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Abstract Unmodified and sulfate-modified SBA-15-sup-

ported Cr2O3 catalysts were prepared by impregnation

method. The physico-chemical properties of the supports

and catalysts were determined by nitrogen adsorption/

desorption, powder X-ray diffraction (XRD), Fourier

transform infrared spectroscopy (FT-IR), laser-Raman

spectroscopy, X-ray photoelectron spectroscopy (XPS),

UV–Vis diffuse reflectance spectroscopy (UV-DRS),

inductively coupled plasma optical emission spectroscopy

(ICP-OES), transmission electron microscopy (TEM) and

temperature-programmed reduction (TPR) techniques.

Oxidative dehydrogenation of ethane to ethylene (ODE)

with CO2 as oxidant was carried out on these catalysts in a

fixed-bed reactor at temperatures in the range of

600–700 �C and at atmospheric pressure. The changes in

structural and textural properties because of sulfate modi-

fication were identified. Sulfate modification affected the

nature of interaction of CrOx species with the SBA-15

support. During the evaluation, it was observed that sulfate

modification enhances ethane conversion and ethylene

selectivity of the catalyst. Better dispersion of CrOx and the

increase in Cr6?/Cr3? ratio seem to be the reasons for the

higher performance of the sulfate-modified catalysts com-

pared to that of the unmodified catalyst.

Keywords Oxidative dehydrogenation of ethane � Carbon
dioxide � Chromium oxide � Ethane � Ethylene � Sulfated
SBA-15

Introduction

Ethylene is an important raw material for the synthesis of

plastics, fibers and other organic chemicals. Its production

capacity reached 160 million tons in 2015. One of the

methods of producing ethylene is steam cracking of

hydrocarbons. However, this endothermic reaction is

highly energy intensive necessitating very high operating

temperatures. Besides, coking is a major disadvantage of

this process. Recently, catalytic oxidative dehydrogenation

of ethane (ODE) using oxygen as the oxidant has emerged

as an alternative to thermal cracking. ODE offers the

advantages of decreasing the operating temperature and

making the reaction exothermic instead of endothermic [1].

The literature on ODE with oxygen is now abundant with

many reports proposing various catalysts [2, 3]. However,

this mode of operation necessitates a separate facility for

oxygen generation, and secondly it is difficult to achieve

high ethylene selectivity due to uncontrolled COx forma-

tion [4]. CO2 is identified as a better oxidant because of its

mild oxidation nature and its advantage in moderating the

exothermicity of the reaction [5]. Chromium-based cata-

lysts are found to be highly active and selective for the

ODE with CO2. Al2O3, SiO2, TiO2 and ZrO2-supported

Cr2O3 catalysts are studied to elucidate the dependence of

catalytic activity on the distribution of CrOx and the

structure of CrOx species on the surface [6]. The influence

of the nature of oxidant (O2 or CO2) on the performance of

the catalysts is also reported [7, 8]. Compared to oxygen,

CO2 in the feed is shown to facilitate the dehydrogenation
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activity by enhancing ethane conversion, apart from

increasing ethylene yield and retarding coke deposition on

the catalyst significantly [9]. The chromium in its high

oxidation state, such as Cr6? on the surface, is observed to

be the active species [10]. Reducibility is another param-

eter that decides the rate of ethane dehydrogenation, as

reported in the case of Cr–O and Cr–V–O oxide catalysts

[1]. Thus, the selection of catalyst that gives higher con-

version of ethane and high selectivity towards ethylene has

been the focus of the studies.

SiO2 is the most favored support for the chromia cata-

lysts. 5–8 wt% Cr2O3/SiO2 catalysts have exhibited

excellent performance [6, 11]. However, the aggregation of

CrOx on SiO2 is found to negatively influence the catalyst

behavior, particularly during the reaction on Cr–Si-2

molecular sieve catalyst [12]. SBA-15 is later found to be a

convenient support to overcome the problem of aggrega-

tion [13]. Wang et al. reported that sulfate modification of

the silica support is advantageous for the preparation of

highly active chromia catalysts for the ODE reaction in the

presence of CO2 [14]. While highlighting the importance of

silica, the influence of the presence of strong basic pro-

moters (alkali metal oxides) in suppressing the catalytic

activity is also reported [15]. Sulfate modification of zir-

conia was attempted in studies related to ODE to achieve

better results [16]. An intensive observation of the litera-

ture reveals that though the benefits are elaborated, the

reasons for the better performance of the sulfate-modified

catalysts are not reported. Particularly, the influence of

sulfate modification of the support in Cr2O3/SBA-15 has

not been studied. In this communication, we report the

effect and the reasons for the enhanced activity and

selectivity in the case of Cr2O3 supported on sulfate-

modified SBA-15 catalyst.

Experimental

Preparation of catalysts

SBA-15 was synthesized adopting the procedure described

in the literature [17]. In a typical experiment, 20 g of tri-

block copolymer (P123, Aldrich) was dispersed in a solu-

tion prepared by taking 465 mL of distilled water and

137.5 g of 35% hydrochloric acid (M/s. Loba Chemie).

44 g of tetraethyl orthosilicate (TEOS, Aldrich) was added

to this solution under constant stirring at 40 �C and the

mixture was subjected to hydrothermal treatment at 100 �C
for 24 h. The resultant slurry was filtered, dried in air at

110 �C for 12 h, and then calcined in air at 550 �C for 4 h.

For the 6 wt% sulfate modification, the SBA-15 was

impregnated with required quantity of aqueous ammonium

sulfate solution (sample denoted as S.SBA-15). 5 wt%

Cr2O3/SBA-15 (Cr/SBA-15) and 5 wt% Cr2O3/sulfated

SBA-15 (Cr/S.SBA-15) were prepared by impregnating the

supports with required quantities of aqueous chromium

nitrate (Wako Chemicals) solution. For the above three

catalysts, the impregnation step was followed by drying at

120 �C and calcination at 700 �C for 4 h [17].

Catalysts characterization

BET surface area, pore volume and average pore diameter

were determined by N2 adsorption/desorption, using the

BET and BJH equations, respectively, on a SMART SORB

92/93 instrument. Prior to the measurement, the samples

were dried at 150 �C for 2 h and the adsorption/desorption

was followed using nitrogen at liquid nitrogen temperature.

XRD patterns of the catalysts were obtained on an Ultima-

IV diffractometer (M/s. Rigaku Corporation, Japan) using

nickel-filtered Cu Ka radiation (k = 1.54 Å). The mea-

surements were recorded in steps of 0.045� with count time

of 0.5 s in the 2h range of 0–80�. Identification of the

crystalline phases was carried out with the help of JCPDS

files. H2-TPR studies were performed using a home-made

apparatus. Catalyst samples (50 mg) taken in a quartz

reactor were reduced under 10% H2/Ar gas mixture at a

flow rate of 30 mL/min and a heating rate of 5 �C/min up

to 800 �C. Before the TPR run, the catalysts were pre-

treated in argon flow at 300 �C for 2 h. Hydrogen con-

sumption was monitored using thermal conductivity

detector of a gas chromatograph (Varian, 8301). UV–Vis

DRS spectra of the catalyst samples were recorded on a

GBC Cintra 10e UV–visible spectrometer in the region of

200–800 nm, with a split width of 1.5 nm and scan speed

of 400 nm per minute. 15 mg of the catalyst sample mixed

with an appropriate quantity of dry KBr was ground thor-

oughly for making the pellet to extract the FT-IR spectra at

room temperature on a Perkin Elmer (M/s. Spectrum GX,

USA) instrument. XPS studies were performed on a

Thermo K-5 Alpha XPS instrument at a pressure better

than 1 9 10-9 torr. The Cr2p and O1s core-level spectra

were recorded using Al Ka radiation (photon ener-

gy = 1253.6 eV) at a pass energy of 50 eV. The core-level

binding energies (BEs) were charge corrected with respect

to the adventitious carbon (C1s) peak at 284.6 eV. Raman

spectra were recorded on a LabRam HR800UV Raman

spectrometer (Horiba Jobin-Yvon) attached with a confocal

microscope and liquid nitrogen cooled charge coupled

device detector. The chemical analysis of the chromia

containing samples was carried out by inductively coupled

plasma optical emission spectroscopy (ICP-OES) using a

Varian 725ES instrument. The morphological analysis of

these samples was also carried out using transmission

electron microscopy (TEM on a JEOL 100S microscope).

For the preparation of a sample for TEM, a suspension
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containing about 1 mg catalyst/mL of ethanol was prepared

and sonicated for 10 min. A few drops of the suspension

were placed on a hollow copper grid coated with a carbon

film.

Activity test

The performance of the catalysts was evaluated in a fixed-

bed reactor at atmospheric pressure. A mixture of He/

C2H6/CO2 at a ratio of 27/9/54 was used as the feed. The

activity tests were carried out using 0.5 g of catalyst sus-

pended between two quartz wool plugs in the reactor.

Ceramic beads of the same weight were used for diluting

the catalyst. The catalyst was first preheated in a flow of He

at 30 mL/min at 500 �C for 4 h. The activity tests were

conducted in the temperature range of 600–700 �C. The
analysis of the reaction product was carried out online

using a Nucon 5765 gas chromatograph equipped with a

Porapak-Q column. He gas carrier and a thermal conduc-

tivity detector (TCD) were used for analysis. After the

reaction reached steady state over a period of 1 h, the

product analysis was duplicated and the average value

considered. The accuracy was within the error margin of

±3%.

Results and discussion

BET surface area, pore volume and pore diameter

The estimated values of BET surface area, pore volume

and pore diameter along with the Cr2O3 wt% of the cata-

lysts are reported in Table 1. There is a decrease in surface

area and pore volume after sulfation of SBA-15. However,

the decrease is more after the addition of CrOx to SBA-15.

The formation of extra-framework CrOx species with lower

surface area might be the reason for the decrease in the

specific surface area of SBA-15, as also reasoned by Zhang

et al. [18]. One important observation from these results is

that prior addition of sulfate ion to the support reduces the

loss in surface area due to CrOx addition.

Pore size distribution patterns of the samples are shown

in Figs. 1 and 2. The H1-type hysteresis loop of SBA-15

confirms the mesoporous structure of material with cylin-

drical channels [17]. A sharp inflection is observed at the

relative pressure of p/po = 0.6–0.8 corresponding to cap-

illary condensation within uniform mesopores. The iso-

therms of Cr/SBA-15 and Cr/S.SBA-15 also show similar

patterns revealing the intactness of the hexagonally ordered

structure. The non-closure of the adsorption and desorption

patterns can be seen from the figure, which may be

explained as follows. Esparza et al. [20] have reported,

SBA-15 materials may contain some amount of intra-wall

pores that can possibly interfere adsorption/desorption

phenomenon. In addition to this, a sort of pore-blocking

effect occurs if the cross section of the pore varies along its

length. Instead of following an ideal desorption mechanism

Table 1 Textural characteristics of the supports and catalysts

Catalysts SBET (m2/g) Vp (cm
3/g) DBJH (nm) Cr2O3

composition

(wt%)

SBA-15 506 0.681 6.6 –

S.SBA-15 462 0.671 6.5 –

Cr/S.SBA-15 435 0.648 5.9 4.92

Cr/SBA-15 417 0.645 5.8 4.85

Fig. 1 N2 adsorption/desorption isotherms of the supports and

catalysts

Fig. 2 Pore size distribution of the supports and catalysts
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in which a pore of a given diameter releases completely its

condensate at a particular relative pressure, the emptying of

pore in SBA-15 substrates takes place progressively rather

than abruptly. The decrease in pore volume is due to partial

blockage of the mesopores of SBA-15 after anchoring of

CrOx species on to the surface. During this process some

pore wall collapse might have taken place in the SBA-15

structure leading to the decrease of the pore diameter, as

reported by Shi et al. [19]. The phenomenon of non-closure

of adsorption and desorption can be observed from the

isotherms which can be explained as follows.

XRD results

Figure 3a shows the low-angle XRD patterns of SBA-15,

sulfate-modified SBA-15 supports and the unmodified and

sulfate-modified catalysts. The peaks at 2h values of 0.98�,
1.74�, and 2.00� can be indexed as (100), (110), and (200)

reflections which are associated with p6 mm hexagonal

symmetry of SBA-15 [17]. These profiles confirm the

presence of typical hexagonally structured SBA-15 with

highly ordered mesoporous channels even after CrOx

impregnation before and after sulfate modification [17].

The addition of CrOx to SBA-15 shows a small right shift

towards high 2h region. On the other hand, the sulfate-

modified SBA-15 shows no deviation. The shift in the case

of Cr/SBA-15 catalyst may indicate partial substitution of

Si with Cr species in the SBA-15 frame work. However,

the isomorphic substitution of Si4? (ionic radius of 0.40 Å)

with Cr3? (ionic radius of 0.62 Å) is difficult. The Cr6?

(ionic radius of 0.44 Å) can be substituted resulting in an

increase in lattice parameter of SBA-15. But the extent of

isomorphic incorporation of metal ions into the silica

framework is low because of the problem with the disso-

lution of metal ions in the solution at very low pH.

Therefore, the shift in the peak position that indicates the

increase in unit cell constant may be considered trivial in

the case of Cr/SBA-15, as also opined by Charan et al. [21].

Instead, the shift in the d100 peak to a higher angle may be

attributed to the blockage the frameworks of SBA-15 after

the interaction of CrOx species [21].

The wide-angle XRD patterns of catalysts are depicted

in Fig. 3b. SBA-15 exhibits a broad peak between 15� and
30� which is characteristic of amorphous silica [19]. The

diffraction patterns of CrOx-containing catalysts show

peaks at 2h = 24.38�, 33.50�, 36.16�, 41.42�, 50.18�,
54.84�, 63.42� and 65.10� ascribed to the presence of

crystalline Cr2O3 (JCPDS No.: 84-1616) [22]. The inten-

sities of these peaks are lower in Cr/S.SBA-15 catalyst than

those of Cr/SBA-15 indicating better dispersion of the

CrOx species in the modified catalyst. This result suggests

that the addition of sulfate ion obviously enhances the

dispersion of the chromium species in the Cr/S.SBA-15

catalyst.

FT-IR results

FT-IR spectra of the catalyst samples are presented in

Fig. 4. The vibrational bands at 3400, 1632–1640,

1055–1213, 958, 805–809, 566–575 and 460–489 cm-1

correspond to the surface silanols; Si–O–Si, Si–O and the

hydrated Si–O groups [23]. The symmetric stretching

modes of Si–O–Si groups are observed at around

796 cm-1. The peak at 455 cm-1 is assigned to bending

vibration of Si–O–Si groups, while the adsorption bands at

967 and 3398 cm-1 correspond to defective Si–OH groups

[23]. The high wavelength (3567 cm-1) absorption bands

are due to –OH stretching in intermolecular water. The

bands at 1080 and 1227 cm-1 correspond to Si–O asym-

metric stretching, internal and external, respectively,

whereas the one at 800 cm-1 (Si–O symmetric stretching)
Fig. 3 XRD patterns of the supports and catalysts: a low angle and

b wide angle
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is due to SiO4 vibrations [24] in the SBA-15 frame work.

1632–1640 cm-1 bands are ascribed to the Si–O stretching

overtone and or adsorbed water. Like SiO2, SBA-15 has a

covalent framework which can be severely hydroxylated. It

can predominantly stabilize isolated (single), (O)3–Si–OH

and geminal (O)2–Si–(OH)2 silanol groups on its surface.

These surface silanol groups are imperative for grafting

chromia species to SBA-15 [21]. The bands at 573 and

620 cm-1 are due to extra-framework hydrated CrOx spe-

cies present on the pore surfaces [21, 22]. Especially, the

intense band at 573 cm-1 in the sample indicates the

existence of Cr-polycation. A close observation of inten-

sities of the bands at 550 and 620 cm-1 seen in Cr/SBA-15

and Cr/S.SBA-15 catalysts indicate that there is a decrease

in intensity of 550 cm-1 band after sulfate modification.

Thus, there is a more prevalence of hydrated CrOx species

in the latter indicating better dispersion [25]. The FT-IR

spectra show weak bands at 2344–2365 and 1856 cm-1

corresponding to the C–O and C=O stretching vibrations,

respectively.

TPR results

TPR analysis provides valuable information regarding the

redox property of a catalyst. The TPR profiles of the CrOx-

containing catalysts are displayed in Fig. 5. These samples

show complex reduction profiles. Several discrepancies in

H2-TPR analysis of CrOx are reported in the literature [22].

The reduction profiles of CrOx depend on parameters such

as method of preparation, calcination temperature, support

material, nature of interaction of CrOx with supports and

the type of chromium species (dispersed mono or poly-

chromates) grafted on to the surface. The nature of Cr

oxidation state strongly depends on the strength of inter-

action between CrOx and SBA-15 through the surface

silanol groups. Cr/SBA-15 shows a strong reduction band

at 550 �C with shoulder at 450 �C due to the reduction of

chromium species from Cr6? ? Cr3? [26, 27]. Sulfate

modification has shifted the reduction maxima to higher

temperatures. The higher reduction temperature observed

in Cr/S.SBA-15 in comparison with that of Cr/SBA-15

suggests that there is a stronger interaction leading to better

dispersion of CrOx species in the former case [14].

Earlier studies revealed that the Cr ions exist in various

oxidation states in supported chromium materials, in which

Cr6? and Cr3? are prominent in redox processes in the

catalytic oxidative dehydrogenation of alkanes [13, 28, 29].

Cavani et al. [30] have reported the formation of two kinds

of Cr6? species, the grafted and the soluble. The grafted

Cr6? species, which is anchored to the silica surface, has a

greater interaction with the silica support and is harder to

be reduced than the soluble Cr6? species, which presents as

isolated chromates on the surface of the catalyst. Therefore,

the intense peak at lower temperature (ca. 374–397 �C)
corresponds to reduction of soluble Cr6? species, and the

one at higher temperature (ca. 510 �C) results from

reduction of the grafted Cr6? species. It has been reported

that for chromium oxides deposited on the zeolite or oxide

materials, a higher temperature is needed to reduce the

highly dispersed Cr species.

UV-DRS results

The UV–Vis DRS patterns (Fig. 6) have shown absorbance

bands at 250, 350, 450 and 600 nm. According to literature

the lower wavelengths at 250, 350 and 450 nm are due to

Fig. 4 FT-IR spectra of supports and catalysts Fig. 5 TPR profiles of the catalysts
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the presence of monochromatic Cr6? species. 250 and

350 nm bands are due to the charge transfer spectra of d–

d transitions from 1A1 ? 1T2 transitions of tetrahedral

Cr-oxide. 450 nm bands are due to the symmetric forbid-

den nature of transitions from 1A1 ? 1T1 of tetrahedral

Cr-oxides. On the other hand, the 600 nm bands are due to

the symmetric transitions of A2g ? T2g octahedral coor-

dinated Cr3? in Cr2O3 clusters [26, 31]. The results indi-

cate that Cr6? species of mono- and polychromate are

dominant in Cr/S.SBA-15.

XPS results

O1s XPS Figure 7 shows the O1s spectra of all catalysts.

The peaks observed correspond to the BE varying in the

range of 534–536 eV for O1s. SBA-15 shows peaks at

534.3 and 535.8 eV, the addition of sulfate ion shows a

high BE value than the parent SBA-15 indicating the

interactions of sulfate with SBA-15. The high-energy fea-

tures are observed as a result of the energy loss due to the

interaction of O1s photoelectrons with the electrons in the

surface region of the SBA-15 walls. CrOx addition to SBA-

15 shows a left shift in the BE values describing their

stronger interaction with SBA-15. Literature reveals [22]

that the shift of O1s peak position towards lower binding

energy indicates the possible generation of CrOx domains

on CrOx/SBA-15 sample when the Cr surface density is

C1.11 Cr-atom/nm2 where there is the appearance of

crystalline Cr2O3 phase. Therefore, we can assume high

interaction of CrOx with S.SBA-15 in the present case.

Cr2p XPS An investigation on the oxidation states of Cr

ions is beneficial for the elucidation of the nature of the

active sites in the catalysts. The results of Cr2p XPS studies

are presented in Fig. 8. The study establishes the formation

of Cr6? species in both the Cr containing catalysts. The

asymmetric peaks spanning between BE of 575–580 and

585–589 eV could be deconvoluted into two sets of com-

ponents; one set with BEs at 577 and 579 eV and the other

at 586 and 588 eV. The former set of Cr2p signals can be

assigned to Cr3? ions, whereas those of the second set to

Cr6? ions. Thus, the peaks confirm the co-presence of Cr3?

and Cr6? ions, as also reported in the literature [31, 32].

The peaks assigned to Cr6? are more intense than those of

Cr3? indicating the dominance of Cr6?, as also evidenced

Fig. 6 UV-DRS bands of the catalysts

Fig. 7 O1s XP spectra of the catalysts
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by the UV–Vis DRS studies. Sulfate ion addition helps

promote chromium with higher oxidation states [33]. Since

XPS is a surface technique, it is not possible to estimate the

overall quantity of Cr6? and Cr3? species. However, a

surface Cr6?/Cr3? ratio [1 can be discerned from the

analysis which is preferable for the catalyst to show higher

activity. These results are in good agreement with the

X-ray diffraction results.

Laser-Raman results

In order to investigate the nature of chromium ion present

on the SBA-15 support, Raman spectroscopy was

employed. Raman spectra of catalysts are displayed in

Fig. 9. Typically three kinds of Cr species, i.e., isolated

monochromate, polychromate, and crystalline Cr2O3 are

seen in supported chromia catalysts. The Raman spectrum

of SBA-15 shows three bands at 497, 607 and 977 cm-1

assigned to cyclic tetrasiloxane rings, cyclic trisiloxane

rings and the Si–OH stretching mode, respectively [34]. It

can be seen that the spectra of chromium-incorporated

samples exhibit a band at 987 cm-1 assigned to the

ts(O=Cr=O) stretching, the other at 394 cm-1 due to

d(O=Cr=O) bending, and finally, the band at 1014 cm-1

referred to t(O=Cr=O) stretching, as reported by Dines

Fig. 8 Cr2p XP spectra of the

catalysts

Fig. 9 Raman spectra of the support and catalysts
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et al. during their DFT calculations [35]. Cr/SBA-15 shows

several Raman bands appearing at 219, 306, 344, 394, 449,

505, 543, 601, 669, 747, 818–859, 915, 1014 and

1145 cm-1. The Raman spectrum of Cr/S.SBA-15 shows

bands at 353, 551, 606, 725, 814, 833, 908–945, 1057 and

1141 cm-1, in which the band at 353 cm-1 could be

ascribed to Cr6? [36]. The peaks observed at 396,

929–949 cm-1 are attributed to monochromatic Cr6? spe-

cies [36, 37]. The Raman bands at 896 (weak), 970

(strong), and 1061 (weak) cm-1 can be attributed to Cr6?

species [22] and the band at 970 cm-1 is smaller in Raman

shift than that at 980 cm-1 which is due to the Cr–O

stretching of monochromate species in Cr-SBA-15

[31, 38]. The peaks in the range 690–1017 cm-1 are due to

the polychromatic Cr6? species from the oligomerization

[31, 36]. Incorporation of sulfate ions in SBA-15 support is

more favorable to formation of Cr6? ion species than the

unmodified one. These results corroborate the XRD

analysis.

ICP-OES results

The composition of Cr2O3 present in the modified SBA-15

samples was determined by ICP-OES technique. The

acquired results are presented in Table 1. These values are

found to be very close to the theoretical values.

TEM results

The TEM micrographs of the Cr/SBA-15 and Cr/S.SBA-15

catalysts are shown in Fig. 10. The hexagonal structure of

SBA-15 was confirmed by the TEM. The average crystal

size of sulfate-modified catalyst was found to be 120 nm

(Cr/S.SBA-15), whereas that for Cr.SBA-15 catalyst was

240 nm. From the above results, it can be concluded that

modification with sulfate ion leads to decrease in crystal

size.

Catalytic activity

All the catalysts were evaluated for their ODE performance

using CO2 as the oxidant. The CrOx-containing catalysts

show (Fig. 11a) high conversion of ethane and high ethy-

lene selectivity and yield compared to the bare SBA-15 and

S.SBA-15 supports. Cr/S.SBA-15 shows the highest con-

version (61.2%) and selectivity (82.2%) in the series, with

ethylene yield reaching 50.3%; the same for Cr/SBA-15 are

obtained as 45.3, 76.9 and 36.5%, respectively. Thus, sul-

fate modification has a distinct influence of the perfor-

mance of the catalysts. Better dispersion of Cr species on

the sulfated sample might have increased ethane activity by

facilitating more number of active sites, as also reported by

Wang et al. [14].

The chromium species with the high oxidation state is

found to play a key role in obtaining higher catalytic

activity during the dehydrogenation of light alkanes

[39, 40]. Ge et al. [11] used electron spin resonance and

UV-DRS to explore the active site for the ODE with CO2

over silica-supported chromium oxide catalysts and

established that the species with a higher oxidation state

(Cr5? or Cr6?) is significant for the reaction. In the case

of Cr/H-ZSM-5 (SiO2/Al2O3 [190), Cr6? or possibly

Cr5? was observed to be the active species. Fridman et al.

investigated the CrOx/Al2O3 catalyst for the dehydro-

genation reaction and successfully identified chromium

species which is responsible for the redox reaction

[41, 42]. In the present catalysts also, the Cr6? species

seems to be responsible for the high activity of catalysts

in the ODH of ethane with CO2. The Cr6? species is

initially reduced to Cr3? species during the dehydro-

genation of ethane. Subsequently, the reduced Cr3? is re-

oxidized to Cr6? species by CO2, as described by the

following equations [10]:

Fig. 10 TEM images of the catalysts
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C2H6 þ Cr6þ ¼ O ! C2H4 þ H2Oþ Cr3þ

Cr3þ þ CO2 ! COþ Cr6þ:

8 wt% Cr2O3/SiO2 catalyst exhibited an excellent

performance producing 55.5% ethylene yield at 61% ethane

conversion at 650 �C [6]. Ge et al. studied a series of silica-

supported chromium oxide catalysts and found 5% Cr/SiO2

catalyst exhibiting 30.7% ethane conversion and 96.5%

ethylene selectivity at 700 �C. The high valent states of

chromia (Cr5? and/orCr6?) were observed to be important for

the reaction [11]. Cr–Si-2 molecular sieve catalyst with 1.28

wt% chromium gave 45.5% ethylene yield with a selectivity

of 87.9% at 650 �C. The change of Cr from a higher oxidation

state to lower oxidation state was found to influence the

catalyst behavior [12]. The ODH of ethane with CO2 was

successfully carried out over the Cr-based catalysts prepared

by using FeCrAl alloy foil as support [13]. 66.5% ethane

conversion and 99.5% ethylene selectivity were reported on

the 5 wt% Cr-loaded monolithic catalyst at 750 �C. The
reduction–oxidation cycle between Cr6? and Cr3? species

was thought to be carried out via the dehydrogenation of

ethane and oxidation by CO2. Interactions between Cr, SBA-

15, and the Al2O3/FeCrAl support modified the redox

properties of the Cr/SBA-15/Al2O3/FeCrAl catalysts. The

effect of Ce on the activity ofCr/SBA-15 catalyst was studied.

An enhancement in the activity was observed after Ce

modification. TheCr6? toCr3? redox cyclewas carried out by

the sequential dehydrogenation of ethane and oxidation by

CO2 [19]. In the present investigation, FT-IR, UV-DRS,

Raman and X-ray photoelectron spectroscopic investigations

have revealed that the surface Cr species are mainly Cr6? in

mono and polychromate forms, with a minor amount of Cr3?.

The TPR profiles reveal the facile redox nature of Cr6? to

Cr3?. The performance of the present catalyst is also

comparable with those reported in the literature, except for

small discrepancies due to the variation in the reaction

temperature or the definition adopted for arriving at

parameters. Thus, we believe that the predominance of

surface Cr6? species on the sulfate-modified catalyst also

seems to be responsible for the higher activity. Smaller

particles, presence of the greater number of active Cr6?

species and monolayer coverage of CrOx with uniform

dispersion on the support are responsible for the good

performance of the catalyst. Better redox property due to

higher oxidation state of chromium over the catalyst also

leads to better performance.

The Cr6?/Cr3? ratio is also a significant factor in the

ODH of ethane. Asghari et al. [43] reported a direct cor-

relation between this ratio and the activity in their studies

on MCM-41-supported Cr2O3 catalysts. The ratio increased

up to 8% Cr where the activity was also maximum.

Mimura et al. [10] proposed the nature of active species

and the role of CO2 in the ODH of ethane over Cr/H-ZSM-

5 catalyst. The importance of the existence of a redox cycle

involving Cr6?/Cr3? species is stressed. The high dehy-

drogenation activity can be obtained by the Cr redox cycle

during the ODH of ethane in the presence of CO2 [13].

The effect of reaction temperature on the activity and

selectivity of Cr/S.SBA-15 catalyst is shown in Fig. 11b. It

Fig. 11 a Activity of the catalysts; b effect of reaction temperature

on the activity of Cr/S.SBA-15 catalyst; c catalytic performance of

Cr/S.SBA-15 at different W/F ratios (temperature 675 �C; flow rate

9 mL/min ethane ? 54 mL/min CO2 ? 27 mL/min He)
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may be observed that with increase in reaction temperature

the conversion of ethane increased and the selectivity

continued to be at its high value. 675 �C is the best tem-

perature in the studied region. The effect of space velocity

on the ODE activity of Cr/S.SBA-15 was studied at 675 �C
temperature and the results are disclosed in Fig. 11c. Upon

increasing the W/F ratio the conversion of ethane and yield

of ethylene have increased. However, the selectivity

towards ethylene has reached a maximum value at a W/F of

0.33 indicating the best operating parameters.

Cr/S.SBA-15 (highest activity material) catalyst was

subjected to time on stream reaction (TOS) for 16 h, and the

results are presented in Fig. 12. This catalyst showed steady

catalytic activity up to 16 h of reaction time. Apart from

ethylene we have also noticed the formation of CO, CH4

and H2 in the product gas. Both the catalysts have shown the

same selectivity of %14% for methane, whereas the

unmodified and sulfate-modified catalyst have shown vari-

ation in the CO (6.6 and 3.4%, respectively) and H2 (1.7 and

0.7%, respectively) compositions. The higher values for the

CO and H2 shown by Cr/SBA-15 compared to that of Cr/

S.SBA-15 may be due to over-oxidation of the main product

ethylene, as reported in the earlier publication [5].

Conclusions

The sulfate-modified Cr/S.SBA-15 catalyst exhibits higher

activity for the ODE with CO2 compared to the unmodified

catalyst. Sulfate modification affords higher dispersion of

the Cr species. In both the catalysts, the Cr species exists in

Cr6? and Cr3? states. The addition of sulfate ion to the

support SBA-15 remarkably changes the redox properties

of the CrOx species. A higher Cr6?/Cr3? ratio is observed

in the case of Cr/S.SBA-15 catalyst.
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