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Abstract Oxidative dehydrogenation of C4 raffinate-3 to

1,3-butadiene was carried out in a dual-bed reaction system

comprising ZnFe2O4 and Co9Fe3Bi1Mo12O51 catalysts in

order to investigate a synergistic effect of these two cata-

lysts. Conversion of n-butene and yield for 1,3-butiadene

obtained in a dual-bed reaction system comprising

ZnFe2O4 (first-bed) and Co9Fe3Bi1Mo12O51 (second-bed)

were higher than those obtained in a single-bed reaction

system using either ZnFe2O4 or Co9Fe3Bi1Mo12O51.

1-Butene-TPD and 2-butene-TPD measurements revealed

that ZnFe2O4 catalyst retained more selective oxygen

species for the reaction with 2-butene than for the reaction

with 1-butene, while Co9Fe3Bi1Mo12O51 catalyst retained

more selective oxygen species for the reaction with

1-butene than for the reaction with 2-butene. The syner-

gistic effect of ZnFe2O4 (first-bed) and Co9Fe3Bi1Mo12O51

(second-bed) catalysts in the oxidative dehydrogenation of

C4 raffinate-3 was attributed to the combination of high

catalytic activity of ZnFe2O4 for 2-butene and high cata-

lytic activity of Co9Fe3Bi1Mo12O51 for 1-butene.

Keywords Ferrite � Bismuth molybdate � Oxidative

dehydrogenation � C4 raffinate-3 � Synergistic effect

1 Introduction

1,3-Butadiene is an important raw material for manufac-

turing a large number of chemical products such as ABS

(acrylonitrile-butadiene-styrene), BR (butadiene rubber),

and SBR (styrene-butadiene rubber) in the petrochemical

industries [1–4]. 1,3-Butadiene currently available in the

market is mostly produced through a naphtha cracking

process. However, the naphtha cracking process involves

many problems in both marketing and energy manage-

ment, because this process produces not only 1,3-

butadiene but also many petrochemical raw materials such

as ethylene, propylene, and isobutene [5]. To overcome

these problems, oxidative dehydrogenation of n-butene to

1,3-butadiene has been extensively studied as a promising

process for producing 1,3-butadiene [6–9]. Oxidative

dehydrogenation of n-butene has many advantages over

the conventional naphtha cracking process, because the

oxidative dehydrogenation process can be operated as a

single unit and is independent of the naphtha cracking

unit in producing 1,3-butadiene. Furthermore, no addi-

tional major naphtha cracking products (ethylene,

propylene, and isobutene) are produced in producing

1,3-butadiene through the oxidative dehydrogenation of

n-butene [10, 11].

Three n-butene isomers (1-butene, trans-2-butene, and

cis-2-butene) or their mixtures have been used as a n-butene

source in the oxidative dehydrogenation of n-butene [12–15].

C4 raffinate-3 can also be utilized as a n-butene source

in the oxidative dehydrogenation of n-butene for the

production of 1,3-butadiene. C4 raffinate-3 is a residue

obtained after separating 1,3-butadiene, isobutene, and

1-butene from C4 raffinate stream in the naphtha cracking

unit. Therefore, C4 raffinate-3 is mainly composed of

2-butene (trans-2-butene and cis-2-butene), n-butane, and
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unseparated 1-butene. It is expected that the commercial

value of C4 raffinate-3 can be much enhanced if 1,3-buta-

diene is directly produced using C4 raffinate-3 as a

n-butene source.

A large number of metal oxides have been investigated

as catalysts in the oxidative dehydrogenation of n-butene.

These examples include vanadium-containing catalyst [16],

ferrite-type catalyst [17–19], manganese oxide molecular

sieve catalyst [20], Cu-Mo catalyst [21], and Bi-Mo-based

catalyst [22–24]. Among these catalysts, zinc ferrite and

multicomponent bismuth molybdate catalysts have been

extensively studied as efficient catalysts for this reaction [6,

25, 26]. It was observed in our previous work [27] that the

catalytic performance of zinc ferrite (ZnFe2O4) was

dependent on the pH value employed during the co-pre-

cipitation step and that ZnFe2O4 prepared at pH 9 showed

the best catalytic performance in the oxidative dehydro-

genation of C4 raffinate-3. It was also revealed that

Co9Fe3Bi1Mo12O51 served as an efficient multicomponent

bismuth molybdate catalyst for the oxidative dehydroge-

nation of C4 raffinate-3 [28].

It has been reported that the reactivity of n-butene

isomers strongly depends on the catalyst system in the

oxidative dehydrogenation of n-butene [29]. Our pre-

liminary investigations also revealed that the reactivity of

n-butene isomers over ZnFe2O4 catalyst decreased in the

order of cis-2-butene [ trans-2-butene [ 1-butene, while

that over Co9Fe3Bi1Mo12O51 catalyst decreased in the

order of 1-butene [ cis-2-butene [ trans-2-butene. This

implies that yield for 1,3-butadiene can be maximized in

the oxidative dehydrogenation of C4 raffinate-3 by

combining high catalytic activity of ZnFe2O4 for 2-

butene and high catalytic activity of Co9Fe3Bi1Mo12O51

for 1-butene. Therefore, it is expected that a combined

catalyst system comprising ZnFe2O4 and Co9Fe3Bi1-

Mo12O51 would show an enhanced catalytic activity for

all n-butene isomers in the oxidative dehydrogenation of

C4 raffinate-3, if the catalyst system is properly

combined.

In this work, ZnFe2O4 and Co9Fe3Bi1Mo12O51 cata-

lysts were prepared by a co-precipitation method for

use in the oxidative dehydrogenation of C4 raffinate-3 to

1,3-butadiene. A dual-bed reaction system comprising

ZnFe2O4 and Co9Fe3Bi1Mo12O51 catalysts was investi-

gated to see any synergistic effect of ZnFe2O4 and

Co9Fe3Bi1Mo12O51 catalysts. For comparison, a mechan-

ical mixture of these two catalysts was also applied to the

oxidative dehydrogenation of C4 raffinate-3. 1-Butene-

TPD and 2-butene-TPD experiments over ZnFe2O4 and

Co9Fe3Bi1Mo12O51 catalysts were carried out to investi-

gate the reactivity of n-butene isomers, and thus, to

elucidate the synergistic effect of ZnFe2O4 and Co9Fe3-

Bi1Mo12O51 catalysts.

2 Experimental

2.1 Preparation of ZnFe2O4 and Co9Fe3Bi1Mo12O51

Catalysts

ZnFe2O4 catalyst was prepared by a co-precipitation

method. 1.4 g of zinc chloride (ZnCl2, Sigma-Aldrich) and

5.6 g of iron chloride (FeCl3 � 6H2O, Sigma-Aldrich) were

dissolved in 100 mL of distilled water. The metal precursor

solution and an aqueous sodium hydroxide solution (3 N)

were then added dropwise into distilled water for co-pre-

cipitation under vigorous stirring. During the co-

precipitation step, pH of the mixed solution was maintained

at 9 using an aqueous sodium hydroxide solution. After the

resulting solution was stirred vigorously at room temper-

ature for 12 h, it was aged overnight at room temperature.

The precipitate was filtered and washed with deionized

water to obtain a solid product. The solid product was dried

at 175 �C for 16 h, and finally, it was calcined at 650 �C

for 6 h in an air stream to yield the ZnFe2O4 catalyst.

Co9Fe3Bi1Mo12O51 catalyst was also prepared by a co-

precipitation method. 1.5 g of bismuth nitrate (Bi(NO3)3

5H2O, Sigma-Aldrich) was dissolved in 10 mL of distilled

water that had been acidified with 3 mL of concentrated

nitric acid. The solution was then added to 100 mL of an

aqueous solution containing 7.9 g of cobalt nitrate

(Co(NO3)2 � 6H2O, Sigma-Aldrich) and 3.7 g of ferric

nitrate (Fe(NO3)3 � 9H2O, Sigma-Aldrich) to obtain a mixed

nitrate solution. The mixed nitrate solution was added

dropwise into 50 mL of an aqueous solution containing 6.4 g

of ammonium molybdate ((NH4)6Mo7O24�4H2O, Sigma-

Aldrich) under vigorous stirring. After stirring the mixed

solution at room temperature for 1 h, a solid product was

obtained by evaporation. The solid product was dried over-

night at 175 �C, and then it was calcined at 475 �C for 5 h in

an air stream to yield the Co9Fe3Bi1Mo12O51 catalyst.

2.2 Characterization

Formation of ZnFe2O4 and Co9Fe3Bi1Mo12O51 catalysts

was confirmed by XRD (MAC Science, M18XHF-SRA)

measurements. Atomic ratios of constituent metal com-

ponents in the prepared catalysts were determined by ICP-

AES (Shimadz, ICP-1000IV) analyses. To investigate the

selective oxygen species of ZnFe2O4 and Co9Fe3Bi1-

Mo12O51 catalysts for the reaction with n-butene isomers

and to elucidate the synergistic effect of these two cata-

lysts in the reaction, 1-butene and 2-butene were used as

a probe molecule in the TPD experiments. Each catalyst

(0.2 g) was charged into a tubular quartz reactor of the

conventional TPD apparatus. The catalyst was pretreated

at 200 �C for 1 h under a flow of helium (20 mL/min) to
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remove any physisorbed organic molecules. 20 mL of n-

butene (1-butene or 2-butene) was then pulsed into the

reactor every minute at room temperature under a flow of

helium (5 mL/min), until the adsorption sites of the cat-

alyst were saturated with n-butene. 2-Butene was

composed of 26.5 wt% trans-2-butene, 72.5 wt% cis-2-

butene, and 1.0 wt% residue. The physisorbed n-butene

was removed by evacuating the catalyst sample at 50 �C

for 1 h. The furnace temperature was increased from

room temperature to 500 �C at a heating rate of 5 �C/min

under a flow of helium (10 mL/min). The desorbed

molecules were detected using a GC-MSD (Agilent,

MSD-6890N GC).

2.3 Oxidative Dehydrogenation of C4 Raffinate-3

Oxidative dehydrogenation of C4 raffinate-3 to 1,3-buta-

diene was carried out in a continuous flow fixed-bed

reactor in the presence of air and steam. For the dual-bed

reaction, 0.25 mL of ZnFe2O4 and 0.25 mL of Co9Fe3-

Bi1Mo12O51 were successively charged into a tubular

quartz reactor with a variation of packing sequence,

where two catalyst beds were separated by quartz sand.

For the single-bed reaction, 0.5 mL of ZnFe2O4, 0.5 mL

of Co9Fe3Bi1Mo12O51, or 0.5 mL of a mechanical mixture

of ZnFe2O4 (0.25 mL) and Co9Fe3Bi1Mo12O51 (0.25 mL)

was charged into a tubular quartz reactor. All the catalysts

were pretreated at 470 �C for 1 h with an air stream

(16 mL/min). Water was sufficiently vaporized by passing

through a pre-heating zone and was continuously fed

into the reactor together with n-butene and air. Feed

composition was fixed at n-butene:O2:steam = 1:0.75:15.

C4 raffinate-3 containing 57.9 wt% n-butene (1-butene

(7.5 wt%) + trans-2-butene (33.9 wt%) + cis-2-butene

(16.5 wt%)) was used as a n-butene source, and air was

used as an oxygen source (nitrogen in air served as a

carrier gas). C4 raffinate-3 was composed of 57.9 wt% n-

butene, 41.6 wt% n-butane, 0.3 wt% cyclobutane,

0.1 wt% methyl cyclopropane, and 0.1 wt% residue. The

catalytic reaction was carried out at 420 �C. GHSV (gas

hourly space velocity) was fixed at 475 h-1 on the basis

of n-butene. Reaction products were periodically sampled

and analyzed with gas chromatographs. Conversion of n-

butene and selectivity for 1,3-butadiene were calculated

on the basis of carbon balance as follows. Yield for 1,3-

butadiene was calculated by multiplying conversion and

selectivity.

Conversion of n-butene ¼ moles of n-butene reacted

moles of n-butene supplied

ð1Þ

Selectivity for 1,3-butadiene

¼ moles of 1,3-butadiene formed

moles of n-butene reacted

ð2Þ

3 Results and Discussion

3.1 Formation of ZnFe2O4 and Co9Fe3Bi1Mo12O51

Catalysts

Successful formation of ZnFe2O4 and Co9Fe3Bi1Mo12O51

catalysts was confirmed by XRD and ICP-AES measure-

ments. Figure 1 shows the XRD patterns of ZnFe2O4 and

Co9Fe3Bi1Mo12O51 catalysts. Each phase was identified by

its characteristic diffraction peaks using JCPDS. It was

found that ZnFe2O4 catalyst retained a pure zinc ferrite

(ZnFe2O4) phase and Co9Fe3Bi1Mo12O51 catalyst was

composed of four major mixed phases of b-CoMoO4,

a-CoMoO4, Fe2(MoO4)3, and c-Bi2MoO6. These results

were well consistent with the previous reports [6, 27]. The

atomic ratio of Fe:Zn in the ZnFe2O4 catalyst was 2.2:1.0,

in good agreement with the theoretical value of 2.0:1.0.

The atomic ratio of Co:Fe:Bi:Mo in the Co9Fe3Bi1Mo12O51

catalyst was measured to be 9.0:3.2:1.0:11.4. This value

was also consistent with the theoretical value. The above

results indicate that ZnFe2O4 and Co9Fe3Bi1Mo12O51 cat-

alysts were successfully prepared in this work.

3.2 Catalytic Performance in the Oxidative

Dehydrogenation of C4 Raffinate-3

Figure 2 shows the catalytic performance of single- and

dual-bed catalysts in the oxidative dehydrogenation of C4

raffinate-3 to 1,3-butadiene at 420 �C after a 6 h-reaction.

The catalytic activity of ZnFe2O4, Co9Fe3Bi1Mo12O51, and
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Fig. 1 XRD patterns of ZnFe2O4 and Co9Fe3Bi1Mo12O51 catalysts
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a mechanical mixture of these two catalysts was tested in a

single-bed reaction system. The catalytic activity of dual-

bed catalyst system comprising ZnFe2O4 and Co9Fe3Bi1-

Mo12O51 was examined with a variation of packing

sequence of the catalysts. As shown in Fig. 2, ZnFe2O4

exhibited a better catalytic performance than Co9Fe3Bi1-

Mo12O51 in a single-bed reaction system, in terms of

conversion of n-butene, selectivity for 1,3-butadiene, and

yield for 1,3-butadiene. It is interesting to note that con-

version of n-butene and yield for 1,3-butiadene obtained

with ZnFe2O4 (first-bed) and Co9Fe3Bi1Mo12O51 (second-

bed) catalysts in a dual-bed reaction system were higher

than those obtained with either ZnFe2O4 or Co9Fe3Bi1-

Mo12O51 in a single-bed reaction system, indicating a

synergistic effect of ZnFe2O4 and Co9Fe3Bi1Mo12O51 cat-

alysts in the dual-bed reaction system. As mentioned

earlier, ZnFe2O4 shows a better catalytic activity for 2-

butene than 1-butene, while Co9Fe3Bi1Mo12O51 retains a

higher catalytic activity for 1-butene than 2-butene in the

oxidative dehydrogenation reaction. Therefore, it is

believed that the synergistic effect of ZnFe2O4 (first-bed)

and Co9Fe3Bi1Mo12O51 (second-bed) catalysts in the dual-

bed reaction system was attributed to the combination of

high catalytic activity of ZnFe2O4 and Co9Fe3Bi1Mo12O51

for 2-butene and for 1-butene, respectively.

However, conversion of n-butene and yield for 1,3-

butadiene obtained with Co9Fe3Bi1Mo12O51 (first-bed) and

ZnFe2O4 (second-bed) catalysts in a dual-bed reaction

system were slightly lower than those obtained with

ZnFe2O4 catalyst in a single-bed reaction system, and

furthermore, were lower than those obtained with ZnFe2O4

(first-bed) and Co9Fe3Bi1Mo12O51 (second-bed) catalysts

in a dual-bed reactor. C4 raffinate-3 used as a n-butene

source in this work contained much more amount of

2-butene (50.4 wt%) than 1-butene (7.5 wt%). Therefore, it

is believed that the synergistic effect was only observed in

a dual-bed reaction system, where ZnFe2O4 catalyst

showing a high catalytic activity for 2-butene served as a

first-bed catalyst. It can be inferred that a synergistic effect

is expected in a dual-bed reaction system comprising

Co9Fe3Bi1Mo12O51 (first-bed) and ZnFe2O4 (second-bed)

catalysts if the content of 1-butene is higher than that of

2-butene in the C4 raffinate-3 feed.

What is surprising is that the catalytic activity of

mechanically mixed catalyst was very low. Although the

fundamental reason for this catalytic behavior is not still

clear, it can be inferred that each catalyst in the mechani-

cally mixed catalyst impeded the catalysis of the other

catalyst in the oxidative dehydrogenation of C4 raffinate-3.

Thus, the simple mechanical mixing of ZnFe2O4 and

Co9Fe3Bi1Mo12O51 catalysts was not favorable to cause

any synergistic effect of these two catalysts in the oxidative

dehydrogenation of C4 raffinate-3.

In order to clarify the synergistic effect of ZnFe2O4

(first-bed) and Co9Fe3Bi1Mo12O51 (second-bed) catalysts,

the reactivity of n-butene isomers (1-butene, trans-2-

butene, and cis-2-butene) of the C4 raffinate-3 in the oxi-

dative dehydrogenation reaction was examined. Figure 3

shows the reactivity of n-butene isomers of the C4 raffi-

nate-3 over ZnFe2O4, Co9Fe3Bi1Mo12O51, and ZnFe2O4

(first-bed)-Co9Fe3Bi1Mo12O51 (second-bed) catalysts at

420 �C after a 6 h-reaction. The reactivity of individual

n-butene isomer was calculated according to the Eq. 3. The

reactivity of 2-butene (trans-2-butene and cis-2-butene)

was much higher than that of 1-butene over ZnFe2O4 cat-

alyst, while the reactivity of 1-butene was much higher

than that of 2-butene (trans-2-butene and cis-2-butene)

over Co9Fe3Bi1Mo12O51 catalyst. However, the reactivity

of n-butene isomers over the dual-bed catalyst system
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(ZnFe2O4 (first-bed) and Co9Fe3Bi1Mo12O51 (second-bed))

was consistently high, regardless of the identity of n-butene

isomers. This result strongly supports the conclusion that

the dual-bed reaction system comprising ZnFe2O4 (first-

bed) and Co9Fe3Bi1Mo12O51 (second-bed) was much more

efficient than the single-bed reaction system in the oxida-

tive dehydrogenation of C4 raffinate-3.

Reactivity of n-butene isomer

¼ moles of n-butene isomer reacted

moles of n-butene isomer supplied
ð3Þ

3.3 Selective Oxygen Species for the Formation

of 1,3-Butadiene

1-Butene-TPD and 2-butene-TPD experiments were con-

ducted in order to investigate the selective oxygen species

of ZnFe2O4 and Co9Fe3Bi1Mo12O51 catalysts for the

reaction with n-butene isomers and to elucidate the dif-

ferent reactivity of n-butene isomers over ZnFe2O4 and

Co9Fe3Bi1Mo12O51 catalysts. Figure 4 shows the 1-butene-

TPD and 2-butene-TPD profiles over ZnFe2O4 catalyst. In

the TPD measurements, the adsorbed n-butene (1-butene

and 2-butene) was not desorbed in the form of pure com-

ponent but in the form of 1,3-butadiene and CO2 by the

reaction of n-butene with oxygen species in the catalyst.

This is in good agreement with the Mars-van Krevelen

mechanism, which has been generally accepted for the

oxidative dehydrogenation of n-butene [30–33]. According

to this mechanism, lattice oxygen in the catalyst directly

reacts with n-butene, and in turn, oxygen in the gas phase

makes up the oxygen vacancy in the catalyst. This means

that oxygen species in the catalyst directly reacted with n-

butene to form 1,3-butadiene and CO2. It can be inferred

that the desorbed 1,3-butadiene was attributed to the

selective oxygen species in the catalyst involved in the

oxidative dehydrogenation of n-butene, while the desorbed

CO2 was due to the nonselective oxygen species in the

catalyst causing the total oxidation of n-butene. This

implies that the peak areas of 1,3-butadiene and CO2 reflect

the amount of selective and nonselective oxygen species in

the catalyst, respectively. Therefore, major investigations

will be focused on the selective oxygen species of the

catalyst involved in the formation of 1,3-butadiene.

As shown in Fig. 4, the main peak positions (peak

temperatures) of 1,3-butadiene observed in the 1-butene-

TPD and 2-butene-TPD profiles were almost identical.

However, the peak area of 1,3-butadiene observed in the

2-butene-TPD profile (Fig. 4b) was much larger than that

observed in the 1-butene-TPD profile (Fig. 4a). This indi-

cates that ZnFe2O4 catalyst retained more selective oxygen

species for the reaction with 2-butene than for the reaction

with 1-butene in the formation of 1,3-butadiene. This result

strongly supports that 2-butene was more favorable than

1-butene for the formation of 1,3-butadiene in the oxidative

dehydrogenation of n-butene over ZnFe2O4 catalyst.

Figure 5 shows the 1-butene-TPD and 2-butene-TPD

profiles over Co9Fe3Bi1Mo12O51 catalyst. Like the TPD

measurements over ZnFe2O4 catalyst (Fig. 4), the adsorbed

n-butene (1-butene and 2-butene) was desorbed in the form

of 1,3-butadiene and CO2 by the reaction of n-butene with

oxygen species in the catalyst. It is interesting to note that

Co9Fe3Bi1Mo12O51 catalyst retained two types of selective

oxygen species for the reaction with 1-butene to form 1,3-

butadiene, while only single type of selective oxygen

species existed in the Co9Fe3Bi1Mo12O51 catalyst for the

reaction with 2-butene to form 1,3-butadiene. Furthermore,

the peak area of 1,3-butadiene observed in the 1-butene-

TPD profile (Fig. 5a) was much larger than that observed

in the 2-butene-TPD profile (Fig. 5b). This indicates that

Co9Fe3Bi1Mo12O51 catalyst retained more selective oxygen

species for the reaction with 1-butene than for the reaction

with 2-butene in the formation of 1,3-butadiene, leading to

an enhanced reactivity of 1-butene over Co9Fe3Bi1-

Mo12O51 catalyst in the oxidative dehydrogenation of C4

raffinate-3.

As shown in Figs. 4 and 5, it is noticeable that the main

peak positions (peak temperatures) of 1,3-butadiene

observed in the 1-butene-TPD and 2-butene-TPD profiles

were much lower than those of CO2 observed in the
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1-butene-TPD and 2-butene-TPD profiles. This means that

the selective oxygen species in both catalysts involved in

the formation of 1,3-butadiene are more reactive than the

nonselective oxygen species in the catalysts causing the

total oxidation of n-butene. In other words, the selective

oxygen species in the catalysts are more mobile than the

nonselective oxygen species in the catalysts, although the

amount of nonselective oxygen species is much larger than

that of selective oxygen species. It is well known that the

oxygen mobility is one of the crucial factors determining

the catalytic performance in the oxidative dehydrogenation

of n-butene to 1,3-butadiene [31–33]. What is important in

the oxidative dehydrogenation of n-butene is not the

amount of selective/nonselective oxygen species but the

mobility of selective/nonselective oxygen species. There-

fore, it is believed that the oxidative dehydrogenation of

n-butene to 1,3-butadiene mainly occurred by the selective

and mobile oxygen species, leading to a high selectivity for

1,3-butadiene in the actual reaction.

It can be concluded that ZnFe2O4 and Co9Fe3Bi1-

Mo12O51 catalysts retained much amount of selective

oxygen species for the reaction with 2-butene and for the

reaction with 1-butene, respectively. The synergistic effect

of ZnFe2O4 (first-bed) and Co9Fe3Bi1Mo12O51 (second-

bed) catalysts in the oxidative dehydrogenation of C4 raf-

finate-3 was due to the combination of high catalytic

activity of ZnFe2O4 catalyst for 2-butene and high catalytic

activity of Co9Fe3Bi1Mo12O51 catalyst for 1-butene under

the given C4 raffinate-3 composition.

4 Conclusions

ZnFe2O4 and Co9Fe3Bi1Mo12O51 catalysts were prepared

by a co-precipitation method for use in the oxidative

dehydrogenation of C4 raffinate-3 to 1,3-butadiene. Suc-

cessful formation of the catalysts was well confirmed by

XRD and ICP-AES analyses. Conversion of n-butene and

yield for 1,3-butadiene obtained in a dual-bed reaction

system (ZnFe2O4 (first-bed) and Co9Fe3Bi1Mo12O51

(second-bed)) were higher than those obtained in a single-

bed reaction system (ZnFe2O4 or Co9Fe3Bi1Mo12O51) in

the oxidative dehydrogenation of C4 raffinate-3, indicating

a synergistic effect of ZnFe2O4 and Co9Fe3Bi1Mo12O51

catalysts. It was found that ZnFe2O4 and Co9Fe3Bi1-

Mo12O51 catalysts retained much amount of selective

oxygen species for the reaction with 2-butene and for the

reaction with 1-butene, respectively, in the formation of

1,3-butadiene. Therefore, ZnFe2O4 showed a high catalytic

activity for 2-butene and Co9Fe3Bi1Mo12O51 exhibited a

high catalytic activity for 1-butene in the oxidative dehy-

drogenation of C4 raffinate-3. It is concluded that the

synergistic effect of ZnFe2O4 (first-bed) and Co9Fe3Bi1-

Mo12O51 (second-bed) catalysts in the dual-bed reaction

system was attributed to the combination of high catalytic

activity of ZnFe2O4 catalyst for 2-butene and high catalytic

activity of Co9Fe3Bi1Mo12O51 catalyst for 1-butene under

the given C4 raffinate-3 composition.
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