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a  b  s  t  r  a  c  t

The  aim  of this  work  was  to investigate  the catalytic  performance  of  the AZrO3 (A: Ca,  Sr  or  Ba)  cata-
lysts  for  the  dehydrogenation  of ethylbenzene  (EBDH)  to  produce  styrene  and  to clarify  an  important
factor  for  the  high  dehydrogenation  activity.  Among  the  AZrO3 catalysts,  only  the  BaZrO3 (BZO)  catalyst
showed  a  significantly  high  activity  for EBDH  and  the  activity  increased  with  time,  while  the CaZrO3 and
SrZrO3 catalysts  almost  did not  provide  any  activity  at 823  K. Comparing  the styrene  yield  over  the BZO
catalyst  with  that over  the industrial  potassium-promoted  iron  oxide  (Fe–K)  catalyst,  the  BZO  catalyst
showed  a lower  styrene  yield  than  the  Fe–K catalyst  at the  initial  stage  of the  reaction.  However,  after
40  min  of  EBDH,  the  BZO  catalyst  exhibited  a higher  styrene  yield  than  the  Fe–K  catalyst.  Based  on an ESR
measurement,  a sharp  signal  at g = 2.004,  which  was  identified  as  an  unpaired  electron  trapped  in oxy-
gen  vacancies,  was  detected  in the  BZO  catalyst  after  dehydrogenation.  The  number  of oxygen  vacancies
increased  with  change  in the  dehydrogenation  activity.  In addition,  the BZO  catalyst  with  a pretreat-
ment  by  H2 reduction  presented  a high  activity  without  an  induction  period.  Comparing  the  profiles  of

the  temperature  desorption  of  ethylbenzene  (EB)  over  the  prereduced  catalyst  to  that  of  the  untreated
BZO  catalyst,  a chemisorbed  species  of  EB  was  detected  over  the prereduced  BZO  catalyst,  although  a
physisorbed  species  was  present  on  the surface  of the  untreated  catalyst.  Hence,  the  production  of  oxy-
gen  vacancies  opened  the  adsorption  channel  of  EB  and  created  the  reactive  site,  which  produced  a  high
EBDH activity.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Zirconium (Zr)-based materials, such as a yttria-stabilized ZrO2
nd a CexZr1−xO2, have been applied to a variety of applications in
eramics, solid oxide fuel cells, oxygen sensors, and catalysts [1–8].
he success of Zr-based materials for widespread applications is
ainly derived from its oxygen mobility coupled with the redox

bility of these oxides. Despite its diverse applications, the investi-
ation of the catalysis of the Zr-based perovskite materials has not
een performed until recently. Perovskite-type mixed oxides (gen-
ral formula ABO3, A is a rare-earth or an alkali-earth element and

 is typically a transition metal) have a high lattice oxygen mobility

n comparison to common transition metal oxides, and in addition,
he redox ability could be controlled by changing the incorpo-
ated element [9–12]. In addition, they have a much better thermal

∗ Corresponding author. Tel.: +81 53 478 1171; fax: +81 53 478 1172.
E-mail address: tcfukuh@ipc.shizuoka.ac.jp (C. Fukuhara).

ttp://dx.doi.org/10.1016/j.apcata.2014.06.012
926-860X/© 2014 Elsevier B.V. All rights reserved.
stability than transition metal oxides and their catalytic activities
are sometimes competitive with supported noble metal catalysts
[13].

In a preliminary study, the catalytic activity for the dehydro-
genation of ethylbenzene (EBDH) to produce styrene (Eq. 1) has
been examined over Mn-  and Fe-based perovskite-type oxides [14].

C8H10 → C8H8 + H2 (1)

As a result, a La0.8Ba0.2Fe0.4Mn0.6O3−ı (denoted as LBFMO) cata-
lyst had a high performance and revealed an activity superior to the
industrial Fe–K catalyst at the low temperature of 813 K. In addi-
tion, the catalytic activity and stability were found to depend on
the redox characteristics of the perovskite material [15,16].

The La element, which was contained in the LBFMO catalyst,
is an expensive rare-earth metal and unevenly distributed around

the world. The price of such a rare earth metal element (denoted
as REE) has gradually increased since 1995. By 2010, the REE was
traded at a very high price; La oxide was 6.2–6.5 US$/kg, Ce oxide
was 4.7–5.2 US$/kg, Pr oxide was  30–30.5 US$/kg and Nd oxide

dx.doi.org/10.1016/j.apcata.2014.06.012
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2014.06.012&domain=pdf
mailto:tcfukuh@ipc.shizuoka.ac.jp
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as 30.5–31 US$/kg [17]. Therefore, the lanthanoid element as the
-site cation cannot be included in the catalyst for industrial appli-
ations due to its cost. However, the price of a divalent metal, such
s Ba, was low compared to the rare earth metal. Barite, which is a
aw material of Ba, is trading at 30 US$ per ton. The advantage is not
nly its availability, but also the adequate catalytic performance of
erovskite catalysts containing a divalent cation. The incorporation
f an alkaline earth metal, such as Ca2+, Sr2+ and Ba2+, into the A-
ite of the perovskite structure would generate electron holes and
xygen vacancies as the charge compensation. Such an incorpo-
ation of the divalent cation could induce a high oxygen mobility
erived from the mixed conduction by an electron and oxygen ion
18–20]. Additionally, the incorporation of elements with a large
onic radii, such as Ba, into the A-site of the perovskite structure
roduces a high free volume in the lattice, which decreases the
ctivation energy of the oxygen ion migration [21,22]. These effects
romoted the releasing rate of the lattice oxygen, thus expecting a
igh performance for the EBDH.

As already mentioned, the A-site substitution by the divalent
ation could provide a high redox flexibility of the perovskite-
ype oxide. Thus in the present study, the catalytic performances
f the Zr-based perovskite catalysts containing a divalent cation,
uch as Ca, Sr and Ba, were investigated, and compared to that
ver the industrial potassium-promoted iron oxide catalyst (Nis-
an Girdler Catalyst; G-84C). In addition, an important factor for
he dehydrogenation activity over the BaZrO3 perovskite catalyst
as investigated in terms of the structural state measured by X-

ay diffraction, the catalyst morphology observed by field emission
canning electron microscopy and its oxidation state measured by
lectron spin resonance.

. Experimental

.1. Catalyst preparation

The zirconium-based perovskite oxides of AZrO3 (A: Ca, Sr,
a) were prepared by the solid state reactions of ZrO2 and an
lkali carbonate. These powders were thoroughly mixed in an agi-
ate mortar, pelletized and then calcined at 1373 K for 12 h. The
ndustrial potassium-promoted iron oxide (G-84C, made by Nissan
irdler K.K.; composition = 77 wt%-Fe2O3, 10 wt%-K2O, 5.0 wt%-
e2O3, 2.5 wt%-MoO3, 2.2 wt%-CaO, 2.2 wt%-MgO, and less than
.1 wt%-of Cr2O3) catalyst was used as the reference catalyst.

.2. Activity test

The catalytic activity, selectivity and stability of the prepared
atalyst for the dehydrogenation of ethylbenzene (EBDH) were
xamined using a conventional fixed bed reactor. The reactor used
n this study consisted of a quartz tube (10-mm o.d.) containing

 catalyst bed, which was fixed by quartz wool. A type-K ther-
ocouple for controlling the temperature was positioned outside

he quartz tube. The reactions were conducted at 823 K under
tmospheric pressure. The weight hourly space velocity (WHSV,
B based) was 1.2–24 h–1 and the EB supplied to the catalyst bed
as diluted by helium (PEB: 6.3 kPa). The catalyst weight was

.005–1.0 g. Liquid products such as EB, benzene, toluene, and
tyrene were analyzed using an off-line thermal conductivity detec-
ion (TCD) gas chromatograph (GC-8A; Shimadzu Co. Ltd., Japan).
he conversion (Eq. 2), styrene yield (Eq. 3) and styrene selectivity

Eq. 4) were determined using the following equations.

B conversion = [Sty] + [Bz] + [Tol]
[EB] + [Sty] + [Bz] + [Tol]

× 100 (2)
: General 482 (2014) 344–351 345

Styrne yield = [Sty]
[Sty] + [Bz] + [Tol]

× EB conversion (3)

Styrne selectivity = [Sty]
[Sty] + [Bz] + [Tol]

× 100 (4)

[EB], [Sty], [Bz], and [Tol] denote the concentration of EB, styrene,
benzene and toluene in the effluent gas, respectively. The carbon
balances in this study were over 95% for all the experimentally
obtained results.

2.3. Characterization of the catalyst

The crystalline structure of the prepared catalyst was ascer-
tained using an X-ray powder diffraction with CuK� radiation
(� = 1.54 Å, Rint-2000; Rigaku Co. Ltd., Japan). The specific surface
area of the zirconium-based perovskite oxide was analyzed by the
N2 absorption method (Model 4200; Nikkiso Co. Ltd., Japan). The
sample was  outgassed at 423 K for 30 min  before absorbing N2.

X-ray photoelectron spectroscopy (XPS, Quantum2000; Physi-
cal Electronics Co. Ltd., USA) measurements were performed using
non-monochromatic AlK� radiation. The pass energy of the ana-
lyzer was  23.5 eV. The binding energy of C1s at 284.7 eV was used
for calibration.

In order to study the morphology of the BZO catalyst, a field
emission scanning electron microscopy (FE-SEM) measurement
was performed using a SU8040 (Hitachi High-Technologies Cor-
poration, Japan). The ESR spectra were obtained by an EMX
spectrometer (Bruker BioSpin Corp., USA) at the field modulation
of 100 kHz, an amplitude modulation of 0.8 mT  and a microwave
power of 0.02 mW.  The measurement was  performed at room tem-
perature and in ambient air without vacuum-pumping. A sharp
signal at g = 2.004, which was  identified as one electron trapped
in Vox, was  detected, and the number of Vox was calculated from
the sharp signal using the following equation.

Nel,sample = Nel,standard × Ssample

Sstandard
(5)

Nvox = Nel,sample (6)

Nel, sample and Nel, standard are the number of electron spins in the
catalyst and in the standard sample of CuSO4·5H2O, respectively.
The number of electron spins which is included in the standard
sample of 1 g is 2.41 × 1021. Ssample and Sstandard are the signal areas
of the catalyst and the standard sample, respectively. NVox is the
number of oxygen vacancies with an unpaired electron in the cat-
alyst.

Temperature-programmed desorption (TPD) was performed in
order to investigate the surface active site, and adsorption and
desorption properties with increasing temperature. Before the TPD
measurement, EB (4.6 kPa) was  supplied to the catalyst (0.50 g) at
323 K for 30 min  as a pretreatment. After the EB adsorption on
the catalyst, EB in gas phase was completely purged by helium
(He) for 2 h. The catalyst was then heated in He (100 ml  min–1) at
10 K min–1 from 323 to 1073 K. The effluent gas was monitored by
an on-line Omnistar GSD301 quadrupole mass spectrometer (Pfeif-
fer Vacuum, Germany). The parent peak of EB was scanned by the
mass spectrometer: m/z; 91 (EB).

3. Results and discussion

3.1. Characterization of the AZrO3 (A: Ca, Sr, Ba) catalysts
Fig. 1 shows the structural states of the AZrO3 (A: Ca, Sr, Ba)
and ZrO2 catalysts measured by XRD. Hereafter, the CaZrO3 cata-
lyst was  abbreviated as CZO, the SrZrO3 catalyst as SZO, and the
BaZrO3 as BZO. The SZO and BZO catalysts showed the typical
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ig. 1. XRD patterns of AZrO3 (A: Ca, Sr, Ba) and ZrO2 materials. The symbol “P” was
or  perovskite; and “m” was  for monoclinic.

erovskite structure [23]. The CZO catalyst also showed a perov-
kite structure, although the XRD pattern of the CZO was different
rom those of the SZO and BZO catalysts [24]. The SZO and BZO have
n ideal perovskite structure, while the CZO structure is composed
f a distorted ZrO6 octahedra. Due to this distortion, the coordina-
ion of the Ca2+ ion is reduced from 12 in ideal perovskite to 8 in
he CZO. The difference in the XRD pattern might come from such

 distortion of the perovskite material, while the ZrO2 has only a
onoclinic phase in the material. Table 1 presents the specific sur-

ace area of the perovskite oxides and ZrO2. The specific surface
rea increased with an increase in the atomic radius of the A-site
ation in the zirconium-based perovskite-type oxides.

.2. Dehydrogenation performance over the AZrO3 (A: Ca, Sr, Ba)
atalysts

The EBDH properties over the AZO (A: Ca, Sr, Ba) perovskite-type
xide catalysts and ZrO2 were investigated for clarifying their abil-
ty to produce styrene at the low temperature of 823 K. The feed
ate of EB was 1.2 g h–1, and the catalyst weight was  1.0 g. Fig. 2
hows the styrene yield with time over these catalysts. The Fe–K
ndustrial catalyst (G-84C, made by Nissan Girdler K.K.) was  utilized
s the reference. As shown in Fig. 2, the CZO, SZO and ZrO2 cata-
ysts did not show any dehydrogenation activity at 823 K. On the
ther hand, the BZO catalyst showed an induction period of about
5 min, and the activity passed through a maximum with time, fol-

owed by a slow deactivation. The maximum styrene yield of 64.9%
ith a 97.4% styrene selectivity was obtained, which was  relatively

lose to the equilibrium value. The styrene yield then decreased
o 36.0% at 100 min  of reaction. The Fe–K catalyst represented the
igh initial styrene yield of 67.0% and styrene selectivity of 98.7%
t 20 min. The styrene yield then decreased to 15.0% at 100 min.

omparing the styrene yield over the BZO catalyst with that over
he industrial Fe–K catalyst, the BZO catalyst had a slightly lower
ehydrogenation activity at 20 min. However, the BZO catalyst

able 1
pecific surface area of AZrO3 (A: Ca, Sr, Ba) and ZrO2 catalysts.

Catalyst Specific surface area (m2 g-cat–1)

CaZrO3 2.1
SrZrO3 4.7
BaZrO3 10.0
ZrO2 0.2
Fig. 2. Styrene yield over AZrO3 (A: Ca, Sr, Ba), ZrO2 and potassium-promoted iron
oxide catalysts for EBDH under the following condition: the feed rate of EB was
1.2  g h–1; the catalyst weight was 1.0 g; and the reaction temperature was 823 K.

showed a higher styrene yield than the Fe–K catalyst after 40 min
of EBDH.

In order to examine the effect of the reaction temperature on
the dehydrogenation performance, activity tests over the AZO (A:
Ca, Sr or Ba) and ZrO2 catalysts were performed within the tem-
perature range of 823–923 K. The feed rate of EB was 1.2 g h–1, and
the catalyst weight was 0.05 g for the BZO, 0.2–0.4 g for the SZO,
0.1–0.8 g for the CZO and 0.8 g for ZrO2 catalysts, respectively. The
styrene yield versus time is shown in Fig. 3. In addition, Fig. 4(a)
denotes the maximum formation rate of styrene over these cata-
lysts at each reaction temperature, which was obtained from Fig. 3.
From Fig. 3(a) and (b), an induction period was observed over the
CZO and SZO catalysts. The induction period became shorter at the
higher temperatures. The BZO catalyst showed a high dehydro-
genation activity at a lower reaction temperature than the other
catalysts, while the ZrO2 catalyst showed a significantly low dehy-
drogenation activity and did not have an induction period. Fig. 4(b)
shows the styrene selectivity over the AZO (A: Ca, Sr, Ba) catalysts
and the ZrO2 catalyst at each reaction temperature. Among these
catalysts, the BZO catalyst showed the highest selectivity to styrene.
The CZO and SZO catalysts also had a high selectivity to styrene, but
the ZrO2 catalyst showed a relatively low selectivity. The reason for
the induction period and the higher dehydrogenation activity over
the BZO catalyst is considered in Sections 3.3–3.6.

3.3. Bulk property of the BZO catalyst

For investigating the relation between the gradual increase in
the dehydrogenation activity and the structural change in the BZO
catalyst, XRD measurements of the used BZO catalysts were con-
ducted. The used catalyst was  defined as the BZO catalyst after
EBDH, and the styrene yield over the used catalyst is shown in
parenthesis. Four kinds of used BZO catalysts (3.7), (35.5), (55.4) and
(57.3 → 47.2) were characterized. The used catalyst (57.3 → 47.2)
means the degraded value (47.2% styrene yield) after the maximum
yield (57.3%). These catalysts are the same lot, which was  prepared
by the same method. Each catalyst had a different time courses of
the EBDH reaction. For example of the BZO (3.7), the reaction was
purposely stopped at the time when the BZO catalyst showed the
styrene yield of 3.7%. Other catalysts was obtained in the same way.

Fig. 5 shows the XRD patterns of the used BZO catalysts. A structural
change and a peak shift were not observed in these XRD patterns.
The lattice constant of all the used catalysts was 4.193 Å. The bulk
property of the catalyst was not affected by the reaction gas. The
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onfirming the shape of the catalyst, FE-SEM images of the used
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he cubic BZO crystal was observed over the BZO (3.7) and BZO
57.3 → 47.2) catalysts. The crystal diameter of these catalysts was
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.4. Surface property for the BZO catalyst

Osswald et al. mentioned that unsaturated ketone-/diketone-
ype carbonyl groups (C O) have a substantial electron density
round the oxygen atom, and thus can serve as a Lewis bases to
ctivate saturated hydrocarbons [25]. For clarifying whether or
ot carbonyl groups were confirmed on the used catalysts, X-ray
hotoelectron spectroscopy (XPS) analysis of the used catalysts
as performed. The peak intensity of carbonyl group (C O) would

ncrease if the carbonyl group were accumulated on the catalyst
ith time on stream. The XPS spectra of C1s for these catalysts

re shown in Fig. 7. The peaks at 284.4, 288.1 and 290.2 eV were
ssigned to C–C/C C, C O and O C–O, respectively [26]. Compar-
ng to the peaks of the carbonyl group (C O) at 288.1 eV over the

our used BZO (3.7), (35.5), (55.4) and (57.3 → 47.2) catalysts, the
eak intensities were almost the same. Namely, the amount of
he carbonyl group might not increase on the catalyst with time

Fig. 6. FE-SEM images of (a), (b) BZO (3.7) catalyst and (c), (d) BZO (57.3 →
Binding energy / eV

Fig. 7. C1s XPS spectra of the used BZO catalyst.

courses. Hence, the carbonyl group on the used BZO would not
affect the dehydrogenation activity of the BZO catalyst.

To obtain information on the reduced state of the BZO catalyst,
ESR spectra for the used catalysts were recorded at room tempera-
ture as shown in Fig. 8. The used BZO catalyst gave the ESR signal at
g = 2.004, whose g-value corresponded to oxygen vacancies in the
catalyst [27]. The intensity of the signal at g = 2.004 was  found to
increase with an increase in the styrene yield. Therefore, the num-
ber of oxygen vacancies was  calculated for relating the activity and
oxygen vacancy in the catalyst.

Table 2 shows the area of each peak and the number of oxygen
vacancies (denoted as Nvox). These areas of the signal at g = 2.004
increased as follows: 9.2 × 106 for the BZO (3.7%), 9.8 × 106 for
the BZO (35.5%), and 13.5 × 106 for the BZO (55.4%). Comparing
to the calculated Nvox from these areas, the Nvox increased with
the increase in the styrene yield: 4.8 × 1018 mol-cat–1 for the BZO
cat–1 for the BZO (55.4%). There was a tendency that the number of
oxygen vacancies increased with the increase in the catalytic activ-
ity. The increase in the number of oxygen vacancies suggested that

 47.2) catalyst. Magnification: (a), (c) ×50,000 and (b), (d) ×200,000.
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Fig. 8. ESR spectra of the used BZO catalyst.

Table 2
The number of oxygen vacancies (NVox) in the used BZO catalyst.

Catalysta Area (×106) NVox (×1018 mol-cat–1)

BZO (3.7) 9.2 4.8
BZO (35.5) 9.8 5.2
BZO (55.4) 13.5 7.5
BZO (57.3 → 47.2) 15.8 8.5

a The value in parenthesis is the styrene yield.
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the BZO catalyst was  gradually reduced during the dehydrogena-
tion reaction. Hence, the reduced state of the BZO catalyst might
have an impact on the dehydrogenation activity. So far, there have
been some reports about the effect of the Fe component reduction
in the Fe–K catalyst on its EBDH performance [28,29]. It was  men-
tioned that a deactivation occurred by reduction of the hematite
catalyst to the magnetite-type. Zhu et al. also insisted that the par-
tial reduction of the Fe3+-containing iron oxide phases caused the
fast initial deactivation [30]. On the other hand, Weiss et al. investi-
gated the role of the iron oxide stoichiometry and the defect-site on
the catalytic activity [31]. They concluded that the styrene forma-
tion rate increased with the increasing defect-site concentration,
and the defect-site was the active site for the EB dehydrogenation
over Fe2O3. In this study, the reduced state of the catalyst may con-
tribute to the enhancement of the dehydrogenation activity. These
results were considered to be the important results, and should be
further verified in the next section.

3.5. Effect of reduced state in the BZO catalyst on the
dehydrogenation performance

The EBDH performance of the BZO catalyst, which was  prere-
duced and/or prereduced followed by oxidation, was investigated

to clarify the effect of the reduced state of the BZO catalyst. Fig. 9(a)
shows the styrene yield with time over the BZO catalysts with-
out pretreatment, with prereduction by 10 vol%-H2 at 798 or 823 K,
with prereduction by 100 vol%-H2 at 923 K and with prereduction
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y 10 vol%-H2 at 823 K followed by oxidation by 20 vol%-O2 at
073 K. The feed rate of EB was 1.2 g h–1, and the catalyst weight
as 0.2 g. As clearly seen from Fig. 9(a), the BZO catalyst with pre-

reatment by H2 reduction represented a high activity without the
nduction period. On the other hand, the induction period was
bserved again over the BZO catalyst with prereduction by H2 at
23 K followed by oxidation with O2 at 1073 K. These phenomena
ere considered to be based on the following Eqs. (7) and (8), where
2–

lat and Vox denote a lattice oxygen and an oxygen vacancy in the
atalyst, respectively.

2 + O2–
lat → H2O + Vox + 2e– (7)

2 + Vox + 4e– → 2O2–
lat (8)

When the BZO catalyst was reduced by H2, the oxygen vacancy
as created based on Eq. (7). Thus, the BZO catalyst showed a
igh activity during the initial stage of the dehydrogenation. By
eduction followed by oxidation, the lattice oxygen was  replen-
shed based on Eq. (8). Hence, the induction behavior was again
onfirmed over the BZO catalyst. Fig. 9(b) shows the effect of pre-
eduction at 823 K by 10 vol%-H2 or 923 K by 100 vol%-H2 on the
ehydrogenation performance over the SZO catalyst. The SZO cata-

yst without pretreatment did not show a dehydrogenation activity
t 823 K. When the reduction was performed over the SZO catalyst,
he representation of the dehydrogenation activity was confirmed.
uch a result was  considered to be derived from the progression
f the reduction due to Eq. (7). A further increase in the H2 con-
entration and reduction temperature from 10 vol%-H2 at 823 K to
00 vol%-H2 at 923 K produced a higher activity. Fig. 9(c) shows the
atalytic behavior over the ZrO2 catalyst with or without reduction.
nlike the BZO and SZO catalysts, the ZrO2 catalyst did not produce
ny dehydrogenation activity even after prereduction by 100 vol%-
2 at 923 K. The ZrO2 catalyst might not be reduced even under the

eductive atmosphere.
The BZO and SZO catalysts showed a dehydrogenation activity

y reduction of the catalysts, while the ZrO2 did not reveal any
ctivity even if the prereduction was performed. By inserting Zr in
he perovskite-type structure, a reducibility of the catalyst might
e enhanced. Especially, the incorporation of Ba as the A-site cation
ould be the most effective for lowering the reduction tempera-

ure. The incorporation of Ba with a large ionic radii in the A-site
f the perovskite structure produces a large free volume in the lat-
ice, which provides a high mobility for the lattice oxygen. Such an
ffect could create oxygen vacancies in the BZO structure under a
ild reducing atmosphere.

.6. Effect of reducing state of the BZO catalyst on EB
dsorption/desorption properties

In order to examine the effect of the reducing state of the
atalyst on EB adsorption/desorption properties, a temperature-
rogrammed desorption (TPD) was performed. Fig. 10 shows the
B-TPD profiles of the BZO catalyst with or without prereduction by
2 at 823 K. From the TPD profile of the bare BZO catalyst, the pro-
le of EB (m/z = 91) desorption showed one sharp signal in region
I). The signal in region (II) was almost not observed. The region
I) signal below 423 K came from the physical adsorption of the EB
pecies, whereas the region (II) signal above 423 K was  derived from
he chemical adsorption of the EB species. The desorption profile
ndicated that the EB species with a weak interaction was present
n the BZO catalyst without prereduction. For the BZO catalyst with
rereduction, the some signals were observed in regions (I) and (II).

s clearly be seen from the profile, the signal intensity for region (I)
as significantly lower than that for region (II). In other words, the

atalyst surface was covered by the EB species with a strong inter-
ction on the catalyst surface. The differences in the TPD profiles of
Fig. 10. Profiles of temperature programmed desorption of EB over the BZO catalyst
with and without prereduction by H2.

the BZO catalyst with or without prereduction could be explained
by the different adsorption sites on the catalyst. Since the outer-
most surface layer of the as-made BZO catalyst consisted of lattice
oxygen, no chemical interaction of EB occurred on the oxygen ter-
minated BZO surface. Joseph et al. investigated the adsorption of
EB on a well-ordered epitaxial iron oxide model catalyst by near-
edge X-ray absorption fine structure spectroscopy [32]. The soft
basic aromatic molecules of EB were chemisorbed on the acidic iron
sites of the iron oxide catalyst surfaces. Therefore, in this study, the
almost absence of chemisorbed species on the bare BZO catalyst
might come from a repulsive electrostatic interaction between the
surface lattice oxygen and the � orbital in EB. As for the BZO cat-
alyst with prereduction, the surface lattice oxygen was  removed
by H2, and the Zr cation as the acidic site was then exposed on
the catalyst surface. Namely, the production of the oxygen vacancy
opened the EB adsorption channel, and chemisorption species were
observed as shown by the higher desorption temperature. There-
fore, the increase in the oxygen vacancy created the reactive site
for EBDH, which produced a high activity over the BZO catalyst.

4. Conclusions

The BZO catalyst produced a high activity for EBDH at the low
temperature of 823 K, while the CZO, SZO and ZrO2 catalysts did
not show a EBDH activity. The reason for the high activity over the
BZO catalyst was derived from the production of oxygen vacancies
during the EBDH reaction, as confirmed by ESR measurements and
some activity tests. Comparing the EB-TPD property of the as-made
and the reduced BZO catalysts, the physisorbed species was  mainly
present on the as-made catalyst, whereas the chemisorbed species
was on the reduced catalyst. The key point of the high activity over
the Zr-based perovskite-type catalyst was  the reduced state under
the stated reaction conditions.
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