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Multicomponent bismuth molybdate (M"gFesBi;Mo0;505;) catalysts with different divalent metal
(M"=Mg, Mn, Co, Ni, and Zn) were prepared by a co-precipitation method, and were applied to the
oxidative dehydrogenation of n-butene to 1,3-butadiene. Effect of divalent metal (M") on the catalytic
performance of M''gFe;Bi;Mo,0s; catalysts was investigated. X-ray photoelectron spectroscopy (XPS)
measurements were conducted to determine the oxygen mobility of M''gFe;Bi;Mo,05; catalysts. It was
found that the catalytic performance of M'sFe;Bi;Mo1,0s5; catalysts was closely related to the oxygen
mobility of the catalysts. The yield for 1,3-butadiene was monotonically increased with increasing
oxygen mobility of the catalysts. Among the catalysts tested, the CogFe3Bi;Mo01,05; catalyst with the
highest oxygen mobility showed the best catalytic performance in the oxidative dehydrogenation of n-
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1. Introduction

Oxidative dehydrogenation of n-butene has been recognized as a
promising process for producing 1,3-butadiene, an important raw
material for manufacturing a large number of chemical products [1-
4]. A number of catalysts have been investigated for the oxidative
dehydrogenation of n-butene, including ferrite-type catalyst [5,6],
Cu-Mo catalyst [7], vanadium-containing catalyst [8], and Bi-Mo-
based catalyst [9-11]. Among these catalysts, Bi-Mo-based catalysts
such as pure bismuth molybdates (a-Bi;Mo03015, 3-Bi;Mo0,04, and
v-BizM00Og) and multicomponent bismuth molybdates have been
extensively studied as efficient catalysts for this reaction [12-15].In
particular, multicomponent bismuth molybdate catalysts have been
widely investigated to improve the low-catalytic performance of
pure bismuth molybdate catalysts [16-19]. However, only a few
studies on the multicomponent bismuth molybdate catalysts have
been reported in the literature [17-20], due to the difficulty in
understanding their complicated compositions and structures. The
reproducibility of the catalyst preparation is also one of the major
issues to be solved in the multicomponent bismuth molybdate
catalyst system. Therefore, developing an efficient multicomponent
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bismuth molybdate catalyst for the oxidative dehydrogenation of
n-butene would be a challenging work.

It is known that multicomponent bismuth molybdate catalysts
have a general form of M",M",Bi.Mo,40,, which includes divalent
metal (M"), trivalent metal (M™), bismuth, and molybdenum [20-
22]. Although a number of multicomponent bismuth molybdate
catalysts can be formed depending on the constituent metal
components and their compositions, it is generally accepted that
Fe is the most suitable for M" in the multicomponent bismuth
molybdate catalyst system [16,22]. In our preliminary work
investigating the effect of Fe content on the catalytic performance
of Fe,Bi;M012037.5+1.5x (X = 1-4) in the oxidative dehydrogenation
of n-butene, it was found that the catalytic performance showed a
volcano-shaped curve with respect to Fe content. Among the
catalysts tested, FesBi;Mo,,04> showed the best catalytic perfor-
mance, although fundamental reason for this has not been clearly
understood yet. In our successive work [23], it was also revealed
that the catalytic performance of NiyFe3BiiM015042+x (x =2-10)
showed a volcano-shaped curve with respect to nickel content, and
NigFe;Bi{Mo1,05; exhibited the best catalytic performance in the
reaction. Therefore, M!gFe;Bi;M0;,05; was chosen as a model
catalyst to investigate the effect of divalent metal on the catalytic
performance of multicomponent bismuth molybdate in the
oxidative dehydrogenation of n-butene.

Many researchers agree that the oxidative dehydrogenation of
n-butene to 1,3-butadiene over multicomponent bismuth molyb-
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date catalysts follows the Mars-van Krevelen mechanism [24,25].
According to this mechanism, oxygen in the multicomponent
bismuth molybdate catalyst directly reacts with n-butene, and in
turn, oxygen in the gas phase makes up oxygen vacancy in the
catalyst. This means that oxygen mobility of the multicomponent
bismuth molybdate catalyst plays a key role in determining the
catalytic performance in the oxidative dehydrogenation of n-
butene. Therefore, it is expected that a catalyst with high-oxygen
mobility will show an excellent catalytic performance in the
oxidative dehydrogenation of n-butene.

It has been reported that there are various oxygen species such as
0,7, 0,27, 07, and 0%~ in the metal oxide catalyst [26,27]. Some
researchers proposed that nucleophilic oxygen species such as 0>~
were responsible for the selective oxidation of hydrocarbon, while
electrophilic oxygen species such as 0,~, 052", and O~ were active
for the total oxidation of hydrocarbon [27]. Although many attempts
have been made to clarify the active oxygen species in the oxidation
of hydrocarbon over metal oxide catalyst [28,29], this issue is still
controversial. Therefore, this work was focused on not clarifying the
active oxygen species for the reaction but determining the oxygen
mobility of the catalyst involved in the reaction.

In this work, a series of multicomponent bismuth molybdate
(M"gFe3Bi;Mo01,05;) catalysts with different divalent metal
(M= Mg, Mn, Co, Ni, and Zn) were prepared by a co-precipitation
method, and were applied to the oxidative dehydrogenation of n-
butene to 1,3-butadiene. The effect of divalent metal on the catalytic
performance of M''gFe;Bi; Mo1,0s5, catalysts was investigated. X-ray
photoelectron spectroscopy (XPS) measurements were conducted
to determine the oxygen mobility of M'sFe3Bi;M0,,0s; catalysts,
with an aim of elucidating their catalytic performance. A correlation
between catalytic performance and oxygen mobility of M"gFesBi; -
Mo,,05; catalysts was then established.

2. Experimental
2.1. Preparation of M"gFesBi;Mo;,05; catalysts

A wide set of M"gFe3Bi;Mo,,0s, catalysts with different divalent
metal (M"=Mg, Mn, Co, Ni, and Zn) were prepared by a co-
precipitation method at pH 1.0. Bismuth nitrate (Bi(NOs)3-5H,0,
Sigma-Aldrich) (1.5 g) 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 known
amount of divalent metal nitrate and 3.7 g of ferric nitrate
(Fe(NO3)3-9H,0, Sigma-Aldrich) to obtain a mixed nitrate solution.
Seven grams of magnesium nitrate (Mg(NOs),-6H,0, Sigma-
Aldrich), 7.8 g of manganese nitrate (Mn(NOs),-6H,0, Sigma-
Aldrich), 7.9 g of cobalt nitrate (Co(NOs),-6H,0, Sigma-Aldrich),
7.9 g of nickel nitrate (Ni(NO3),-6H,0, Sigma-Aldrich), and 8.1 g of
zinc nitrate (Zn(NOs ),-6H,0, Sigma-Aldrich) were used as a divalent
metal precursor for the preparation of M"qFe;Bi;M0;,05; (M" = Mg,
Mn, Co, Ni, and Zn) catalysts. The mixed nitrate solution was added
dropwise into 50 ml of an aqueous solution containing 6.4 g of
ammonium molybdate ((NH4)¢Mo0,0.4-4H50, Sigma-Aldrich)
under vigorous stirring. After stirring the mixed solution vigorously
at room temperature for 1h, a solid product was obtained by
evaporation. The solid product was dried overnight at 175 °C, and
then it was calcined at 475 °C for 5 h in an air stream to yield the
M"gFe;Bi;Mo;,0s5; catalyst.

2.2. Characterization
Formation of M"gFe;Bi;Mo;,05; (M" = Mg, Mn, Co, Ni, and Zn)

catalysts was confirmed by XRD (MAC Science, M18XHF-SRA)
measurements. Atomic ratios of the prepared catalysts were

determined by ICP-AES (Shimadz, ICP-10001V) analyses. Surface
areas of the catalysts were measured using a BET apparatus
(Micromeritics, ASAP 2010). XPS analyses (Thermo VG, Sigma
Probe) were conducted to measure the binding energies of O 1s of
the M'"gFe;Bi;Mo1,05; (M"=Mg, Mn, Co, Ni, and Zn) catalysts,
with an aim of determining the oxygen mobility of the catalysts.
Binding energies of O 1s were calibrated using C 1s peak (284.5 eV)
as a reference.

2.3. Oxidative dehydrogenation of n-butene

Oxidative dehydrogenation of n-butene to 1,3-butadiene was
carried out in a continuous flow fixed-bed reactor in the presence
of air and steam. Each catalyst (0.5 g) was pretreated at 470 °C for
1h 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. Based on our previous work [23], feed composition was fixed at
n-butene:0;: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.
Gas hourly space velocity (GHSV) was fixed at 475 h~! on the basis
of n-butene (the densities of M"gFe;Bi;Mo0,,05; catalysts were
almost the same). 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.

moles of n-butene reacted
moles of n-butene supplied

Conversion of n-butene =

moles of 1, 3-butadiene formed

Selectivity for 1, 3-butadiene = moles of obutene reacted

3. Results and discussion
3.1. Formation and characterization of M"gFesBi;Mo;,0s; catalysts

Successful formation of multicomponent bismuth molybdate
(M"gFe3Bi;Mo0;,05,) catalysts was confirmed by XRD measure-
ments. Fig. 1 shows the XRD patterns of M"gFe;Bi;M01,0s;
(M" = Mg, Mn, Co, Ni, and Zn) catalysts. Each phase was identified
by its characteristic diffraction peaks using JCPDS. It was found that
M"gFe;Bi;Mo;,05; catalysts are composed of mixed phases of
divalent metal molybdate (a-M"MoO,and/or B-M"MoO,),
Fe;(Mo0y)3, a-Bi;M0301,, and y-Bi;MoOg. This result was well
consistent with a previous report [16], indicating successful
formation of M'gFe;Bi;Mo;,0s, catalysts.

It is known that bismuth molybdates are located on the surface
of the catalyst and serve as active phases, while divalent and
trivalent metal molybdates are concentrated in the bulk of the
catalyst and act as supports for the active components in the
multicomponent bismuth molybdate catalyst system [16]. It has
also been reported that metal molybdates (divalent and trivalent
metal molybdates) in the bulk of the catalyst facilitate the
migration of active oxygen species to the bismuth molybdates on
the catalyst surface, leading to an enhanced oxygen mobility of
multicomponent bismuth molybdate catalysts [18].

Fig. 1 clearly shows that the formation of divalent metal
molybdate (M'"Mo0O,) in the M'gFe3Bi;Mo0,,05; catalysts was
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Fig. 1. XRD patterns of M"gFe3Bi;Mo0;,0s; (M" = Mg, Mn, Co, Ni, and Zn) catalysts.

different depending on the identity of divalent metal species
(M™). This indicates that M"gFe;Bi;Mo0;,05; catalysts with
different divalent metal may retain different ability for migra-
ting active oxygen species to the bismuth molybdates on the
catalyst surface. When taking into account of the fact that
oxygen mobility of the catalyst plays a key role in determi-
ning the catalytic performance in the oxidative dehydrogenation
of n-butene, it is reasonable to expect that M'gFe3Bi;Mo0;,0s;
catalysts with different divalent metal would show a different
catalytic performance in the oxidative dehydrogenation of n-
butene.

Atomic ratios of constituent metal components are summarized
in Table 1. The atomic ratio of a metal component was calculated as
the ratio of the amount of each metal component (M", Fe, and Mo)
with respect to that of Bi. The atomic ratios determined by ICP-AES
analyses are in good agreement with the theoretical values,
indicating successful formation of M'gFes;Bi;Mo;505; catalysts.
BET surface areas of M!gFesBi;Mo0;,0s5; catalysts are also
summarized in Table 1. The BET surface areas were in the range
of 2.2-17.5 m?/g. However, no reliable correlation between BET
surface area (Table 1) and catalytic performance (Fig. 2) of
M"gFe;Bi;Mo,,05; catalysts was observed (although it is not
shown here).

3.2. Catalytic performance of M"qFe;Bi;M0;,05; catalysts

Fig. 2 shows the steady-state catalytic performance of
M"gFe;Bi;Mo;,05; (M" = Mg, Mn, Co, Ni, and Zn) catalysts in the
oxidative dehydrogenation of n-butene at 420°C after a 6-h
reaction. Although the catalytic performance with time on stream

Table 1
Atomic ratios and BET surface areas of M"gFe3Bi;Mo0;,05; (M" = Mg, Mn, Co, Ni, and
Zn) catalysts

Catalyst Atomic ratio BET surface
2
area (m
Mm" Fe Bi Mo (m’/g)
MgoFe3Bi;M01205, 8.7 (Mg) 3.0 1.0 11.5 3.1
MngFe3Bi;Mo1,0s5; 9.1 (Mn) 3.1 1.0 113 12.3
CogFe3Bi;Mo1,05; 9.0 (Co) 3.2 1.0 114 2.3
NigFe3Bi;M01,05, 8.7 (Ni) 3.2 1.0 12.0 17.5
ZngFesBi;Mo01,05; 8.6 (Zn) 3.1 1.0 12.0 2.2
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Fig. 2. Steady-state catalytic performance of M"gFe;Bi;Mo;,0s; (M" = Mg, Mn, Co,
Ni, and Zn) catalysts in the oxidative dehydrogenation of n-butene at 420 °C after a
6-h reaction.

was not shown here, all the M"'gFe;Bi;Mo;,0s; catalysts showed
a steady-state catalytic performance after a 3-h reaction. In our
catalytic reaction, CO, was mainly produced as a by-product and
CO formation was negligible. Selectivity for 1,3-butadiene was
almost constant (ca. 90%). However, conversion of n-butene was
different depending on the identity of divalent metal species.
Consequently, yield for 1,3-butadiene, which was calculated by
multiplying conversion and selectivity, showed the same trend as
conversion of n-butene. Among the catalysts tested, the CogFes._
Bi;Mo0,,05; catalyst showed the best catalytic performance in
terms of conversion of n-butene and yield for 1,3-butadiene,
indicating that Co was the most suitable divalent metal component
(M"y for the multicomponent bismuth molybdate (M"gFe;Bi;.
Mo,,05;) catalyst system.

CoxNig_xFe3Bi;Mo01,05; (x = 1-8) catalysts were also prepared
with an aim of investigating any synergistic effect of two divalent
metal components in the reaction. However, CoyNig_yFesBi;
Mo1,05; (x=1-8) catalysts did not show a higher catalytic
performance than CogFes;Bi;Mo0;,0s5; in the reaction, indicating
that any combinations of two divalent metal components were not
efficient for the oxidative dehydrogenation of n-butene.

3.3. Oxygen mobility of M"gFesBi;Mo0;,05; catalysts

Oxygen mobility of various metal oxide catalysts has been
measured using various experimental tools such as '¥0/'60 isotope
exchange [29,30], TPR (temperature-programmed reduction) [29],
TPRO (temperature-programmed reoxidation) [31], O,-TPD (tem-
perature-programmed desorption) [26,29], and XPS measure-
ments [27]. Among these experimental techniques, XPS has served
as a powerful tool for measuring oxygen mobility of the catalyst. In
this work, we also measured the binding energies of O 1s of
M"gFe;Bi;Mo0;,05; catalysts in order to determine the oxygen
mobility of the catalysts.

In the multicomponent bismuth molybdate catalyst, it was
reported that bulk oxygen in the catalyst provided the active
oxygen species for the reaction through the migration to the
surface on the catalyst [16]. However, the catalytic performance of
multicomponent bismuth molybdate is not related to the bulk
oxygen mobility of the catalyst but related to the surface oxygen
mobility of the catalyst, because the surface oxygen of the catalyst
directly takes part in the reaction. In this work, therefore, only the
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Fig. 3. XPS spectrum of O 1s of CogFe3Bi;Mo0,,05; catalyst.

surface oxygen mobility of the catalysts was determined by XPS
measurements.

Fig. 3 shows the XPS spectrum of O 1s of CogFe3Bi;Mo0;505;
catalyst. Deconvolution of O 1s spectrum reveals that there are
three types of surface oxygen species in the CogFe3Bi;M01,05;
catalyst (denoted as Type-I, -II, and -III in the order of increasing
binding energy). These three types of oxygen species were also
observed in all the M'"gFe;Bi;Mo01,0s5; catalysts. The binding
energies of O 1s of M"gFe3Bi;Mo;,05, (M" = Mg, Mn, Co, Ni, and Zn)
catalysts are summarized in Table 2. It is interesting to note that
binding energies of Type-I oxygen species are almost identical,
while those of Type-II and -IlI oxygen species are different
depending on the identity of divalent metal of the M'gFe;Bi;.
Mo,,05; catalysts.

It is believed that Type-IIl oxygen with the highest binding
energy (532.5-533.1 eV) corresponds to the oxygen species weakly
bonded on the catalyst surface. This means that Type-III oxygen is
not the oxygen species responsible for the oxidative dehydrogena-
tion of n-butene. In fact, the binding energy of Type-III oxygen was
not directly correlated with the catalytic performance of M"gFes_
Bi;Mo1,05; catalysts (this is not shown here). In our previous work
measuring the oxygen mobility of NigFesBi;Mo0,05; catalysts
prepared at different pH [32], it was revealed that the binding
energy of Type-Il oxygen reflected the oxygen mobility of the
multicomponent bismuth molybdate catalysts. In this work, there-
fore, the binding energy of Type-II oxygen was used as an index for
the oxygen mobility of the catalyst.

It is expected that the binding energy of O 1s of the metal oxide
catalyst is different depending on the strength of metal-oxygen
bond in the catalyst. The binding energy of O 1s of the metal oxide
catalyst increases with decreasing valence electron density of
lattice oxygen. The decrement of valence electron density of lattice

Table 2
Binding energies of O 1s of M"gFesBi;Mo0;,05; (M"=Mg, Mn, Co, Ni, and Zn)
catalysts

Catalyst Binding energy (eV) of O 1s

Type-1 Type-II Type-III
MggFe;Bi;Mo1,05¢ 530.2 531.4 532.6
MngFe3Bi;M01,05, 530.3 531.4 532.6
CogFe3BiiM0120s51 530.3 531.8 533.1
NigFe3Bi;M01,05, 530.2 531.6 533.1
ZngFe;Bi{M01,05; 530.2 531.1 532.5
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Fig. 4. A correlation between yield for 1,3-butadiene and binding energy of Type-II
oxygen of M"gFe;Bi;Mo,,05; (M" = Mg, Mn, Co, Ni, and Zn) catalysts.

oxygen implies the decrement of coulombic force between metal
cation and oxygen anion. It is believed that the lattice oxygen
weakly bonded to metal cation is more mobile and active.
Therefore, it can be inferred that metal-oxygen bond in the
catalyst would be weakened with increasing binding energy of O
1s, making the lattice oxygen more active and mobile [27]. In other
words, the higher binding energy of O 1s corresponds to the higher
oxygen mobility.

Undoubtedly, it is unfavorable if oxygen species responsible for
the total oxidation of n-butene are more mobile and active. As
mentioned above, however, Type-II oxygen is not the oxygen
species involved in the total oxidation of n-butene but the oxygen
species responsible for the oxidative dehydrogenation of n-butene.
Therefore, an investigation on the oxygen mobility of the catalyst
using XPS measurements was focused on the Type-II oxygen.

3.4. Correlation between catalytic performance and oxygen mobility
Of M119F633i1M012051

Fig. 4 shows a comprehensive correlation between yield for 1,3-
butadiene and binding energy of Type-II oxygen of M"gFesBi;.
Mo;505; (M"=Mg, Mn, Co, Ni, and Zn) catalysts. Catalytic
performance data were taken from Fig. 2. The correlation clearly
shows that the catalytic performance of M"gFe;Bi;Mo0;50s;
catalysts is closely related to the oxygen mobility of the catalysts.
The yield for 1,3-butadiene was monotonically increased with
increasing binding energy of Type-Il oxygen, that is, with
increasing oxygen mobility of the catalyst. Among the catalysts
tested, the CogFe3Bi{Mo01,05; catalyst with the highest binding
energy of Type-II oxygen showed the best catalytic performance in
the oxidative dehydrogenation of n-butene. It can be concluded
that oxygen mobility is one of the crucial factors determining the
catalytic performance of M"gFesBi;Mo0;,05; catalysts in the
oxidative dehydrogenation of n-butene.

4. Conclusions

Multicomponent bismuth molybdate (M"gFe3Bi;Mo;05;) cat-
alysts with different divalent metal (M" = Mg, Mn, Co, Ni, and Zn)
were prepared by a co-precipitation method, and were applied to
the oxidative dehydrogenation of n-butene to 1,3-butadiene.
Successful formation of M"gFe;Bi;Mo0,,05; catalysts was well
confirmed by XRD and ICP-AES analyses. XPS measurements were
conducted to determine the oxygen mobility of M''gFe3Bi;Mo0;,0s;
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catalysts. It was revealed that the catalytic performance of
M'gFe;Bi;Mo,,05; was well correlated with the oxygen mobility
of the catalysts. The yield for 1,3-butadiene was monotoni-
cally increased with increasing oxygen mobility of M"gFesBi;.
Mo1,05; catalysts. Oxygen mobility played an important role in
determining the catalytic performance of M"gFe;Bi;Mo0;505;
catalysts in the oxidative dehydrogenation of n-butene. Among
the catalysts tested, the CogFe;Bi;Mo01,05; catalyst showed the
best catalytic performance. It is expected that a more efficient
catalyst than CogFe3Bi{Mo0,,05; catalyst for the oxidative dehy-
drogenation of n-butene can be developed by the suitable
modification of CogFe3Bi;Mo01,05; catalyst.
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