
ntegrated high pressure, high temperature catalytic reaction cell.
his cell was capable of operating at temperatures up to 900 ◦C
nd pressures up to 10 atm. The ethane DH reaction was carried
ut in this cell at conditions similar to those used for the conven-
ional fixed-bed reactor studies to establish a structure-reactivity

elationship. The quasi in situ XPS spectra were obtained using the
ollowing procedure. The sample was pressed into a pellet corre-
ponding to the dimensions of a quartz sample holder especially
esigned for the catalytic reaction cell. XPS spectra were obtained
or this fresh catalyst using the same procedure as described above
ysis A: Chemical 301 (2009) 159–165

for ex situ analysis. The sample was then transferred internally
(without exposing to the atmosphere) to the reaction cell using
sample transfer rods. The sample was initially heated in situ in
flowing N2 (50 mL/min) to 650 ◦C and 1 atm pressure, and subse-
quently pretreated in high purity air at 650 ◦C for 30 min, followed
by N2 purging for 30 min. After cooling the sample to room temper-
ature (RT), it was transferred to the XPS analysis chamber, without
exposure to air. After XPS measurements, the sample was again
moved to the reaction cell, where it was heated to 650 ◦C in flow-
ing N2. The ethane DH reaction was then performed for 15 min
time-on-stream (TOS) at 650 ◦C and 1 atm pressure using a 50%
C2H6/N2 reaction feed with a total flow rate of 50 mL/min. The
XPS spectra of the sample after reaction was acquired as described
above, i.e., cooling the sample after reaction in N2 to RT and fur-
ther transfer to the XPS chamber. Similar XPS measurements after
reaction at different TOS values were collected using the proce-
dure described above. The reaction time was reported in terms
of cumulative TOS values. For instance, the reaction time would
be 1 h if the reaction was carried out for 15 min followed by XPS
analysis and then for 45 min. The XPS findings were used to iden-
tify and quantify the different chemical states of surface chromium
species, and to elucidate the nature of the active sites in ethane DH
reaction.

2.3. Ethane DH reaction studies

The prepared catalysts were tested for ethane DH at atmospheric
pressure in a vertical down-flow fixed-bed U-tube quartz reac-
tor mounted in a tubular furnace. Typically, 0.16 g of catalyst was
employed. The temperature of the catalyst bed was measured by a
thermocouple located in a quartz well placed in the catalyst bed,
and was controlled by a PID temperature controller. The flow rates
of reactant and pretreatment gases were adjusted through separate
MKS mass flow controllers. Prior to the reaction studies the cata-
lyst sample was heated in flowing N2 (50 mL/min) to 700 ◦C, then
in air (50 mL/min) at the same temperature for 30 min, followed by
N2 purging for 15 min. After cooling the catalyst to 600 ◦C in N2,
the reaction feed containing ethane (C2H6) and nitrogen (N2) was
introduced into the reactor at a specific molar ratio with a constant
total flow rate of 50 mL/min. The effluent gases from the reactor
were directed for online analysis to a gas chromatograph (Agilent
6890N) through a heated transfer line. The reactant and products
formed (C2H6, C2H4 and CH4) were separated using a GS-GasPro
PLOT capillary column (60 m × 0.32 mm ID) and analyzed using a
flame ionization detector. The temperature of the catalyst was var-
ied between 600 and 650 ◦C. The mole fraction of C2H6 (xC2H6 ) in the
feed was varied between 0.15 and 0.5 in order to study the effect of
dilution of ethane on the catalytic performance. Initially, the reac-
tion was carried out at 600 ◦C and the effluent was analyzed at 7 min
of TOS, and subsequent measurements were taken every ∼10 min
on stream up to 1 h. After that, the catalyst was purged at the same
temperature with N2 for 30 min and the flow was switched to air
(50 mL/min) for 40 min to regenerate the catalyst, followed by N2
purging for 30 min. The temperature was then changed to 625 ◦C
and the reaction data were collected as described above. Data at
other temperatures were obtained using the same procedure. Based
on the inlet and outlet concentrations, the conversion, selectivity
and yields were calculated. These calculations were based on the
moles of products formed, but not on the basis of ethane consump-
tion as there was a loss of some carbon due to coke deposition on
the catalyst during ethane DH.
Blank experiments were also conducted in the absence of cat-
alyst at different temperatures ranging from 600 to 700 ◦C to
investigate the contribution of thermal dehydrogenation of ethane,
if any. Based on these runs, the temperature range of 600–650 ◦C
was found to be appropriate for catalytic studies.
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ig. 1. Quasi in situ XPS Cr 2p region spectra at 650 ◦C; xC2H6
= 0.5; total flow

ate = 50 mL/min: (a) pretreated in air for 30 min; (b) after 15 min time-on-stream
TOS); (c) after 1 h TOS; (d) after 3 h TOS; (e) regenerated in air for 2 h; (f) after 2nd
ycle reaction at TOS of 1 h; (g) pre-reduced in 50% H2/N2 for 1.5 h.

The coke deposited on the catalyst during ethane DH was eval-
ated by thermogravimetic analysis (TGA) using a TA Instruments
GA Q500 analyzer. To examine the catalyst stability, the reaction
as conducted at the highest temperature considered (650 ◦C) for
4 h. The spent catalysts were regenerated overnight in air and fur-
her tested for ethane DH activity.

. Results and discussion

.1. XPS

All Cr 2p spectra were comprised of two peaks centered at ∼577
nd ∼586.5 eV, corresponding to Cr 2p3/2 and Cr 2p1/2 photoelec-
rons, respectively [25]. The Cr 2p3/2 band was deconvoluted into
hree components with binding energy values of ∼576, ∼577 and
581 eV, corresponding to Cr(II), Cr(III) and Cr(VI) species, respec-

ively [27,29]. The surface concentration of chromium as well as the
elative amount of chromium species in as-synthesized catalysts,
.e., calcined at 700 ◦C and exposed to ambient air were reported
arlier [25]. The 5Cr/PE-MCM-41C contained comparable amounts
f all three chromium species, whereas the other two series of cat-
lysts xCr/PE-MCM-41 and xCr/PE-MCM-41E contained very little
urface Cr(II) and significant amounts of Cr(III) and Cr(VI).

The quasi in situ XPS studies of ethane DH were carried out using
◦
50% C2H6/N2 mixture (50 mL/min) at 650 C on the 5Cr/PE-MCM-

1 catalyst that was chosen based on the best catalytic performance
n the conventional fixed bed reactor studies, which are discussed
ater. The XPS Cr 2p spectra of the 5Cr/PE-MCM-41 catalyst under
ifferent conditions are depicted in Fig. 1. The precalcined fresh

able 1
PS (quasi in situ) results for the 5Cr/PE-MCM-41catalyst.

atalyst treatment Cr 2p3/2 Binding energy (eV) C

Cr(VI) Cr(III) Cr(II)

retreated in air 581.0 577.4 576.2 2
fter TOS = 15 min 580.9 577.2 576.1 2
fter TOS = 1 h 581.0 577.0 576.0 1
fter TOS = 3 h 581.1 577.3 576.2 1
egenerated in air 580.9 577.1 575.9 2
eaction 2nd cycle, after TOS = 1 h 580.8 577.2 576.3 2
Fig. 2. UV–vis DRS spectra of the 5Cr/PE-MCM-41 catalyst before and after reaction.

catalyst (spectrum a in Fig. 1) showed clearly two Cr 2p3/2 bands
corresponding to Cr(III) (577.4 eV) and Cr(VI) (581.2 eV) species and
a small shoulder at 576.2 eV, associated with Cr(II) species [27,29].
Quantification results of the spectra by deconvolution are presented
in Table 1. The predominant chromium species present on the
precalcined catalyst were Cr(III) and Cr(VI) species with a minor
contribution from Cr(II) (∼4%). It is clear from Fig. 1 (spectrum b)
and Table 1 that after 15 min of ethane DH reaction, the percentage
of Cr(VI) species decreased from ∼41 to 15%, while the Cr(III) con-
centration increased from 55 to 80%, indicating that the majority of
Cr(VI) species were reduced to Cr(III) during the initial stage of reac-
tion. Furthermore, the XPS data showed that the most predominant
species observed at all TOS values was Cr(III) (∼80–90%) with minor
contributions from Cr(II) and Cr(VI) species. However, the over-
all surface chromium concentration decreased continuously with
increasing TOS because of the coke formation on the catalyst sur-
face during ethane DH. At higher TOS values, the coke deposited on
the catalyst made it difficult to determine the exact composition of
different chromium species present. After regenerating the catalyst
in air at 650 ◦C, the highly oxidized Cr(VI) species was restored as
evidenced by the reappearance of a XPS signal at 581.2 eV (spectrum
e) and the calculated surface composition (Table 1).

The rapid reduction of Cr(VI) species upon exposure to the
reaction conditions was also confirmed by the ex situ UV–vis dif-
fuse reflectance spectroscopy results shown in Fig. 2. The UV–vis
spectrum of the fresh 5Cr/PE-MCM-41 catalyst revealed absorp-
tion bands at ∼354 nm due to the presence of Cr(VI) species and
at ∼455 and ∼596 nm due to Cr(III) species [30,31]. The UV–vis
spectrum of the catalyst after reaction (TOS = 15 min) showed that

the band due to Cr(VI) (∼354 nm) species nearly disappeared indi-
cating the rapid reduction of Cr(VI) species during the initial stage
of reaction, whereas the bands due to Cr(III) remained with a slight
shift towards higher wavenumbers. The fast reduction of Cr(VI) to
Cr(III) species during propane DH over supported chromia was also

r, atomic concentration (%) Percentage of different Cr species (%)

Cr(VI) Cr(III) Cr(II)

.70 41.3 55.3 4.4

.18 15.1 81.5 4.4

.97 8.0 88.9 3.1

.67 8.0 99.8 2.2

.72 40.5 57.4 2.2

.15 16.9 78.7 4.4
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Table 3
Ethane dehydrogenation over bulk and supported chromium oxide catalysts: weight
of the catalyst = 0.16 g; total flow rate = 50 mL/min; mole fraction of C2H6, xC2H6

=
0.5.

Catalyst Temperature
(◦C)

Ethane conversion (%) Selectivity (%)

TOS = 7 min TOS = 60 min C2H4 CH4

2Cr/PE-MCM-41
600 5.3 5.2 100 0
625 9.5 8.8 99.2 0.8
650 15.6 14.5 98.9 1.0

5Cr/PE-MCM-41
600 7.7 6.9 99.4 0.6
625 11.5 10.5 99.1 0.9
650 17.4 15.7 98.8 1.2

2Cr/PE-MCM-41E
600 6.7 6.0 100 0
625 10.4 8.7 99.4 0.6
650 16.1 13.3 99.0 1.0

5Cr/PE-MCM-41E
600 9.0 7.4 99.3 0.7
625 12.5 10.5 99.0 1.0
650 18.7 14.8 98.2 1.8

7Cr/PE-MCM-41E
600 6.4 4.3 99.6 0.4
625 8.4 6.5 99.2 0.8
650 13.4 9.6 98.8 1.2

5Cr/PE-MCM-41C
600 6.4 4.0 100 0
625 9.1 6.1 99.5 0.5
650 12.3 8.2 99.3 0.7
Fig. 3. Quasi in situ XPS C 1s region spectra under different conditions.

bserved in-situ UV–vis spectroscopy [32–35]. In fact, the Cr(VI)
eduction to Cr(III) occurred in a propane/N2 stream at much lower
emperature than the current reaction temperature [32]. Further-

ore, as seen in Fig. 2, an increase in absorbance was observed
n the UV–vis spectrum of the spent catalyst. Similar findings for
ropane DH over supported chromia catalysts were attributed to
he coke formed on the catalyst surface [32].

To understand the behavior of coke deposition on the catalyst
urface, the C 1s spectra (centered at 284.6 eV) were recorded under
ifferent conditions (Fig. 3). As shown, the intensity of the C 1s peak
or the precalcined catalyst was very small, indicating the occur-
ence of only a trace amount of carbon before reaction. The carbon
eposition on the catalyst surface increased with TOS as evidenced
y the increasing intensity of the C 1s peak. Furthermore, the car-
on deposition decreased to trace amounts upon regenerating the
atalyst in air at 650 ◦C. After running a 2nd cycle of ethane DH
eaction for 1 h using the regenerated catalyst, the C 1s peak inten-
ity increased again and almost matched the peak observed in the
st cycle of reaction for 1 h. This suggests that the behavior of coke
ormation during ethane DH is similar at a particular TOS value
ven after few cycles of reaction, indicating the high stability of the
atalyst.

.2. Ethane dehydrogenation
The ethane DH reaction was first carried out in the absence of
catalyst for 30 min at different temperatures ranging from 600 to
00 ◦C using an equimolar C2H6/N2 mixture to examine the con-
ribution of thermal dehydrogenation. As shown in Table 2, the

able 2
thane thermal dehydrogenation data; reaction conditions: xC2H6

= 0.5,
OS = 30 min.

ample Temperature (◦C) Ethane
conversion (%)

Selectivity (%)

C2H4 CH4

mpty reactor

625 0 – –
650 1.5 99.2 0.8
675 4.3 98.5 1.5
700 10.2 97.4 2.6

E-MCM-41C

625 0 – –
650 1.5 99.3 0.7
675 4.5 98.3 1.7
700 10.3 97.2 2.8
Bulk Cr2O3

600 1.2 0.8 100 0
625 1.7 1.0 100 0
650 2.8 2.0 100 0

only products observed were ethylene (C2H4) and a trace amount of
methane (CH4). It is clear from Table 2 that indeed there was a con-
tribution from ethane thermal dehydrogenation starting at 650 ◦C
and becomes very significant at temperatures above 675 ◦C. The
chromium-free PE-MCM-41C silica support (0.16 g) was also tested
for ethane DH under the same conditions as mentioned above and
the data are given in Table 2. The conversions obtained were similar
to those for thermal dehydrogenation, suggesting that the PE-MCM-
41C support is inactive for ethane DH.

Based on these preliminary observations, the ethane DH studies
were performed over bulk and supported chromium oxide catalysts
at an iso-contact time of 0.0032 g min/mL in the temperature range
of 600–650 ◦C and at xC2H6 of 0.5. Similar to the thermal dehydro-
genation, the products observed in the catalytic ethane DH were
C2H4 and trace amounts of CH4. The ethane conversion and selec-
tivity were measured for all catalysts at different TOS values and
the results at 7 and 60 min are summarized in Table 3. The selec-
tivities were calculated based on the products detected without
taking into account the coke deposited on the catalyst during the
reaction. It can be seen from Table 3 that for all the catalysts, the
ethane conversion at a particular TOS value increased with increas-
ing temperature and was lower than the equilibrium conversion
(given in Table 4) at that particular reaction conditions. The equilib-

rium conversions for the ethane DH reaction were calculated based
on the equilibrium constants obtained at different temperatures
using standard Gibbs free energy change and heat of reaction by
considering the temperature effect on the heat of reaction with-
out any assumption of constant heat capacity [36,37]. In order to

Table 4
Equilibrium conversion for ethane DH at different reaction conditions.

Temperature,
T (◦C)

Equilibrium
constant, K

Mole fraction of
C2H6, xC2H6

Equilibrium conversion,
Xe (%)

600 0.0285 0.5 22.18
625 0.0494 0.5 28.43
650 0.0834 0.5 35.57
650 0.0834 0.3 42.45
650 0.0834 0.15 53.06
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reaction feed. Fig. 7 shows the variation of ethane conversion with
the dilution of ethane in the feed for the ∼5 wt% chromia containing
samples prepared by different methods. The conversion increased
with increasing dilution for all the catalysts. This trend is in line
ig. 4. Effect of chromia loading on the initial ethane conversion; TOS = 7 min and

C2H6
= 0.5.

erform the above analysis, thermodynamic properties required
or each compound were taken from published data [37]. Table 4
hows that the equilibrium constant (K) and equilibrium conver-
ion (Xe) values increase with increasing temperature, consistent
ith the endothermic nature of ethane DH. The equilibrium con-

ersion, however, also depends on the feed composition and it
ncreases with an increase in dilution of ethane in the feed. Further-

ore, as the TOS increased from 7 to 60 min, the ethane conversion
ecreased for all the catalysts. However, it appears from Table 3 that
he extent of decrease in ethane conversion depends on the tem-
erature and the catalyst used. To further investigate this behavior,
atalyst stability experiments were carried out and are discussed
ater.

All the supported chromium oxide catalysts were found to be
ighly selective towards ethylene formation. The C2H4 selectiv-

ty was always around 99% regardless of the operating conditions
nd the catalysts used. The effect of chromia loading on the initial
TOS = 7 min) ethane conversion for xCr/PE-MCM-41 and xCr/PE-

CM-41E catalysts at 600 and 650 ◦C is presented in Fig. 4. It can
e observed that at a particular temperature, the ethane conver-
ion initially increased with increasing chromia loading for both
eries of catalysts. For example, the ethane conversion for xCr/PE-
CM-41E catalysts increased with increasing chromia loading up to
wt% and decreased for higher loading sample, most likely because
f the presence of a large amount of Cr2O3 crystallites as confirmed
y XRD. Similar trends were also observed at other TOS values. Fur-
hermore, the xCr/PE-MCM-41E samples were slightly more active
han the xCr/PE-MCM-41 samples during the initial stage of reac-
ion.

To quantify the amount of coke deposited on the catalysts after
h of reaction at 650 ◦C, the spent catalysts were subjected to ther-
ogravimetic analysis (TGA) by heating the sample to 800 ◦C in
2 and from 800 to 1000 ◦C in air. The results are shown in Fig. 5.
s seen, the coke formed on the catalyst surface (expressed in
t%) increased with increasing chromia loading and at a particular

hromia loading it followed the order: 5Cr/PE-MCM-41 < 5Cr/PE-
CM-41E < 5Cr/PE-MCM-41C. The amount of coke determined by

GA experiments was consistent (±10% deviation) with the loss

f carbon obtained from the carbon balance calculations based on
he feed and the effluent gas concentrations. Thus, it appears that
he coke formation is lower on the catalysts prepared by Method I
ompared to the other catalysts.
Fig. 5. Coke deposited on the catalysts during ethane DH reaction; tempera-
ture = 650 ◦C, TOS = 1 h and xC2H6

= 0.5.

The effect of ethane DH reaction on the pore structure
characteristics was also investigated for 5Cr/PE-MCM-41 and
5Cr/PE-MCM-41E catalysts after 1 h reaction at 650 ◦C and xC2H6
of 0.5. The corresponding pore size distributions are presented in
Fig. 6. Comparison of the pore size distributions (PSDs) of the cata-
lysts before and after reaction indicates that the average pore sizes
of the catalysts remained unchanged after 1 h of reaction. It was
also observed that the surface area of the spent catalysts decreased
slightly from 1065 to 986 m2/g for 5Cr/PE-MCM-41 and from 925 to
825 m2/g for the 5Cr/PE-MCM-41E catalyst due to the coke formed
on the catalysts. The pore volumes also decreased slightly after 1 h
of reaction.

The effect of dilution on ethane conversion was studied at 650 ◦C
for 1 h TOS by increasing the mole fraction of N in the C H /N
Fig. 6. Pore size distributions of the spent catalysts; temperature = 650 ◦C, TOS = 1 h
and xC2H6

= 0.5.
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ith the equilibrium conversion trend, which also increases with
ncreasing dilution of the feed at a particular reaction temperature
Table 4). Furthermore, the C2H4 selectivity was always around 99%
t all dilutions of feed (data not shown).

In order to examine the stability and regenerability of the
atalysts prepared by different methods, ethane DH was carried
ut over ∼5 wt% chromia loaded samples for a prolonged time
∼24 h) and the data are presented in Fig. 8. The C2H4 selectiv-
ty was found to be relatively constant (∼98–99%) throughout the
eaction. It can be seen from Fig. 8 that for the 5Cr/PE-MCM-41
nd 5Cr/PE-MCM-41E catalysts, the ethane conversion decreases
lowly as the TOS increases, while it decreases at a faster rate for
Cr/PE-MCM-41C. Furthermore, the rate of decrease in ethane con-
ersion was faster at the initial stage of reaction (up to 5 h) and

lower at higher TOS values. This may be explained in terms of
arbon balance calculations based on the inlet and outlet con-
entrations of the carbon compounds. Depending on the catalyst
sed, the carbon balance was found to be around 89–93% in the
rst 10 h of reaction and 94–97% at higher TOS values and the

Fig. 8. Catalysts stability and regenerability at 650 ◦C; xC2H6
= 0.5.
ysis A: Chemical 301 (2009) 159–165

highest deviation (9–11%) was observed during the first hour of
reaction. This suggests that the coke deposition was predomi-
nant in the early stages of the reaction, which is consistent with
the slower deactivation observed at high TOS values. However, it
appears from Fig. 8 that the catalyst stability and activity strongly
depend on the catalyst preparation method. The ethane conversion
during the initial stage of reaction follows the order: 5Cr/PE-MCM-
41 ∼ 5Cr/PE-MCM-41E � 5Cr/PE-MCM-41C, while it changes to
5Cr/PE-MCM-41 > 5Cr/PE-MCM-41E � 5Cr/PE-MCM-41C at higher
TOS values. The lower activity of 5Cr/PE-MCM-41C compared to
that for the other two catalysts may be attributed to a combina-
tion of factors including its low surface area, the collapsed pore
structure observed by N2 adsorption measurements and the lower
chromia dispersion as inferred from XRD data. Among the three
catalysts studied, the 5Cr/PE-MCM-41 catalysts was found be the
most stable and active catalyst due to its open pore structure
and large pores, which allows it to preserve its dehydrogenation
activity for extended period of time. The TGA results also showed
that xCr/PE-MCM-41 catalysts generated less coke compared to the
other catalysts (see Fig. 5). Furthermore, the regenerability of the
catalysts was examined by treating the spent catalysts in air and
further testing for ethane DH reaction for ∼3 h. From Fig. 8, it is
interesting to note that the activity of all catalysts was completely
restored after regeneration.

3.3. Nature of the active sites

The quasi in situ XPS results of the 5Cr/PE-MCM-41 catalyst
(Table 1) clearly showed that before reaction, the precalcined sam-
ple contained both Cr(VI) (41%) and Cr(III) (55%) as major species
and a very small quantity of Cr(II) (4%) species. Furthermore, the
in situ XPS measurements along with ex situ UV–vis data for the
5Cr/PE-MCM-41 catalyst revealed that under reaction conditions,
the majority of Cr(VI) species reduced very fast to Cr(III). The
spent catalyst contained mainly Cr(III) (80–90%) species and small
amounts of Cr(VI) and Cr(II) species. Correlating these findings with
the fixed-bed reaction data suggests that the Cr(III) species are the
main active sites for the ethane DH reaction. The fact that in the
early stages of reaction, the surface Cr(VI) species decreased much
faster than the ethane conversion (63% in 15 min vs. 4%) indicates
that Cr(VI) does not play any major role in ethane DH. Furthermore,
because the surface concentration of Cr(II) species is always very
small, it is unlikely that such species are involved in ethane DH.
Interestingly, earlier studies involving in situ UV–vis/EPR [32,33],
UV–vis/Raman [34,35] and FT-IR [13] spectroscopy revealed that
the active sites in supported chromium oxide catalysts during
propane DH are Cr(III) species. Based on on-line FT-IR analysis and
UV–vis data, Hakuli et al. [38] attributed the iso-butane dehydro-
genation activity of chromia/silica catalysts to redox Cr in 3+ and
2+ oxidation states and to part of non-redox Cr(III) species. Fur-
thermore, based on in situ UV–vis diffuse reflectance spectroscopy
data, Weckhuysen et al. [12] concluded that Cr(III) and Cr(II) are the
active sites for n-butane DH, with Cr(III) being much more active
than Cr(II) species. Thus, it appears that there is some consensus in
the literature supporting the observation that Cr(III) species are the
main active sites for light alkane DH.

To lend further support to the contention that Cr(III) species are
the main active sites, the intrinsic activity of the catalyst (activity
per surface Cr atom per second) or turnover frequency (TOF) was
evaluated for the best catalyst, i.e., 5Cr/PE-MCM-41, combining in
situ XPS data and the reaction rate as measured in fixed-bed cat-

alytic studies. The TOF values were evaluated based on the total
surface Cr concentration and also by assuming, one at a time, that
Cr(II), Cr(III) and Cr(VI) species are the only active sites. It is impor-
tant to take into account the variation of surface Cr concentration
with TOS in TOF calculations because not only the overall surface
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ig. 9. TOF data for the 5Cr/PE-MCM-41 catalyst; temperature = 650 ◦C and xC2H6
=

.5.

oncentration decreased with TOS due to the coke formation on
he catalyst, but the relative concentration of various Cr species
hanged with TOS. As seen in Fig. 9, the TOF based on total surface
r was relatively constant with TOS and this trend was similar to
he TOF data considering Cr(III) alone as the active sites. The TOF
ata based on the Cr(II) and Cr(VI) sites increased with TOS, which

s an unrealistic trend. Thus, the TOF vs. TOS data provide strong
vidence that Cr(III) species are the likely active sites for ethane DH
eaction.

. Conclusions

Chromium oxide catalysts supported on high surface area, pore-
xpanded MCM-41 silica were synthesized and investigated for
thane DH. Reaction studies showed that the ethane conversion
trongly depend on the chromia loading and the catalyst prepara-
ion method. In particular, the xCr/PE-MCM-41 catalysts showed
xcellent performance in ethane DH in terms of activity, selectivity
nd stability. Correlation of quasi in situ XPS and UV–vis data with
eaction rates provided strong evidence that Cr(III) species are the
ain active sites for the ethane DH reaction. Both Cr(VI) and Cr(II)

pecies did not seem to play any significant role in the reaction.
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