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The catalytic performance and characterization of a durable
perovskite-type chloro-oxide SrFeO3_sCl, catalyst selective for the
oxidative dehydrogenation of ethane
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The catalytic performances and properties of SrFeO3_g. 190 and SrFeO3_g 382Clo. 443 Catalysts have been investigated for the oxidative
dehydrogenation of ethane (ODE). XRD results showed that both catalysts exhibited oxygen-deficient perovskite-type structures. The
inclusion of chloride ions in the SrFeO3_s lattice matrix can significantly enhance ethene selectivity and ethane conversion. The
SrFeO3_0.382Clo.443 catayst showed an ethane conversion of ca. 90%, an ethene selectivity of ca. 70%, and an ethene yield of ca. 63%
under the reaction conditions: CoHg: O, : N, = 2:1:3.7, temperature 680 °C, and space velocity 6000 ml h—1g—1. With the increase
of space velocity, ethane conversion decreased, whereas ethene selectivity increased over SrFeO3_g.382Clg 443. Lifetime studies showed
that the perovskite-type chloro-oxide catalyst was durable. The results of O,-TPD and TPR experiments illustrated that the implanted
chloride ions caused the oxygen nature of SrFeO;_s to change. By regulating the concentration of oxygen vacancies and the Fe*+/Fe
ratio in this perovskite-type chloro-oxide catalyst, one can generate a durable chloro-oxide catalyst for the ODE reaction with excellent

performance.
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1. Introduction

In the past decade, many efforts have been paid for the
development of new catalysts for the oxidative dehydro-
genation of ethane (ODE) to ethene. Generaly speak-
ing, the effective catalysts for the OCM (oxidative cou-
pling of methane) reaction might be fit for the ODE reac-
tion. Besides the akaline earth, rare earth, and transition
metal oxides with or without the use of alkali or halides
as dopants (e.g., Li/MgO [1,2], Na/CeO; [3], SmOF [4],
M-Mo or V/SIO, (M = Li, Na, K, Rb, and Cs) [5,6],
M-ZSM-5 (M = Nb, V, Co, and Cu) [7]), the perovskite-
type mixed oxides have also been reported to be effec-
tive in the OCM and ODE reactions. LaCoOs3_s-based
mixed oxides [8], SrCog glip 203 [9], Lag gSrg 2Co0O3 and
SrCog gFep 203 [10], CaCopgFep 203 [11], and LageSro.4
Cog gFep 203 [12] exhibited moderate catal ytic performance
for the OCM reaction. Hayakawa et a. [13] studied the
catalytic activities of CaTi;_,Fe, Oz s (0 < z < 0.4) and
STii—.Fe, O35 (0 < z < 1.0) for the ODE reaction, and
found that the latter showed higher C,H, selectivity than
the former. Recently, they reported the catalytic perfor-
mance of La_,Sr,FeOs_s (0 < =z < 1.0) [14]. Under
the reaction conditions of 650°C, C,He/O, molar ratio of
1/1, space velocity of ca. 7000 mlh—1g—!, a C,Hg con-
version of 87% and a CoH,4 selectivity of 43% with the
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corresponding C,H, yield of 37% were obtained over a
SrFeO3_s caIaIyst.

In the past several years, we have characterized and re-
ported the LaBa—X [15-18], Y-Ba—X [19,20], and Ho—
Ba—X [21] catalysts for the OCM reaction and the Ho—
BaX (X = F ClI, and Br) [22,23] catalysts for the
ODE reaction. We detected the occurrence of ionic ex-
change/substitution between B&?* and Ln*t (Ln = La, Y
and Ho) and/or X~ and O?~ ions in these BaX,-modified
rare earth oxide catalysts. Lattice defects generated in these
catalysts, such as trapped electrons and charge-deficient
oxygen, are able to facilitate the activation of gaseous oxy-
gen molecules, a critical step for the conversion of ethane
to ethene. We have also reported that the presence of halide
ions in these catalysts could suppress the deep oxidation of
ethane and ethene.

Perovskite-type mixed oxides have been studied inten-
sively and extensively. These materials exhibit good cat-
alytic performances in the complete oxidation of hydrocar-
bons [24], carbon monoxide [25] and ammonia [26]. We
envisage that, by embedding haide ions in the lattice of
perovskite-type mixed oxides, one may convert these deep
oxidation materials to selective catalysts for the ODE reac-
tion. By so doing, one might (i) suppressthe deep oxidation
of C;Hg and CyH4 (thus increasing C,H,4 selectivity) and
(if) minimize the leaching of halide (thus prolonging the
lifetime of catalysts). In this study, we present the cat-
alytic performances and characterization of perovskite-type
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chloro-oxide SrFeOs;_sCl, as well as SrFeO3;_s (for com-
parison purposes) for the ODE reaction. The investigation
of Lay_,Sr.FeO3_sX, (X = F, Cl; x = 0-1) will be re-
ported elsewhere.

2. Experimental

The catalysts were prepared by adopting the method of
citric acid complexing [27]. SrCl»-6H,0 (Merck, >99%)
and Fe(NOg3)3-6H,0 (Acros, >99%) (for SrFeOs;_sCl,)
or Sr(NOs), (Fluka, >99%) and Fe(NO3)3-9H,O (Acros,
>99%) (for SrFeO3_5s) were mixed in agueous solution at
the desired stoichiometric ratio. Citric acid (monohydrate,
Aldrich, 99.0%) equimolar to the metals was added. The
solution was then evaporated at 70 °C to produce a viscous
syrup. After subsequent evaporation at 100°C for 5 h and
cacination a 900°C for 10 h, the material was in turn
ground, pressed, crushed, and sieved to the size range of
40-80 mesh.

The ODE reactions were carried out at atmospheric pres-
sure with 0.5 g of the catalyst being placed in a fixed-bed
quartz micro-reactor (i.d. = 4 mm). The reaction tempera-
tures were ranging from 420 to 680°C at 20°C intervals.
A mixture of ethane and air was passed through the micro-
reactor. The flow rate was regulated by a mass flow con-
troller. It was 14.8 ml min—* for ethane and 35.2 ml min—?!
for air; giving a space velocity of 6000 mh—*g~=! and a
C,He/O, molar ratio of 2/1. The product (C;Hg, CaHa,
CH,4, CO, and CO,) distribution was determined on line
by a gas chromatograph (Shimadzu 8A TCD) with Pora-
pak Q and 5A Molecular Sieve columns. For the variation
of space velocity, the catalyst mass was varied at a fixed
flow rate of 50 ml min—2.

The phase compositions of the catalysts were determined
by X-ray diffraction (XRD, D-MAX, Rigaku). The specific
surface areas of the catalysts were measured and cal cul ated
according to the BET method.

For the O,-TPD (temperature-programmed desorption)
studies, the samples (0.5 g) were placed in the middle of a
quartz micro-reactor with 4 mm inner diameter. The out-
let gases were analyzed on line by mass spectrometry (HP
G1800A). The heating rate was 10°C min—* and the tem-
perature range was from room temperature to 850 °C. Be-
fore performing the O,-TPD experiments, the samples were
first evaculated in situ at 850°C for 1 h and then calcined
at the same temperature for 1 h under an oxygen flow of
20 mimin—?! followed by cooling in oxygen to room tem-
perature and helium purging (flow rate, 20 ml min—1) for
1h.

Temperature-programmed reduction (TPR) was con-
ducted by using a 7% H>—93% N, (v/v) mixture. The
flow rate of the carrier gas was 50 mlmin—* and a ther-
mal conductivity detector was used. The amount of sample
used was 0.2 g and the heating rate was 10°Cmin—!. Be-
fore performing the TPR experiments, the sample was first
cacined in situ at 850°C for 1 h under an oxygen flow
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of 15 mimin—?! followed by cooling in oxygen to room
temperature.

For the analysis of Cl content, the catalyst was first di-
gested in 0.1 M NaOH solution. The resulted solution was
neutralized by 2 M HNOj3 solution and titrated against stan-
dardized AgNO;3 solution using 0.005 M potassium chro-
mate as an indicator. The content of Fe*+ was determined
by titrating the digested sample against K,Cr,O; in HCI
(3 M) with an excess amount of Mohr salt [26]. The ex-
perimental error is estimated to be +1.0%.

3. Reaults
3.1. Catalyst composition

Table 1 shows the compositions of SrFeOs;_s and
SrFeO;_sCl,. Based on the Fe*t/Fe ratio and Cl content
as well as the assumption of maintaining electrical neutral-
ity, the value of § is estimated to be 0.190 for SrFeOs3_y,
whereas the values of 6 and o are, respectively, 0.382 and
0.443 for SrFeO;_5Cl,. From table 1, one can also redize
that the addition of chloride ions to SrFeOs_s has caused
the Fe*+/Fe ratio to rise and the oxygen vacancies to de-
crease in density.

3.2. Catalytic performance

Figure 1 shows the catalytic performances of Sr
FeOs_g.100 and SrFeO3_q 382Clg.aa3 after 1 h of on-stream
ODE reaction. From figure 1(a), one can observe that, with
the increase of reaction temperature from 500 to 680°C,
the C,Hg conversion, C,H, sdlectivity, C,H, yield, and
CH, selectivity over SrFeOs_; increased from 33.7, 38.0,
12.8, and 0.3% to 54.8, 50.5, 27.7, and 2.3%, respectively,
whereas CO,, (i.e.,, CO + CO,) selectivity decreased from
61.7 to 47.2%. Over the SrFeO3_0.352Clo.443 catayst (fig-
ure 1(b)), when the temperature was raised from 420 to
540°C, C,Hg conversion, CoH4 selectivity, and C,H, yield
increased, respectively, from 4.1, 29.2, and 1.2% to 52.1,
69.6, and 36.3%; between 540 and 600 °C, such increases
were not significant. Further risein temperature from 600 to
680 °C would cause the C;Hg conversion and C;H, yield to
riserapidly from 57.9 and 41.1% to 89.9 and 62.2%, respec-
tively, whereas C,H, selectivity reached a maximum value
of 73.6% at 640°C and then decreased dightly. The CO,,
selectivity dropped rapidly from 420 to 540°C, but such
drop was moderate at temperatures above 540 °C. We ob-
served that CH,4 was generated gradually from 460 °C and
between 620 and 680°C, CH, selectivity increased from

Table 1
Compositions of SrFeO3;_s and SrFeO3_sCl, catalysts.
Catalyst Fe*t/Fe Cl content 5 o
(%) (%)
SrFeO;_g 62.1 - 0.190 -
SrFeO3_5Clo 68.0 7.81 0.382 0.443
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Figure 1. Catalytic performance of (a) SrFeOs;_p.190 and (b) SrFe

03_0.382Clg.443 after 1 h of on-stream ODE reaction. (Hl) C,Hg conver-

sion, (#) CoHa selectivity, (A) CoHy yield, (x) CH, selectivity, (o) CO,
selectivity.

3.0 to 10.7%. It should be noted that the O, conversions
were 100% during the studies.

Figure 2 shows the catalytic performance of SrFe
O3-0.332Clo.443 as a function of space velocity at 680°C
for the ODE reaction. With the increase of space veloc-
ity from 4,000 to 10,000 mlh—1g~!, C,H, selectivity and
CH, selectivity increased from 62.6 and 8.8% to 72.3 and
11.0%, respectively, whereas C,Hg conversion and CO,, se-
lectivity decreased from 91.9 and 28.6% to 81.6 and 16.7%,
respectively. The C,H, yield reached a maximum value of
62.8% at a space velocity of 6,000 mh—1g—1.

Figure 3 shows the catalytic performance of SrFe
O3_0.352Clo.a43 as related to reaction time. Clearly, this
catalyst showed stable performance during the 40 h of on-
stream reaction. Such sustainable behaviour demonstrates
the Stabl'lty of the SrFeO3_0.332Clg.a43 Catalyst during the
reaction. The results of chemical analysis showed that the
Cl contents of this catalyst before and after the reaction
of 40 h were 7.81 and 7.79 wt%, respectively, indicating
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Figure 2. Catalytic performance of SrFeO3_¢.332Clo. 443 as related to space

velocity at 680 °C for the ODE reaction. (H) CoHg conversion, (¢) CoHg
selectivity, (A) CoHy yield, (x) CH, selectivity, (o) CO, selectivity.
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Figure 3. Life study of SrFeOs_(.332Clg 443 @ 680°C during 40 h of
on-stream ODE reaction. (M) CyHg conversion, (¢) CoH, selectivity,
(A) CoHg yield, (x) CH4 selectivity.

that there was no significant Cl loss during the 40 h pe-
riod.

3.3. Phase composition and surface area

Figure 4 shows the XRD patterns of SrFeOs_¢.190 and
SrFe03_0.382Clo.a43 Catalysts. Compared to the JCPDS
34-638 data, both SrFeO3;_s and SrFeO3_q.35,Clg 443 had
cubic perovskite structures [26,28]. Actualy, a brown-
millerite-like structure ABO, 5 (such as SrFeO, s [14] and
SrCo0,5 [29]) could also be considered as an oxygen-
deficient perovskite-type ABOj3 structure [26]. From fig-
ure 4, one can see that the patterns of a SrFeO3_¢.332Clo.443
catalyst before and after 40 h of on-stream ODE reaction
are rather similar, indicating that there was no phase change
during the 40 h of reaction. In other words, there was
no significant Cl leaching. The stable performance of the
SrFe03_0.352Clo.443 catalyst also confirmed such a conclu-
sion. According to the BET method, the surface areas of
SrFe03_0.190 and SrFeO3_g 332Clg.443 Were estimated to be
3.3 and 3.1 m? g1, respectively.
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Figure 4. The XRD patterns of fresh SrFeO3_g.190 (@) and SrFe

O3_0.382Clp.443 before (b) and after (c) 40 h of on-stream ODE reaction.
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Figure 5. O,-TPD profiles of fresh SrFeO3_g.190 (@) and SrFe

O3_0.382Clp.443 before (b) and after (c) 40 h of on-stream ODE reaction.

3.4. O,-TPD studies

Figure 5 shows the O,-TPD profiles of the fresh
SrFe03_0.190 and SrFeO3_¢.382Clo 443 Samples; the O,-TPD
profile of a used SrFeO3_¢.332Clo.443 SaMple is also shown.
There were three desorption peaks in each profile. For
the SrFeO3_g.190 Sample (figure 5(a)), the peak at 509°C
was the largest, the two at 646 and 735°C were rela
tively smaller. As for the SrFeO3_.332Clo.443 Sample (fig-
ure 5(b)), compared to those of SrFeO3_g.100, the intensity
of the first peak at ca 536°C was smaller, whereas the
second peak at ca. 660 °C was larger, and the third peak at
740°C was wider. The O,-TPD profiles of the fresh and
used SrFe0s_0.382Clo.443 Samples were basically the same,
indicating that the SrFeO3_q.332Clo.443 Catalyst had under-
gone no significant change in physico-chemical properties
during the 40 h of ODE reaction.
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Figure 6. TPR profiles of fresh SrFeO3_0.190 (a) and SrFeO3_.332Clo.443
before (b) and after (c) 40 h of on-stream ODE reaction.

3.5. TPR studies

Figure 6 shows the TPR profiles of SrFeO3_¢.190 and
SrFe03_0.352Clo.aa3. There were three reduction bands with
positions and relative strengths reflecting the O, desorp-
tion peaks of the O,-TPD profiles in figure 5. For the
SrFe03_g.190 catalyst (figure 6(a)), large reduction occurred
at 510°C, and there were two broad bands with smaller in-
tensities at 648 and 740°C. For the samples of fresh and
used SrFeO3_0.332Clg.a43 (figure 6 (b) and (C)), the bands
at ca. 666°C were bigger in intensity than the first ones
at ca. 542°C. The third bands at ca. 740°C were rather
similar in the three profiles.

4, Discussion

It is well known that perovskite-type mixed oxide ma-
terials are good catalysts for the complete oxidation of hy-
drocarbons, carbon monoxide, and ammonia [24-26]. Over
these catalysts, oxygen could be adsorbed easily to form
surface oxygen species such as O, O%‘, and O~. Most
researchersbelievethat O~ isthe active species for the total
oxidation of hydrocarbons and carbon monoxide, and O?~
in the lattice is responsible for the selective oxidation of
these substances [24,25,30]. However, in the oxidative de-
hydrogenation of ethane to ethene, dioxygen species such
as0" (0<6<1),0,,0 (1<n<2,05 ad
monoxygen species such as O~ are thought to participate
in the selective oxidation of ethane to ethene [15-23]. It is
obviousthat the kinds of oxygen adspecies and their distrib-
ution over the catalyst surfaces have direct influence on the
catalytic performance. The increase of oxygen vacanciesin
the perovskite materials is beneficial for the adsorption of
gaseous oxygen molecules to form oxygen adspecies active
for complete oxidation reactions. On the other hand, the
redox ability of B-site ions is determined by the oxidation
states of the B-site ions and their relative content can also
influence the catalytic performance of perovskites (ABO3).
The rise in Fe*t/Fe ratio in Lay_,Sr,FeOs; (x = 0-1) is
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favourable to the generation of oxygen adspecies [26]. If
one could modify the perovskite materials to give a suit-
able concentration of oxygen vacancies and ratio of various
valencies of B-site cations, at which the selective oxida-
tion reaction would be dominant, one would expect higher
ethene selectivity.

By comparing the data in figure 1 (a) and (b), on the
basis of similar specific surface area, one can conclude
that the SrFeOs_o.382Clo.443 catalyst was much superior
to SrFeO3_g190 in ethane conversion and ethene selec-
tivity. Under the reaction conditions of temperature =
650°C, C;He/O, molar ratio = 1/1, space velocity =
7000 mh~1g=1, a SrFeOs_¢190 Catalyst showed 82.4%
ethane conversion and 40.6% ethene selectivity (ethene
yield = 33.5%). A SrFeOs;_s catalyst reported by Yi
et a. [14] showed dightly better performance (CyHg
conversion = 87%, C,yH,4 selectivity = 43%, and CyHy4
yield = 37%) under similar conditions. The discrepancy
could be due to deviation in the amounts of oxygen vacan-
cies possessed by the two samples. Compared to SrFeOs_s
or SrFeOs_g.100, the CI-doped SrFe03_0.382Clg.a43 catalyst
is much superior in catalytic performance: ethane conver-
sion and ethene selectivity were 86.1 and 63.2%, respec-
tively, giving a respectable ethene yield of 54.4%.

One should take note that the complete oxidation of
C.He gives off much more heat than the ODE reaction.
Over the SrFeO3_0.382Clo.443 catalyst, with the increase of
space velocity, C;Hg conversion and CO, selectivity de-
creased whereas C,H, selectivity increased (figure 2). It
implied that the occurrence of hot spots on the catalyst
surface was not significant. In other words, the excellent
performance is a result of rea catalysis of the Cl-doped
perovskite material.

The oxidation of ethane involves several reactions:

CaHg + (1/2)02 — CoHg + Hp0 1)
CaHg + (5/2)02 — CO + 3H,0 @)
CoHg + (7/2)0, — 2CO, + 3H,0 @)
CzHg + O, — CO + CHy4 + H,0 ()

Compared to reactions (2), (3), and (4), reaction (1) con-
sumes less amount of oxygen. At an oxygen conversion
of 100%, ethane conversion and ethene selectivity could
increase ssmultaneoudly if reactions (2), (3), and (4) were
suppressed. In SrFeOs3_g.190, the nonstoichiometric amount
of oxygen is 0.190. In SrFeO3_.33:Clg.asa3, the CI— an-
ions could enter positions previously occupied by O?~ ions
and/or oxygen vacancies. If a O ion is substituted by a
Cl~ ion, in order to maintain electrical neutrality, one Cl—
ion has to enter an adjacent oxygen vacancy or the oxida-
tion state of an iron cation has to decrease. As shown in
table 1, the introduction of Cl~ ionsinto SrFeO3;_s led to
the increase rather than the decrease of Fe*t/Fe ratio. This
indicates that the Cl~ ions have occupied a certain amount
of oxygen vacancies. Therefore, we suggest that the in-
clusion of chloride ions in the SrFeO5_s lattice has caused
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the bulk density of oxygen vacancies to decrease and the
complete oxidation reactions were suppressed as a result.

The partial substitution of chloride ions for oxide ions
did not induce any obvious change in crystal structure,
i.e., the SrFeO3;_¢.332Clo 443 Sample retained an oxygen-
deficient perovskite structure (figure 4). The CI~ ions (ra-
dius 1.81 A [31]) are fixed in the positions that are origi-
nally occupied by O~ ions (radius 1.40 A [31]). Based on
the radii of Sr>+, Fe*t, Fe*+, O?~, and CI~ ions [32,33],
the tolerance factor [32], ¢, is in the range of 0.88-0.94,
which is suitable for the formation of perovskite struc-
ture. Being larger in size, the Cl~ ions can enter into the
SrFeOs_; lattice only in small quantities. The existence of
asingle phase of perovskite SrFeO3_¢.332Clg 443 means that
this material is thermally stable and as a matter of fact, the
leaching of Cl is not significant at the temperatures adopted
for the ODE reaction. The result of chemical analysis also
confirmed this point. In addition, compared to that of a
fresh sample, no change was observed in the XRD pattern
(figure 4(C)) of the SrFeO3_0.332Clg.a43 CataIySI after 40 h
of on-stream ODE reaction. It can be seen from figure 3
that the Cl-doped perovskite showed a sustainable activity
within aperiod of 40 h. The stable catalytic performance of
the perovskite-type chloro-oxide at 680°C suggested that
this material was an excellent and durable catalyst for the
ODE reaction.

Generally speaking, the O,-TPD profiles of most per-
ovskites can be characterized by the appearance of the «
and § desorption peaks. The o peak is due to the oxy-
gen that is accommodated in the oxygen vacancies, while
the  desorption is ascribable to the reduction of B-site
cations [24]. The inclusion of Cl~ ionsin SrFeOs_;s gives
rise to two effects. (i) the decrease in oxygen vacancies,
i.e., the decrease of o oxygen; (ii) the rise in Fe*t/Fe ra-
tio, i.e., the increase of 3 oxygen desorption. As shown
in figure 5, with the addition of Cl~ ions to SrFeO3_g 190,
the intensity of the first (o) peak decreased, whereas the
second () peak increased in intensity, while the third (v)
peak widened. It is clear that the concentration and dis-
tribution of oxygen adspecies on SrFeO3_¢ 332Clo 443 Were
different from those on SrFeO3;_s. At the moment, we are
not sure of the role and nature of the v oxygen. Accord-
ing to the activity data (figure 1), the SrFeO3_q.352Clo 443
catalyst showed high ethene selectivity at the temperatures
ranging from 480 to 560 °C and from 620 to 660 °C, coin-
ciding the temperatures at which the o and 5 O, desorption
peaks occurred (figure 5(b)). We suggest that the oxygen
adspecies that desorbed at ca. 540 and ca. 660°C are the
active oxygen species for selective ethane oxidation. The
TPR profile (figure 6(b)) of the SrFeO3_¢ 332Clp 443 Cater
lyst also demonstrated that there were more oxygen species
available for the ODE reaction at ca. 666 °C.

5. Conclusion

The perovskite-type chloro-oxide catalyst has been
shown to be a durable material for the selective oxida-
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tion of ethane. XRD results showed that both SrFeOs_g 190
and SrFeOs_¢.352Clo.443 Catalysts exhibited the structure of
oxygen-deficient perovskite. The latter performed much
better than the former in the ODE reaction. Over the
SrFe03_0.332Clo.443 catalyst, under the conditions of reac-
tant molar ratio CoHg: O : Ny = 2:1:3.7, temperature =
680 °C, space velocity = 6000 mlh—t g, and pressure =
1 atm, an ethane conversion of ca. 90% and an ethene selec-
tivity of ca. 70% with an ethene yield of ca. 63% could be
obtained. The O,-TPD and TPR investigations illustrated
that the introduction of chloride ions into the SrFeO;_¢ lat-
tice would lead to the regulation of oxygen vacancies and
Fe*+/Fe ratio and, hence, the suppression of ethane and
ethene deep oxidation. We envisage that perovskite-type
halo-oxides of this kind are promising catalytic materials
for the selective oxidation of light hydrocarbons.
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