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Abstract Chromium oxide supported on SBA-15 was
modified with Ce species by an incipient method. The
effect of Ce on the activity of Cr/SBA-15 catalyst in the
dehydrogenation of ethane with CO, was investigated. The
activity is enhanced for Ce modified Cr/SBA-15 catalyst
for the dehydrogenation of ethane with CO,. The cycle
between Cr®" and Cr’" species can be carried out viaing
the dehydrogenation of ethane and oxidation of CO,
processes.
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1 Introduction

The oxidative dehydrogenation (ODH) of ethane to ethyl-
ene by O, was an important process as an alternation to
thermal cracking of ethane. However, the challenge of this
reaction was to avoid over-oxidation in order to obtain high
selectivity towards ethylene. In the last decade, the dehy-
drogenation of ethane by carbon dioxide has received much
attention [1-6]. Carbon dioxide is a promising oxidant for
dehydrogenation of ethane. In the dehydrogenation reac-
tion, CO, is expected (1) to serve as a medium for
supplying heat to the endothermic dehydrogenation reac-
tion, (2) to increase equilibrium conversion by diluting
light alkanes, and (3) to maintain the activity of the catalyst
over a long time by removing coke formed on the catalyst.
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Nakagawa et al. [7] studied the dehydrogenation of ethane
by carbon dioxide over several oxides and found that gal-
lium oxide was an effective catalyst for this reaction,
giving 18.6% ethylene yield with a selectivity of 94.5% at
650 °C. Takahara and Saito [8] reported the promoting
effect of carbon dioxide on dehydrogenation of propane
over supported Cr,O; catalysts. They found that carbon
dioxide exerted a promoting effect only on SiO,-supported
Cr,05 catalysts.

Many research results [1, 3, 4] showed the supported
Cr-based catalysts exhibited excellent performances for the
ODH reaction. Mimura et al. [4] found that Cr/H-ZSM-
5(with Si0,/Al1,05 > 1,900) presented high performance in
the ODH of ethane to ethylene with CO,. Liu et al. [1]
studied the ODH of ethane by CO, over Ct/MSU-x catalyst
and obtained the 68.1% ethane conversion and 55.6%
ethylene yield at 700 °C. Wang et al. [3] investigated the
effect of support such as Al,O3, SiO,, TiO, and ZrO, on
the catalytic ODH of ethane to ethylene with CO, over
several supported Cr,O; catalysts, and found the 8 wt.%
Cr,05/S10, catalyst had better catalytic performance, giv-
ing a 61% ethane conversion and 55.5% ethylene yield.
However the distribution of Cr,O3 on the supports and the
surface chromium species structure, which determined the
activity of catalysts, were influenced by the nature of
supports. In view of the fact that, the support plays a
decisive role in determining the dispersion of the active
phase and in certain occasions, salt support interaction
enhances the catalytic activity of the active phase enor-
mously [9].

Ceria used as a reducible oxide support, can enhance the
catalytic activity via metal-support interaction and/or
improved dispersion of the active metal component
[10, 11]. An important property of ceria is the oxygen
storage capacity (OSC), i.e. the ability to adsorb and
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release oxygen under oxidizing and reducing conditions
[12]. In addition, ceria is found to stabilize the catalyst
against deactivation due to a higher thermal stability and/or
better dispersion of the active metal. Although CeO,-based
supports are stable at high temperatures they suffer from
the drawbacks of high cost and relatively low surface areas
[13, 14]. Recently, mesoporous silica SBA-15 [15, 16],
which has highly ordered hexagonal structure with high
surface areas of 600-1,000 m2/g, adjustable pore sizes of
4.6-30 nm and wall thickness of 3.1-6.4 nm, has attracted
wide attention as a new material for catalysts and catalyst
supports. SBA-15 has successfully been applied as a sup-
port for various catalytically active phases [17-19]. The
influence of solvents on the formation of metal and its
oxides nanoparticles in SBA-15 was also investigated [20].
However, there is little literature about the catalyst using
SBA-15 as support for the ODH of ethane with CO,. In the
present work, a series of catalysts using Cr as activity
species, based on SBA-15 as the support and CeO, as the
promoter, were prepared by the impregnation method, and
their catalytic activity for ODH of ethane with CO, were
investigated. The main goal is to explore the CeO, effect
on the activity behavior of the catalysts for the ODH of
ethane with CO,.

2 Experimental
2.1 Catalyst Preparation

SBA-15 was synthesized according the literature [15].
Briefly, a solution of triblock copolymer EG,(-PG7o-EGy
(4 g)/2 M HCI (120 g)/water (32.4 g) was stirred for 2 h at
40 °C. 8.5 g of TEOS was added afterwards and the mixture
was stirred overnight at 40 °C. The solution was transferred
into Teflon bottle and aged at 100 °C for 24 h. The filtered
and washed solids were dried at ambient temperature for
24 h, followed by calcination in air at 550 °C for 6 h.

Cr/SBA-15 catalysts with different Cr contents were
prepared by wet impregnation of appropriate amounts of
chromium nitrate on SBA-15 support. The samples were
denoted as xCrSBA-15, where x was the mass percent of
Cr metal, and in the range of 2.5-10.0%. Cr—Ce/SBA-15
catalysts were prepared by co-impregnation of pure SBA-
15 with a specific concentration aqueous solution of Ce and
Cr nitrates. All the catalysts were dried at 100 °C for 24 h
and then calcined at 600 °C for 6 h.

2.2 Catalyst Characterization
X-ray powder diffraction (XRD) patterns of the catalysts

were obtained on a Bruck DS diffractometer using Cu K,
radiation at follows: 40 kV, 30 mA, 260 scanning from 0.5°
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to 5° for the low-angle XRD and 40 kV, 40 mA, 20
scanning from 10° to 80° for wide-angle XRD. N, sorption
isotherms were obtained at liquid nitrogen temperature
with a Thermo Electron Corporation Sorptomatic 1990
instrument. The samples were pretreated at 200 °C for 5 h,
and the specific surface area of the samples was determined
using the Brunauer—-Emmett-Teller (BET) method. The
pore volume and pore size distribution were derived from
the desorption profiles of the isotherms using the Barrett—
Joyner—Halanda (BJH) method. X-ray Photoelectron
Spectroscopy (XPS) experiments were carried out on an
Escalab250 instrument (Thermo Electron Corporation)
using Al K, as the exciting radiation at constant pass
energy of 50 eV. Binding energies were calibrated by using
the carbon present as a contaminant (Cls = 285.0 eV).
The surface atomic compositions of all samples were cal-
culated from photoelectron peak areas for each element
after correcting for instrument parameters. Temperature
programmed reduction (TPR) experiments were performed
using a Thermo Electron Corporation TPD/D/R/O 1100
series catalytic surfaces analyzer equipped with a TCD
detector. Samples were preheated with 10% O,/He mixture
heating 20 °C/min up to 600 °C and hold for 120 min, then
cooling in flowing N, down to room temperature, and
thereafter reduced with 5% H,/N, mixture heating 20 °C/
min up to 900 °C. For the used catalyst, the TPR experi-
ment was performed without being pretreated in the 10%
O,/He atmosphere. Water produced by the sample reduc-
tion was condensed in a cold trap before reaching the
detectors. Only H, was detected in the outlet gas con-
firming the effectiveness of the cold trap.

2.3 Catalytic Reaction

The ODH reaction was carried out using a fixed bed flow-
type quartz reactor (i.d., 6 mm; length, 300 mm) with
200 mg of the catalyst (40-60 mesh) at atmosphere pres-
sure. Prior to the test, the catalysts were pretreated at
600 °C in a flow of oxygen (O,, 5 mL/min) for 1 h, and
then cooling in flowing argon down to room temperature.
The reaction was started by introducing a mixture gas of
C,Hg and CO, or Ar to the reactor with a gas hourly space
velocity (GHSV) of the 3,600 mL/g.,, h. The mole ratio of
Vo, orar/ Vo, 18 3. The intrinsic activation energy of the
catalysts for the ODH of ethane with CO, were conducted
with significantly low conversions which were usually
controlled to be significantly lower than those defined by
thermodynamic equilibrium by adjusting gas hourly space
velocity. Rate limitation by external and internal mass
transfer under differential conditions proved to negligible
by applying suitable experimental criteria. The outlet
products were analyzed after the reaction for 30 min on a
gas chromatograph (Beijing East & West Electronics
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Institute, GC-4000A) using TCD. The conversion, selec-
tivity and TOF were calculated as follows:

2 X nc,Hy

C,Hg conversion = 1 —
2 X ne,He + 2 X nc,H, + New,

nco,

CO;, conversion =1 — —2——
(nco, + nco)

2 X nc,H,

C,Hy selectivity = DRV ——
CoHy CHy4

TOF (mOI s~! mol Cr‘atom_l) = Cproducl X Ftolal/MCrfalom

where Cproque 18 the concentration of products in the outlet
gas observed by GC analysis (%), Fiow 1S the flow rate of
feed gas (mol s 1), and Mcy_aiom is the amount of Cr atoms
in the catalyst (mol).

3 Results and Discussion
3.1 XRD Results

The low-angle XRD patterns of the Cr/SBA-15 and Cr—Ce/
SBA-15 catalysts are shown in Fig. 1. The SBA-15 support
(Fig. 1a) shows three well-resolved diffraction peaks in the
20 range 0.7-2°, corresponding to the diffraction of (100),
(110) and (200) planes. These peaks are characteristic of
the hexagonally ordered structure of SBA-15 [15, 16].
When Cr is loaded onto SBA-15, the djgp peak shifts to
higher angle, and the d;qg, dy19 and dgo peaks attenuate in
intensity. This is consistent with previous reports in the
literature [21]. It is possible that partly dispersed Cr species
are embedded into the channel of SBA-15. In this case, the
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Fig. 1 Low-angle XRD patterns of the samples: (a) SBA-15; (b)
2.5Cr/SBA-15; (c) 5.0Cr/SBA-15; (d) 7.5Ct/SBA-15; (e) 10Cr/SBA-
15; (f) 5Cr-5Ce/SBA-15; (g) 5Cr-7.5Ce/SBA-15; (h) 5Cr—10Ce/
SBA-15; (i) 5Cr-15Ce/SBA-15

d-spacing of the 100 plane is decreased resulting in the
shift of the d¢( peak to higher angle. The XRD patterns of
5Cr—Ce/SBA-15 catalysts are essentially identical to that of
Cr/SBA-15 catalyst.

Figure 2 shows the wide-angle XRD patterns of Cr/SBA-
15 and 5Cr—Ce/SBA-15 samples. Clearly, the SBA-15 sup-
port exhibits a broad peak at 15-30 °C which is
characteristic of amorphous silica. From Fig. 2a—d, it can be
seen that the diffraction peak at 20 = 24.5°, 33.5°, 36.2°,
41.4°, 50.2°, 54.8°, 63.5° and 65.1°, corresponding to the
diffractions of (012), (104), (110), (113), (024), (116), (214),
and (300) of Cr,05 are observed over the Cr/SBA-15 cata-
lysts. With the Cr content increasing from 2.5 to 10%, the
intensity of Cr,0Oj; diffraction peak increases gradually. At
the same time the Cr,Oj; diffraction peak becomes sharper
which indicates the particle of bulk Cr,O; becomes bigger.

The diffraction peaks of CeO, are observed at 20 scale
followed by 28.5°, 33.2°, 47.5° and 56.3° corresponding to
the (111), (200), (220) and (311) planes, which are the
characteristic of cubic, fluorite structure of CeO, [22]
(Fig. 2e-h). In addition, the diffraction peak intensity of Cr
species decreases obviously after the loading of Ce species.
There almost have no Cr species characteristic diffraction
peaks over the 5Cr—15Ce/SBA-15 catalyst. This result
suggests that the addition of Ce species markedly enhances
the dispersion of the chromium species in the 5Cr—Ce/
SBA-15 catalysts.

3.2 Textural Properties of Catalysts

The N, adsorption—desorption isotherms of SBA-15, 5Cr/
SBA-15 and 5Cr-Ce/SBA-15 samples with different Ce
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Fig. 2 Wide-angle XRD patterns of the samples: (a) 2.5Cr/SBA-15;

(b) 5.0Cr/SBA-15; (c) 7.5Cr/SBA-15; (d) 10Cr/SBA-15; (e) 5Cr-5Ce/

SBA-15; (f) 5Cr-7.5Ce/SBA-15; (g) 5Cr-10Ce/SBA-15; (h) 5Cr-
15Ce/SBA-15
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Fig. 3 N, adsorption—desorption isotherms of the samples: (a) SBA-
15; (b) Cr/SBA-15; (c) 5.0Cr-5.0Ce/SBA-15; (d) 5.0Cr-7.5Ce/SBA-
15; (e) 5.0Cr—10Ce/SBA-15; (f) 5.0Cr-15Ce/SBA-15

content are shown in Fig. 3. The isotherms of SBA-15
support exhibits a typical IV features with H;-type hys-
teresis loop, which is typical of mesoporous materials with
one-dimensional cylindrical channels [15]. The sharp
inflection between the relative pressure P/Py, = 0.6-0.8
observed in the isotherm corresponds to capillary conden-
sation within uniform mesopores and is also a function of
the pore diameter. After the impregnation of Cr and Ce
species, all the isotherms of the catalysts are similar with
that of SBA-15 support. This suggests that the hexagonally
ordered structure of SBA-15 remains in the samples.
Whereas the hysteresis inflection is less sharp indicating
that the pore size of the material is less ordered and
uniform compared to that of the SBA-15 support. Simul-
taneity, the opening of the hysteresis loop at lower P/P,
relative pressure is also observed with samples containing
Cr and Ce species. This indicates that the pore size
decreases on these samples. These results are in good
agreement with those obtained by low-angle XRD results
presented above.

The pore distributions of SBA-15, 5Cr/SBA-15 and the
5Cr-Ce/SBA-15 samples with different Ce content are
shown in Fig. 4. The values of specific surface area (Sggt)
and pore volume (V,,) show a monotonic decrease with the
increase of cerium content (Table 1). For the SBA-15 sup-
port, the average pore size is 7.26 nm and the Sggr is
790.8 m?/g. After the Cr and Ce species supported, the Sgpt
value decrease sharply. The decrease in the specific surface
area of the SBA-15 after introducing of Cr and Ce species
may be caused by the presence of extra-framework Cr and/or
Ce species with lower surface area which can decrease the
overall surface area of the final catalysts [23]. In addition, the
anchoring of Cr and/or Ce species on the SBA-15 surface
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Fig. 4 Pore size distribution of the samples: (a) SBA-15 (b) 5Cr/

SBA-15; (c) 5.0Cr—5.0Ce/SBA-15; (d) 5.0Cr—7.5Ce/SBA-15; (e)
5.0Cr-10Ce/SBA-15; (f) 5.0Cr—15Ce/SBA-15

Table 1 Textural and structural characteristics of the catalysts

Samples SBET (m2/g) Vo (cm3/g) Dgjy (nm)
SBA-15 790.80 1.13 7.26

5.0Cr/SBA-15 507.24 0.62 3.88,5.72
5.0Cr-5.0Ce/SBA-15 439.71 0.58 347, 6.51
5.0Cr-7.5Ce/SBA-15 410.51 0.50 3.85, 6.48
5.0Cr-10Ce/SBA-15 373.15 0.48 3.57,5.74
5.0Cr-15Ce/SBA-15 345.76 0.45 3.39, 6.17

also induces a decrease in the pore volume of the material
indicating a partial blocking of the mesochannels during
they introduction. It is thought that during the anchoring of
Crand/or Ce on the SBA-15 surface, some pore wall collapse
should have occurred leading to the decrease of the pore size
diameter. Similar result has been reported on the AI-SBA-15
system with high Al content [24].

As for all the catalyst samples, there are two types of
pores with diameters of ca. 3.5 and 6.1 nm presented in the
catalyst (Fig. 4). The former type of pores is attributed to
the insertion of the Cr and/or Ce component into the pores
of SBA-15 and subsequent partly blocks the channels of
the SBA-15 material. The latter type of pores is the banana-
like of SBA-15 with ordered pores [16].

3.3 XPS Results

Figure 5 illustrates the Cr2ps,, spectra of the SCr/SBA-15
and 5Cr-Ce/SBA-15 with different Ce content catalysts.
And the surface concentrations of Cr species are given in
Table 2. It has been reported that Cr ions exist in various
oxidation states in supported chromium materials, in which



Oxidative Dehydrogenation of Ethane to Ethylene

335

d
-
S
S| .
>
=
/2]
[
(0]
= I

T T T T T T
576 578 580

Binding Energy (eV)

Fig. 5 XPS spectra of Cry, over the catalysts: (a) 5Cr/SBA-15; (b)
5.0Cr-5.0Ce/SBA-15; (c) 5.0Cr-7.5Ce/SBA-15; (d) 5.0Cr—10Ce/
SBA-15; (e) 5.0Cr-15Ce/SBA-15

Cr®" and Cr'" are believed to participate in redox pro-
cesses in the catalytic oxidative dehydrogenation of
alkanes [25-27]. An investigation on the oxidation states of
Cr ions in/on catalysts is beneficial for the elucidation of
the nature of the active sites. According to what have been
reported in the literature [26-29], the Binding Energy (BE)
of Cr2ps» signals at ca. 577 eV could be assigned to Cr*™
jons whereas those at ca. 579 eV to Cr®" ions. In this study,
the curve fitting for the Cr2p;,, line show the presence of
Cr’* (ca. 577.2 eV) and Cr°" (ca. 579.1 eV) in the cata-
lysts (Fig. 5). The overall amount of chromium detected
and the Cr®"/Cr®" ratio at the catalyst surface increases
gradually with higher Ce loading from 0 to 10% (Table 2).
Many researchers have investigated the dehydrogenation of
light alkane over support Cr-based catalysts. The chro-
mium species with the high oxidation state were the key to
higher catalytic activity during the dehydrogenation of
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Fig. 6 TPR profiles of catalyst samples: (a) 10Ce/SBA-15; (b) bulk
Cr,03; (c) 2.5Cr/SBA-15; (d) 5.0Cr/SBA-15; (e) 7.5Cr/SBA-15; (f)
10Cr/SBA-15; (g) 5Cr-5Ce/SBA-15; (h) 5Cr-7.5Ce/SBA-15; (i)
5Cr-10Ce/SBA-15; (j) 5Cr-15Ce/SBA-15

light alkane [30, 31]. Ge et al. [32] had used ESR and UV-
DRS to probe the active site for the ODH of ethane with
CO, over silica-supported chromium oxide catalyst, and
found that species with high oxidation state (Cr°" or Cr®")
are important for the reaction. In this investigation, it is
found that two Cr species, cr*t and Cr6+, coexisted on the
surface of the catalyst. The Cr°"/Cr’* ratios increases with
Ce loading and reach the maximum (1.30) at 10% Ce
loading. Whereas further increasing Ce content to 15%, the
Cr®"/Cr** ratio decreases from 1.30 to 1.21.

3.4 TPR Results

H,-temperature programmed reduction (H,-TPR) patterns
of the Cr/SBA-15, 5Cr-Ce/SBA-15 and bulk Cr,O5; sam-
ples are depicted in Fig. 6. There is no obvious reduction
peak of the SBA-15 support in the temperature range of
25-900 °C. For bulk Cr,03;, only one weak reduction peak
appears in the profile at 440 °C, corresponding to the
reduction of Cr®" in the oxide [33]. For the Cr/SBA-15
catalyst with Cr content increasing from 2.5 to 10%, the
reduction peak of Cr®" to Cr>* [31, 34, 35] species shifts to

Table 2 Surface concentration
of the Cr elements

Catalyst Cr (%) crit ot crotiert
BE (eV) BE (eV)

5.0Cr/SBA-15 0.827 577.2 579.1 0.31

5.0Cr-5.0Ce/SBA-15 0.846 5772 579.1 1.14

5.0Cr-7.5Ce/SBA-15 0.851 577.1 579.0 1.20

5.0Cr-10Ce/SBA-15 0.889 577.2 579.2 1.30

5.0Cr-15Ce/SBA-15 0.876 577.2 579.1 1.21
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higher temperatures which are 467, 468, 471 and 473 °C,
respectively, suggesting that the oxygen is more strongly
bound in the dispersed chromium on the catalyst [36].
From Fig. 6¢—f, it can be found that the H, consumption of
Cr/SBA-15 sample increase until the Cr content reach 5%,
whereas further increasing Cr content, the H, consumption
decreases due to the formation of more crystal Cr,O3
phase, which is more difficult to reduce. Shi et al. [37]
study results indicated the H, consumption of the peaks
corresponds to the amount of Cr®" species on Cr-based
catalyst. In this paper, the TPR results suggests that 5Cr/
SBA-15 has larger amount of the surface Cr®" species than
the other catalysts in all the Cr/SBA-15 catalyst. It is
understandable that the percent of Cr®" species increases
with increasing Cr content under 5%. When the Cr content
is above 5%, the percent of Cr®" species decreases due to
the formation of more crystal Cr,O5 phase.

The TPR profiles of 5.0Cr—Ce/SBA-15 show two over-
lapping reduction peaks at ca. 378 and 457 °C and a
reduction peak at ca. 799 °C in Fig. 6g—j. The reduction
peak appearing at ca. 457 °C corresponds to the reduction of
Cr* to Cr** species. And the reduction peaks at ca. 378 and
799 °C are assigned to reduction of surface ceria oxide and
the bulk CeO, in the 5Cr—Ce/SBA-15 catalyst, respectively
[38]. Comparing the reduction peaks of 5Cr—Ce/SBA-15
sample with 10Ce/SBA-15 sample, it can be found that the
reduction temperature of the ceria reduction decrease obvi-
ously. This indicates that there exists strong interaction
between the Ce and Cr species and the interaction observably
change the redox ability of Ce species. The H, consumption
of the peak increases with the Ce loading from 5.0 to
10 wt.% and reach the maximum at 5.0Cr—10Ce/SBA-15
catalyst. That indicates the surface percent of Cr®" species
also reach maximum in the 5.0Cr—10Ce/SBA-15 catalyst.
Further increasing Ce content to 15%, the H, consumption of
Cr°" reduction peak has a little decrease.

Table 3 Activity of the catalysts for the dehydrogenation of C,Hg

3.5 Catalytic Activity

Dehydrogenation of C,Hg over Cr/SBA-15 and 5Cr-Ce/
SBA-15 catalysts with different Ce content in the presence
or absence of CO, was investigated at 700 °C. The results
are given in Table 3 The formation rate (TOF) of ethylene
is calculated using the ethylene yield data the turnover
frequency, defined in terms of ethylene moles formation
per chromium atom per unit time. The SBA-15 support
shows negligible C,Hg and CO, conversion. Over the
catalysts, the major reaction product is C;Hy, and the minor
products are CH,4, CO, H; and H,O in the presence of CO,
atmosphere. After replacing CO, with Ar, the above
products are also detected except for CO and H,O prod-
ucts. In addition, the catalytic performances of the Cr/SBA-
15 and 5Cr—Ce/SBA-15 catalysts in the present of CO, are
obviously higher than that in the present of Ar, indicating
the promoting effects of CO, for the ODH of ethane in the
CO, atmosphere. For the Cr/SBA-15 catalysts, the maxi-
mum C,Hg conversion and C,H, yield can be achieved on
the 5Cr/SBA-15 catalyst. After Ce loading from 5 to 10%,
the catalytic activity has obviously enhancement. The
55.0% ethane conversion and 52.8% C,H, yield can be
obtained on the 5Cr-10Ce/SBA-15 -catalyst. Further
increasing Ce content to 15%, the catalytic activity has
some decrease. These results are agreement with the acti-
vation energy (Ep) values of the catalysts which are
calculated from Arrhenius-type plots for the formation rate
(TOF) of ethylene over 5.0Ct/SBA-15 and 5Cr—Ce/SBA-
15 catalysts (Fig. 7). The TOF values of 5.0Cr—10Ce/SBA-
15 are higher than the other catalysts in the range of
measured temperatures, suggesting that active Cr sites in
5.0Cr-10Ce/SBA-15 is more effective to build ethylene
molecules. The apparent activation energy for ethylene is
in the range of 96.7-110.7 kJ/mol over the catalysts and
this is in good agreement with previously published values

Catalyst In the presence of CO, Yield In the presence of Ar Yield Ep
C,Hy (%) CoHy (%) (kJ/mol)
Conv. (%) Sel. (%) Conv. (%) Sel. (%)
C,Hgq CO, C,Hy CH,4 C,Hg C,Hy CH,4
SBA-15 2.7 0.04 93.5 6.5 2.53 2.4 93.0 7.0 2.23 -
2.5Cr/SBA-15 39.6 15.9 95.5 4.5 37.8 30.2 89.7 10.3 27.1 -
5.0Cr/SBA-15 46.3 16.6 94.7 5.3 43.8 34.1 91.4 8.6 31.2 110.7
7.5Cr/SBA-15 45.3 18.8 92.2 7.8 41.8 33.9 92.8 7.2 31.5 -
10Cr/SBA-15 442 18.9 92.0 8.0 40.7 31.2 90.9 9.1 28.4 -
5.0Cr-5Ce/SBA-15 48.4 17.9 96.4 4.6 46.7 35.8 87.6 12.4 314 108.5
5.0Cr-7.5Ce/SBA-15 50.0 20.9 96.0 4.0 48.0 37.9 88.2 11.8 334 103.8
5.0Cr-10Ce/SBA-15 55.0 21.9 96.0 4.0 52.8 40.8 83.1 16.9 33.9 96.7
5.0Cr-15Ce/SBA-15 52.2 21.2 95.5 4.5 499 40.1 82.4 17.6 33.0 99.1

Reaction conditions: GHSV = 3,600 mL/g h, Vco,orar/Ve,n, = 3, T = 700 °C
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Fig. 7 Arrhenius plots for the formation rate of ethylene over 5Cr/
SBA-15 and 5Cr-Ce/SBA-15 catalysts. Feed gas: GHSV =
9,600 mL g~' h™", Vco,/Ve,u, = 3

from Mimura [39], who found 90 + 3.0 kJ/mol energy
barriers for dehydrogenation of ethane. The difference in
the activation energy suggests that the both the number and
nature of activity sites has changed after adding Ce species
into the 5Cr/SBA-15 catalyst.

For the ODH of ethane over Cr-based catalyst, Chro-
mium species with the high oxidation state were the key to
higher catalytic activity during the ODH of ethane [31, 40].
In our case, the above TPR and XPS results also indicate
that the appropriate addition of Ce species can increase
reducibility of chromium and the ratio of Cr®™/Cr’" in the
catalysts, which can well account for their different initial
catalytic activities in the ODH of ethane. In addition, the
higher catalytic activity of 5Cr—Ce/SBA-15 catalysts may
also be caused by the present of Ce species, which was
effective for the ODH of ethane with CO, and the redox
Ce**/Ce®T of CeO, can be used for the activation of CO,
and produce active oxygen species for the reaction [41, 42].

The 5Cr-10Ce/SBA-15 with maximum Cr®*/Cr’* ratio
displays the best catalytic activity for ODH of ethane with
CO,. This result indicates that the higher Cr®*/Cr’" ratio
can increase the redox potential and has been reflected in
the above the TPR profile. In addition, a redox mechanism
is suggested for ODH of ethane in the presence of CO,.
Mimura et al. [39] used FTIR and XAFS to probe the active
species and role of CO, for the ODH of ethane over Cr/H-
ZSM-5 catalyst. They found that there existed a redox
cycle involving Cr®/Cr** species in which a Cr®" species
was reduced to Cr*+ by ethane treatment, and CO, treat-
ment led to reoxidation to Cr®" species. On the basis of the
current results, we believe that a high-oxidation-state Cr
species is effective for the oxidative dehydrogenation.
Indeed, the reduction of the Cr®* to Cr’* was demonstrated
by the above TPR analysis. At the same time, the reduced

Cr’* species was also reoxygenated to Cr®" species by
CO, which will be proven by the following TPR, as a
result, the high dehydrogenation activity Cr®" species can
be obtained by the Cr redox cycle during the ODH of
ethane in the presence of CO,. This means that CO, has a
function of maintaining chromium oxide in higher oxida-
tion states. That result again indicates the promoting effects
of CO, for the ODH of ethane in the CO, atmosphere.

In addition, for the ODH of ethane with CO,, consid-
erable amounts of CO and H,O are formed during the
reaction, demonstrating the occurrence of a reaction
between CO, and H, (water gas shift reaction). Removal of
deposited carbon through the Boudouard reaction is
another plausible cause. Water gas shift reaction can shift
the dehydrogenation of ethane to product side, thus leading
to the higher C,Hg conversion over these catalysts.

3.6 Deactivation and Regeneration

The catalytic performance over 5Cr/SBA-15 and 5Cr—
10Ce/SBA-15 catalysts with reaction time and the regen-
eration by CO, were investigated, as shown in Fig. 8. Both
the catalysts show high activity at the beginning of reac-
tion. The activity gradually decreases during the reaction
over the both catalysts. Especially, the conversions of Co,Hg
and CO, give a visible drop over the 5SCr/SBA-15 catalyst.
For example, C,H¢ conversion decreases from primal 46.4
to 23.6% over 5Cr/SBA-15 and 55.5 to 45.6% over 5Cr—
10Ce/SBA-15, respectively, after reacting for 5 h. These
results indicate a deactivation of both the catalysts, which
could be associated with the reduction of active chromium
(Cr®") species [31]. The disappearance of the active
chromium (Cr®") oxide in the TPR pattern of the two
catalysts after the dehydrogenation reaction of ethane
(Fig. 9b) directly indicate the reduction of active chro-
mium (Cr6+) species, which can well account for the
deactivation of two catalyst. On the other hand, the fall of
the catalytic activity over 5Cr/SBA-15 is higher than that
over 5Cr-10Ce/SBA-15 sample, suggesting that the addi-
tion of Ce also can increase the stability of 5Cr/SBA-15
due to their high thermal stability and better dispersion of
the active metal.

After the reaction for 5 h, the gas flow of the mixture of
C,Hg and CO, was replaced with a gas flow of CO, at
30 mL/min to treat with the catalysts for 12 h. It is noted
the activity of 5Cr/SBA-15 and 5Cr-10Ce/SBA-15 cata-
lysts was recovered insufficiently. Conversion of C,Hg
over SCr/SBA-15 recovered from 23.6 to 30.9%, while that
over the 5Cr—10Ce/SBA-15 recovered from 45.6 to 50.3%.
At the same time, the TPR results also indicate that more
active chromium (Cr®") species appear in the two catalysts
(Fig. 9c).
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The H,-TPR profiles of the SCr/SBA-15 and 5Cr—10Ce/
SBA-15 catalysts, including before and after reaction and
after regeneration by CO, are shown in Fig. 9. Before
reaction, the reaction peak at ca. 468 °C is attributed to the
reduction of Cr®" to Cr’". Similarly, the reaction peak at
ca. 453 °C can also be attributed to reduction of Cr®" to
Cr** over the 5Cr—10Ce/SBA-15 catalyst. After reaction,
the reduction peak became smaller, almost disappearing,
over both catalysts, suggesting that most Cr®" species were
reduced to Cr’" in the reaction. After treated by CO, at
700 °C for 12 h, the reduction peaks of Cr®" species
appear again. It is noteworthy that the maximum temper-
ature (Tp,.x) of reduction peak on the 5Cr/SBA-15 and
5Ce-10Ce/SBA-15 catalysts moves to high temperature
region after regeneration, compared with that before reac-
tion. This suggests the interaction between Cr species and
SBA-15 or Ce/SBA-15 has changed in the reaction and
regeneration treatment. For the fresh catalyst, the Ty, of
5Cr-10Ce/SBA-15 is lower than that of 5Cr/SBA-15. This
indicates that the Cr®" species are prone to be reduced and
served as the more active sites in 5Cr—10Ce/SBA-15 cat-
alyst. This may be caused by the addition of Ce species
which can supply mobile oxygen species, as a result, Cr®"
are easer reduced to serve as the active sites in the 5Cr—
10Ce/SBA-15 catalyst.
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4 Conclusion

Supported Cr—Ce/SBA-15 were prepared with well-ordered
mesoporous structures and highly dispersed Cr and Ce
species. The Cr—Ce/SBA-15 catalysts exhibit excellent
catalytic activity at the ODH of ethane with CO,. The
55.0% ethane conversion and 96.0% ethylene selectivity
can be obtained over 5.0Cr—10Ce/SBA-15 catalyst at
700 °C. The high-angle XRD results suggest that the
addition of Ce species obviously improve the Cr species
dispersion in the Cr—Ce/SBA-15 catalysts. The low-angle
XRD and N, sorption isotherms results indicate that the
well-defined hexagonally ordered structure of the catalysts
was not destroyed during the preparation process. TPR
results indicate the Cr species in Cr/SBA-15 and 5.0Cr—Ce/
SBA-15 catalysts existed with Cr®" and Cr** species, and
the Cr®" species play an important role in the ODH of
ethane with CO,. The addition of Ce species to Cr/SBA-15
catalysts remarkably changes the redox properties and
enhances the catalytic activity of Cr species in the 5.0Cr—
Ce/SBA-15 catalysts. In addition, in the ODH of ethane
with CO, reaction, the Cr®" species as the active phase is
reduced to Cr’" as a less active species by the dehydro-
genated process, simultaneously, the reduced Cr*" species
can be reoxidized to Cr®" species by CO,, and thus the
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reduction—oxidation cycle between Cr®" and Cr’™ species
play an important role in the ODH of ethane with CO,
reaction over the catalysts.
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