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The oxidative dehydrogenation of propane on Pd2+-incorporated magnesium ortho-vanadate (Pd-
ortho-MgVO) was examined, despite the long-held belief that magnesium ortho-vanadate (Mg3V2O8)
demonstrates scant catalytic activity in oxidative dehydrogenation. At 0.75 h on-stream, a higher activity
than that on magnesium pyro-vanadate (monoclinic Mg2V2O7), which is believed to be one of the more
active catalysts for oxidative dehydrogenation, was observed using 5% Pd-ortho-MgVO. Unfortunately, the
higher catalytic activity decreased with time on stream due to the rapid abstraction of lattice oxygen
from 5% Pd-ortho-MgVO. Although the abstracted lattice oxygen was not regenerated during oxidative
dehydrogenation in the presence of excess gaseous oxygen, it was easily regenerated during reoxidation
in the absence of propane in the feedstream. Redox cycles of palladium and vanadium species during the
catalytic reaction and reoxidation were confirmed using extended X-ray absorption fine structure around
the Pd K-edge and 51V magic-angle spinning nuclear magnetic resonance, respectively. The results of
the present study suggest that the higher catalytic activity observed using 5% Pd-ortho-MgVO at 0.75 h
on-stream can be maintained by using an unsteady-state operation in combination with the catalytic
reaction and catalyst reoxidation.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Because some reviews suggest that catalysts containing vana-
dium species are effective active catalysts for the oxidative de-
hydrogenation of propane [1–3], various types of vanadium-
containing catalysts are still used for the reaction [4–6]. Among
vanadium-containing catalysts, magnesium meta-, pyro-, and or-
tho-vanadates (MgV2O6, monoclinic Mg2V2O7, and Mg3V2O8) are
active catalysts for the oxidative dehydrogenation of propane. Mag-
nesium pyro-vanadates have the highest activity; ortho-vanadates,
the lowest activity [1,7]. The ease of removal of the lattice oxygen
contained in V=O and/or V–O–V of those magnesium vanadates
explains their high catalytic activity in the oxidative dehydro-
genation of propane [1,8,9]; however, it should be noted that the
structural stability of pyro-magnesium vanadate, particularly dur-
ing the redox cycle, evidently is lower than that of magnesium
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ortho-vanadate [10]. For example, both monoclinic Mg2V2O7 and
Mg3V2O8 were converted to a mixture of MgO and Mg2VO4 during
the oxidative dehydrogenation of propane without gaseous oxy-
gen in the feed, indicating that vanadium was reduced from V5+
to V4+. When the mixture obtained from monoclinic Mg2V2O7
was reoxidized with gaseous oxygen, triclinic Mg2V2O7 formed,
although not in its original monoclinic phase. The activity of
the newly formed Mg2V2O7 for the oxidative dehydrogenation
of propane was significantly less than that of fresh monoclinic
Mg2V2O7. In contrast, Mg3V2O8 was completely regenerated from
the reoxidation of the mixture obtained from Mg3V2O8. As a re-
sult, the activity for the oxidative dehydrogenation of propane was
maintained at a level comparable to that of fresh Mg3V2O8. Thus,
from a practical standpoint, catalytic activity can be improved by
using structurally stable Mg3V2O8, rather than structurally unsta-
ble monoclinic Mg2V2O7.

To control the removal of the lattice oxygen in magnesium
vanadates, Ca2+, Cu2+, and Fe3+ were incorporated into the mag-
nesium vanadates [11–13]. Catalytic activity certainly is related to
the ease of abstraction of the lattice oxygen from the incorporated
catalysts; however, the characteristic advantages of the incorpo-
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rated cations on catalytic activity, such as enhanced propylene
yield, were not observed. This result indicates that a cation that
can increase the numbers of mobile lattice oxygen atoms should
be examined.

The purpose of the present study was to examine the effect
of introducing Pd2+ into magnesium ortho-vanadate on the cat-
alytic activity for the oxidative dehydrogenation of propane. Be-
cause the Pd2+-incorporated catalysts showed remarkable redox
cycle activity in a shorter time-on-stream, our investigation fo-
cused on the mobility of lattice oxygen and the redox nature of the
palladium and vanadium species using quadrupole mass spectrom-
etry (Q-mass), extended X-ray absorption fine structure (EXAFS)
analysis at the Pd K-edge, and 51V solid-state magic-angle spin-
ning nuclear magnetic resonance (51V MAS NMR). Furthermore,
to maintain this significantly enhanced activity during a shorter
time on stream, an unsteady-state operation combined with the
catalytic reaction and reoxidation of the catalyst was investigated
using the Pd2+-incorporated catalyst.

2. Experimental

2.1. Catalyst preparation

Magnesium ortho-vanadate with Pd2+ incorporated (x% Pd-
ortho-MgVO; x = 100Pd/(Pd + Mg) (atomic ratio)) was prepared
from Mg(OH)2 (Wako Pure Chemical Industries, Ltd., Osaka, Japan),
an aqueous Pd(NO3)2 solution (24.41% by weight, N.E. Chemcat
Corporation, Tokyo, Japan), and NH4VO3 (Kanto Chemical Co. Inc.,
Tokyo, Japan). The preparation procedure was essentially identical
to that reported by Sam et al. for the parent magnesium ortho-
vanadate [7]. An aqueous mixture of a fine powder of Mg(OH)2 and
Pd(NO3)2 was added to an 1% ammonia solution of NH4VO3; the
reagent amounts were adjusted to the atomic ratios of the corre-
sponding catalysts. The suspension was evaporated under stirring
and then dried at 353 K. The resulting solid was ground into a
fine powder, calcined at 823 K for 6 h, and then recalcined at
973 K for 10 h. Each solid was finely ground between calcina-
tions. Magnesium pyro-vanadate incorporated with Pd2+ (5% Pd-
pyro-Mg2V2O7) also was prepared following a procedure similar
to that used for the corresponding Pd-ortho-MgVO. In the present
study, PdO, a mixed catalyst (5% PdO + 95% Mg3V2O8), and a sup-
ported catalyst (5% Pd/Mg3V2O8) also were used. After calcination
at 973 K for 3 h, PdO (Wako) was used to test catalytic activity. The
mixed catalyst was prepared by mechanical mixing of the calcined
PdO and Mg3V2O8 prepared in the present study. The supported
catalyst was prepared from Mg3V2O8 by impregnation of an aque-
ous Pd(NO3)2 solution, followed by calcination at 973 K for 3 h.

2.2. Catalytic activity test

The catalyst thus obtained (particles of 0.85–1.70 mm) was
used in a fixed-bed continuous-flow reactor operated at atmo-
spheric pressure. Unless stated otherwise, the catalyst was heated
to the reaction temperature (723 K) under a continuous flow of
helium, then held at this temperature under a 25 mL/min flow
of oxygen for 1 h. Typical reaction conditions were W = 0.5 g,
P (C3H8) = 14.4 kPa, P (O2) = 4.1 kPa, and F = 30 mL/min; equi-
libration to atmospheric pressure was provided by helium. No ho-
mogeneous oxidation of propane was observed under the study
conditions. The reaction was monitored by a online gas chromato-
graph with a thermal conductivity detector (GC-8APT, Shimadzu,
Kyoto, Japan). The conversion of propane was calculated from the
products and the propane introduced into the feedstream. The se-
lectivity was calculated from the conversion of propane to each
product on a carbon basis. The carbon mass balance was 100 ± 5%.
The reaction rate per unit of surface area was estimated as the rate
(r = F C0 X A/W , where F , C0, X A , and W were the flow rate, ini-
tial concentration of C3H8, conversion of C3H8 and catalyst weight,
respectively) per catalyst surface area [14]. For continuous analy-
sis of the reaction, an effluent gas from the reactor was introduced
into the Q-mass (Pfeiffer OmniStar-s, Hakuto Co., Tokyo, Japan).

2.3. Characterization

The catalysts were characterized using X-ray diffraction (XRD;
RINT 2500X using monochromatized CuKα radiation, Rigaku
Co., Tokyo, Japan). X-ray photoelectron spectroscopy (XPS; ESCA-
1000AX, Shimadzu) was performed using MgKα radiation. 51V MAS
NMR spectra were obtained using an Avance DSX300 (Bruker
BioSpin K. K., Osaka, Japan) with an external reference of 0.16 M
NaVO3 (Wako) solution at −574 ppm at room temperature and
a spinning rate of 25 kHz. Specific surface areas were calculated
from adsorption isotherms obtained with a conventional BET ni-
trogen adsorption apparatus (BELSORP-18SP, Bell Japan, Inc., Osaka,
Japan). Analysis of EXAFS near the Pd K-edge was carried out at the
High-Energy Research Organization with a storage ring current of
approximately 400 mA (6.5 GeV). The X-ray was monochromatized
with Si(311) at an NW-10A station. The absorption spectra were
observed using ionization chambers in transmission mode. Sam-
ples containing palladium species were diluted with BN (Wako)
and compressed to a diameter of 13 mm. The photon energy
was scanned in the range of 24,080–25,600 eV for a Pd K-edge.
The EXAFS data were analyzed using the EXAFS analysis program
REX (Rigaku). Fourier transformation of k3-weighted EXAFS os-
cillation was performed in the range of 0.4–1.6 nm−1. Inverse
Fourier-transformed data for Fourier peaks were analyzed using
a curve-fitting method, with phase shift and amplitude functions
derived from FEFF 8.0 [15].

3. Results and discussion

3.1. Catalytic activities on Pd-ortho-MgVO

Four types of Pd-ortho-MgVO were prepared. The XRD pat-
tern of the undoped catalyst was essentially identical to the ref-
erence pattern of Mg3V2O8 (JCPDS 37-0351) (Fig. 1A), whereas
those of the three Pd-ortho-MgVO were matched to the mixture
of Mg3V2O8 and PdO (JCPDS 41-1107) (Figs. 1B–1D). It should be
noted that the intensity of the PdO signal increased with increas-
ing Pd content.

Fig. 2 shows the time course of the propylene yields for various
Pd-ortho-MgVO. Table 1 gives the conversion, selectivity, reaction
rate per unit of surface area, and surface area. Although the C3H6
yield decreased significantly with time-on-stream, the yield in-
creased with Pd loading, particularly at the initial time-on-stream.
At 0.75 h on-stream, the propylene yields were 5% Pd-ortho-MgVO
(7.8%) > pyro-Mg2V2O7 (7.1%) [12] > ortho-Mg3V2O8 (2.9%). These
results show that incorporation of the Pd2+ species into Mg3V2O8
resulted in enhanced activity for the oxidative dehydrogenation of
propane under equivalent reaction conditions. However, as shown
in Fig. 1, PdO and Mg3V2O8 were detected in Pd-ortho-MgVO us-
ing XRD. Therefore, either PdO itself or the synergistic effects of
the combination of PdO and Mg3V2O8, in bulk or on the surface,
may contribute to the enhanced initial activity on Pd-ortho-MgVO.
Furthermore, vanadate may be present on the surface of Mg3V2O8
as a supported catalyst. Consequently, the activities on PdO and
on the binary oxides, 5% PdO and 95% Mg3V2O8 (by weight), to-
gether with that on the supported catalyst (5% Pd/Mg3V2O8), were
examined (Fig. 3 and Table 1). As shown in Fig. 3, relatively sta-
ble and low activity was observed on both PdO and binary oxides.
In particular, the yield of C3H6 on PdO was about 25% of that on
5% Pd-ortho-MgVO, while that on the binary oxide was almost the
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Fig. 1. XRD patterns of various Pd-ortho-MgVO catalysts before use for the oxidative
dehydrogenation of propane.

Fig. 2. C3H6 yield on Mg3V2O8 and various Pd-ortho-MgVO catalysts. Symbols:
(") Mg3V2O8; (2) 1% Pd-ortho-MgVO; (1) 3% Pd-ortho-MgVO; (!) 5% Pd-ortho-
MgVO.

same as that on Mg3V2O8. This result indicates that the location
of Pd2+ in Pd-ortho-MgVO is different from that in the binary ox-
ide. Of interest, the C3H6 yields on 5% Pd/Mg3V2O8 decreased with
time-on-stream, similar to results observed for 5% Pd-ortho-MgVO
(Fig. 3 and Table 1). Although 5% Pd/Mg3V2O8 showed higher C3H8
conversion and lower C3H6 selectivity compared with 5% Pd-ortho-
MgVO, the location of vanadium species on the supported catalyst
was similar to that of the vanadium species in 5% Pd-ortho-MgVO.
It should be noted that the effect of Pd2+ in Pd-ortho-MgVO on
the catalytic activity was not observed on 5% Pd-pyro-Mg2V2O7.
The C3H6 yields on Pd-pyro-Mg2V2O7 were 4.2 at 0.75 h and 2.7%
Table 1
Surface areas and catalytic activities on Mg3V2O8, Pd-ortho-MgVO catalysts, PdO,
the mixed catalyst (5% PdO + 95% Mg3V2O8) and the supported catalyst (5%
Pd/Mg3V2O8) at 0.75 and 6 h on-stream.

Pd (%) or
catal.

S.A.a

(m2/g)
Conversion (%) Selectivity (%) Rateb

C3H8 O2 C3H6 CO2 CO

0% 7.9 5.0 46.0 58.1 24.0 17.9 2.27 × 10−6

(4.8) (41.0) (62.4) (21.4) (16.2) (2.18 × 10−6)

1% 8.3 9.1 90.0 49.1 40.0 10.9 3.93 × 10−6

(7.3) (90.0) (42.7) (49.1) (8.2) (3.15 × 10−6)

3% 9.5 12.2 92.0 57.7 32.0 10.3 4.60 × 10−6

(7.9) (92.0) (38.6) (53.5) (7.9) (2.98 × 10−6)

5% 7.8 13.4 92.0 57.9 29.7 12.4 6.15 × 10−6

(8.9) (92.0) (38.0) (52.5) (9.5) (4.09 × 10−6)

PdO 1.2 6.5 92.0 26.7 62.4 11.0 19.40 × 10−6

(6.2) (92.0) (25.9) (62.5) (11.5) (18.51 × 10−6)

Mixed 9.7 7.2 92.0 35.8 50.6 13.6 2.66 × 10−6

(7.8) (93.0) (39.5) (53.2) (7.2) (2.88 × 10−6)

Supported 8.2 25.0 100.0 32.9 39.7 27.5 10.92 × 10−6

(10.9) (100.0) (23.6) (70.9) (5.6) (4.76 × 10−6)

a Surface area (m2/g).
b Values in parentheses: activities at 6 h on-stream.

Fig. 3. C3H6 yield on Mg3V2O8 and related catalysts. Symbols: (") Mg3V2O8;
(2) PdO; (1) 5% PdO + 95% Mg3V2O8; (!) 5% Pd-ortho-MgVO; (P) 5% Pd/Mg3V2O8.

at 6 h on-stream, noticeably smaller than that on pyro-Mg2V2O7
(7.1%) [12]. To examine the role of Pd2+ in Pd-ortho-MgVO, the re-
mainder of this study focused on 5% Pd-ortho-MgVO.

3.2. Abstraction and incorporation of lattice oxygen
in 5% Pd-ortho-MgVO

As described above, introducing Pd2+ into Mg3V2O8 signifi-
cantly enhanced the catalytic activity for the oxidative dehydro-
genation of propane at initial time-on-stream. This result indicates
that the redox nature of the catalyst is controlled by the introduc-
tion of Pd2+, as we reported in our previous paper on the effect
of the introduction of various divalent cations into magnesium
vanadates during the oxidation of propane [11–13]. Indeed, XRD
patterns of 5% Pd-ortho-MgVO before and after oxidative dehydro-
genation (Fig. 2) show that Mg3V2O8 and PdO detected in the fresh
catalyst were reduced to Mg2VO4 and metallic Pd after the reac-
tion (see below). Consequently, to determine the abstraction rate of
lattice oxygen from Mg3V2O8 and 5% Pd-ortho-MgVO to form the
vacancy and the incorporation rate of gaseous oxygen into the va-
cancy, we carried out reduction and reoxidation experiments using
these two catalysts. Our previous studies used a feedstream con-
sisting of C3H8 as the reduction gas [11–13,22]; here, however, the
feedstream consisted of H2, to avoid both carbon deposition dur-
ing the reduction experiment and oxidation of carbon deposition
during the reoxidation experiment, which are unfavorable for the
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Fig. 4. Hydrogen and oxygen responses ((A) and (B), respectively) in effluent gas
from Mg3V2O8 and 5% Pd-ortho-MgVO.

quantitative analysis of the abstraction rates of lattice oxygen from
Mg3V2O8 and 5% Pd-ortho-MgVO to form the vacancy and the in-
corporation rate of gaseous oxygen into the vacancy. First, a reduc-
tion gas consisting of H2 (14.4 kPa) diluted with He was introduced
at a flow rate of F = 30 ml/min into Mg3V2O8 and 5% Pd-ortho-
MgVO (each 0.5 g) at 723 K. A quadrupole mass spectrometer was
used to analyze the hydrogen response in the effluent gas from
these catalysts (Fig. 4A). The hydrogen response using Mg3V2O8

was essentially identical to the blank test, in which hydrogen was
detected just after introduction of the hydrogen gas into Mg3V2O8

(Fig. 4A). In the blank test, the reactor was filled with quartz wool
instead of the catalyst; thus, reduction of Mg3V2O8 with hydro-
gen gas was difficult. But hydrogen was detected after 3 min using
5% Pd-ortho-MgVO, and the amount of hydrogen in the effluent
gas increased gradually with time-on-stream. This result indicates
that lattice oxygen in 5% Pd-ortho-MgVO was readily abstracted
to react with hydrogen. Based on the curve described in Fig. 4A,
14.4% of the lattice oxygen in 5% Pd-ortho-MgVO was abstracted
during the 30-min reduction. After the reduction, the reduced cat-
alysts, Mg3V2O8 and 5% Pd-ortho-MgVO, were reoxidized at 723 K
with a reoxidation gas consisting of O2 (14.4 kPa) diluted with He
at a flow rate of F = 30 ml/min. Quadrupole mass spectrometry
was used to determine the oxygen response in the effluent gas
from these catalysts (Fig. 4B). Again, the oxygen response using
Mg3V2O8 that had been previously treated with H2 gas was essen-
tially identical to that of the blank test, in which oxygen was de-
tected just after oxygen gas was introduced into Mg3V2O8 (Fig. 4B).
Therefore, the reduction followed by reoxidation of Mg3V2O8 was
difficult to achieve, and it resulted in low activity for the oxidative
dehydrogenation. In contrast, oxygen was detected after 3 min us-
ing 5% Pd-ortho-MgVO that had been previously treated with H2
gas. The amount of oxygen in the effluent gas increased gradu-
ally with increasing time-on-stream (Fig. 4B). This result indicates
that oxygen was readily introduced into the vacancy formed in 5%
Pd-ortho-MgVO during the reduction. Based on the curve shown
in Fig. 4B, 14.9% of the oxygen, corresponding to the amount of
abstracted oxygen (14.4%), was introduced into the reduced 5% Pd-
ortho-MgVO during reoxidation for 15 min. Therefore, the facile
redox nature of 5% Pd-ortho-MgVO was confirmed. In particular,
the facile abstraction of lattice oxygen from the catalyst may con-
tribute to the unique catalytic properties, such as the remarkable
increase in the initial activity and the decrease in the activity with
time-on-stream (Figs. 2 and 3).

3.3. Redox nature of vanadium and palladium species in 5%
Pd-ortho-MgVO

Because redox (i.e., abstraction and incorporation of lattice oxy-
gen) was readily achieved using 5% Pd-ortho-MgVO, as described
above, we also examined the compensation for the cation valence
(vanadium and palladium species) in the catalyst occurring si-
multaneously with the redox. As shown in Fig. 5, Mg3V2O8 and
PdO that were detected in 5% Pd-ortho-MgVO before the reaction
(Fig. 5A) were converted into Mg2VO4 (JCPDS 50-0532), metallic Pd
(JCPDS 46-1043), and MgO (JCPDS 45-0946) (Fig. 5B). This result
indicates that the vanadium and palladium species were reduced
from 5+ and 2+ to 4+ and 0, respectively, during the oxidative
dehydrogenation of propane under typical reaction conditions. It
should be noted that the activity of the reduced 5% Pd-ortho-MgVO
was relatively low after 6 h on-stream, as shown in Fig. 2. When
5% Pd-ortho-MgVO, described in Fig. 5B, was reoxidized with O2
(25 ml/min) at 723 K for 1 h, the regeneration of Mg3V2O8 and
PdO (i.e., the regeneration of V5+ and Pd2+) was confirmed, while
MgO was still present (Fig. 5C). The surface analyses of the sam-
ples used in Fig. 5A, B and C by XPS (Fig. 6) also revealed that
the Pd-species was converted from Pd2+ (binding energy due to
Pd 3d5/2: 337.3 eV) [16–18] (Table 2A) to Pd0 (335.6 eV) [19] (Ta-
ble 2B), followed by the regeneration of Pd2+ (337.4 eV) (Table 2C),
as observed on XRD (Fig. 5). The XPS due to V 2p3/2 was detected
at nearly identical binding energies between 517.6 and 517.9 eV,
regardless of the reaction conditions (Table 2). As we reported pre-
viously [13], binding energies of 517.85, 517.5, and 516.8 eV were
reported for V5+ [19], whereas a chemical shift of approximately
1 eV was detected between V5+ (V2O5) and V4+ (VO2) in XPS
(516.8 and 515.7 eV, respectively) [19]. Therefore, although V4+
was detected as Mg2VO4 by XRD (Fig. 5), the valency of vana-
dium on the catalyst surface was approximately 5+ regardless of
the conditions, due to the supply of the oxygen species from the
bulk or gas phase to the catalyst surface.

As shown in Figs. 1 and 5, various identified and unidentified
XRD peaks were detected. The possibility of formation of small
amounts of various magnesium vanadates (e.g., MgV2O6, triclinic
Mg2V2O7, monoclinic Mg2V2O7) cannot be excluded [7], although
peaks characteristic of these compounds were not identified in the
present study due to ambiguity. It should be noted that the XRD
pattern shown in Fig. 5B is similar to that of a mixture of MgO and
Mg3V2O6 [20]. Mg3V2O6, in which V3+, but not V4+, is present,
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Fig. 5. XRD patterns of 5% Pd-ortho-MgVO used in various conditions. (A) Before
the reaction. (B) After the reaction under typical reaction conditions. (C) After re-
oxidation with gaseous O2 (25 ml/min) for 1 h at 723 K.

Table 2
Binding energies detected by XPS for Mg3V2O8 and 5% Pd-ortho-MgVO used for
various conditions.

Conditions Binding energy (eV)

Mg 2s Pd 3d5/2 V 2p3/2 O 1s

(A) 88.5 337.3 517.7 530.4
(B) 88.7 335.6 517.9 530.8
(C) 88.7 337.4 517.6 530.7

(A) Before the reaction. (B) After the reaction under the typical reaction conditions.
(C) After re-oxidation with gaseous O2 (25 ml/min) for 1 h at 723 K.

has been obtained from the careful reduction of Mg3V2O8 [20,21].
Moreover, poor crystallinity of magnesium vanadate was detected
(Fig. 5B), indicating that information on amorphous species may
not be reflected in the XRD. For example, reduction using hydro-
carbons (CmHn) has been suggested, as follows:

Mg3V2O8 + CmHn → 3Mg2VO4 + VO2 + mCOx + 0.5nH2O. (1)

Although Mg2VO4 was detected using XRD, information on VO2
was not obtained from XRD or XPS. Therefore, in the present sys-
tem, it is important to detect a change in the valency of the redox
species and to obtain information on amorphous species using
other characterization procedures.

To confirm the redox properties of vanadium and palladium
species during the cycle used to obtain the results shown in
Figs. 5A, 5B and 5C, 5% Pd-ortho-MgVO was analyzed using 51V
MAS NMR and Pd K-edge EXAFS. 51V MAS NMR is suitable for
analyzing the redox nature of vanadium species, because diamag-
netic V5+ affords evident NMR signals, whereas reduced vanadium
species (V4+ and/or V3+) affords broad and weak signals [13,22].
Fig. 7 shows the 51V MAS NMR of 5% Pd-ortho-MgVO, which can be
described as follows: (A) before the reaction, (B) after the reaction
under the typical reaction conditions, and (C) after the reoxidation
of the sample (B) at 723 K for 1 h with gaseous O2 (25 ml/min).
It should be noted that these NMR results are described using a
noise level similar to the baseline level. An evident NMR signal
due to V5+ was detected at −552 ppm from the catalyst be-
Fig. 6. XPS of Pd 3d of 5% Pd-ortho-MgVO used in various conditions. (A) Before
the reaction. (B) After the reaction under typical reaction conditions. (C) After re-
oxidation with gaseous O2 (25 ml/min) for 1 h at 723 K.

Fig. 7. 51V MAS NMR of 5% Pd-ortho-MgVO used in various conditions. (A) Before
the reaction. (B) After the reaction under typical reaction conditions. (C) After re-
oxidation with gaseous O2 (25 ml/min) for 1 h at 723 K.

fore the reaction (Fig. 7A); however, the intensity of the signal
decreased after the reaction under typical reaction conditions, in-
dicating that the vanadium species was reduced even with gaseous
oxygen in the feedstream (Fig. 7B). As we reported previously [22],
the reduction of a vanadium species (V5+) in undoped ortho-MgVO
(Mg3V2O8) was very difficult, because V5+ was still detected even
after the reaction of Mg3V2O8 using the feedstream in the ab-
sence of gaseous oxygen. Therefore, the introduction of Pd2+ into
Mg3V2O8 enhanced the reductive nature of the vanadium species.
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Fig. 8. Pd K-edge XANES spectra (I) and the corresponding Fourier transformation
(II) of EXAFS of 5% Pd-ortho-MgVO used in various conditions. (A) Before the reac-
tion. (B) After the reaction under typical reaction conditions. (C) After re-oxidation
with gaseous O2 (25 ml/min) for 1 h at 723 K.

As shown in Fig. 7C, after reoxidation of the sample (B), the in-
tensity of the present NMR signal was completely regenerated by
the intensity level of the sample (A), or, rather, it became greater
than that shown in Fig. 7A. This result indicates that the reduced
vanadium species was readily oxidized. Therefore, the redox nature
of vanadium species was noticeably improved by the incorporation
of Pd2+ into Mg3V2O8. Fig. 8 shows the Pd K-edge XANES spec-
tra of the samples (A), (B), and (C) and the corresponding Fourier
transformation around the Pd K-edge. The order of the absorption
edge was as follows: sample A > sample C > sample B (Fig. 8(I)).
This result indicates that the oxidized Pd species in sample A
was reduced during the reaction to form the reduced Pd species
(sample B), which was partially oxidized after reoxidation (sam-
ple C). The corresponding Fourier transformation around the Pd
K-edge provides additional information about the redox nature of
the palladium species (Fig. 8(II)). In sample A, three signals sim-
ilar to those from PdO were detected in our study (not shown)
and in another study [23], indicating that the Pd species in sam-
ple A was Pd2+. After the reaction, the three peaks appeared as
one signal, as shown by sample B, which was essentially identical
to that of metallic Pd [23,24]; therefore, the Pd species was com-
pletely reduced to metallic Pd during the reaction. But the metallic
Pd species was not completely oxidized to Pd2+ after the reoxida-
tion of sample B, because the Fourier transformation of sample C
showed both Pd2+ and metallic Pd peaks (Fig. 8(II)). Therefore, the
Pd species in 5% Pd-ortho-MgVO could be readily reduced during
the reaction, even with gaseous O2 in the feedstream. In contrast,
the reduced Pd species in the catalyst was barely reoxidized under
the conditions that resulted in complete reoxidation of the corre-
sponding vanadium species (Fig. 7C).
Fig. 9. Comparison of the yields of C3H6 under steady-state and unsteady-state con-
ditions.

3.4. Unsteady-state operation on 5% Pd-ortho-MgVO

As described above, the vanadium and palladium species in Pd-
ortho-MgVO could be readily reduced in the reaction, even with
gaseous oxygen in the feedstream, followed by complete reoxi-
dation and partial reoxidation, respectively. Therefore, the ready
reduction of the catalyst decreased the activity with time-on-
stream, as shown in Fig. 2. The combination of the reaction and
reoxidation during the oxidative dehydrogenation of propane, an
unsteady-state operation, may improve the activity with time-on-
stream. Thus, continuous operation of the oxidative dehydrogena-
tion of propane under typical reaction conditions, followed by the
reoxidation with gaseous O2 (25 ml/min) for 1 h at 723 K was
recycled twice (unsteady-state operation). Comparing the results
of this procedure with those of normal oxidative dehydrogena-
tion under typical reaction conditions (i.e., steady-state conditions),
clearly shows that under the unsteady-state conditions, the cat-
alytic activity was greater, whereas the rate of the decrease was
suppressed (Fig. 9). Unfortunately, the decreased activity under
unsteady-state conditions was not completely reversed, due to the
poor reoxidation nature of metallic Pd species that formed during
the reaction with gaseous oxygen in the feedstream. An advanced
technique that allows interchange of the reactant stream and reox-
idation stream and heating only on the catalyst surface is needed
to overcome these disadvantages. This cannot be achieved using
a typical fixed-bed continuous-flow reactor. Consequently, we are
now in the process of developing a “microreactor” for the present
system [25]. Our findings show that the use of unsteady-state op-
erations in the oxidative dehydrogenation of alkanes is another
possible procedure for the efficient production of partial oxidation
products.

4. Conclusion

The initial activity for the oxidative dehydrogenation of propane
was enhanced by the introduction of Pd2+ into magnesium vana-
date, whereas the activity was evidently decreased with time-on-
stream due to the easily reducible nature of the vanadium and
palladium species. The decrease in activity was partially reversed
by use of unsteady-state operation; the reduced Pd species that
formed during the reaction were barely reoxidized by treatment
with oxygen. The use of the unsteady-state operation may be an-
other possible procedure for the oxidative dehydrogenation of alka-
nes.
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