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Abstract Mo–V–O and Mo–V–Te–O catalysts were

prepared by a hydrothermal synthesis route and tested for

the oxidation of isobutane and isobutene. Characterization

results (XRD, FT-IR, TPR, BET, and XPS) showed that the

structure and property of Mo–V-based catalysts are con-

siderably different depending on the presence of Te

element and calcined temperature. Catalytic tests showed

that the maximum selectivity of methacrolein (44.2%) can

be achieved over a MoV0.3Te0.25-600 catalyst for the

selective oxidation of isobutane. It is found that TeMo-

containing phases are active and selective for the selective

oxidation of isobutane to methacrolein.
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1 Introduction

The development of highly active and selective heteroge-

neous oxidation catalysts is essential for the successful

commercialization of new catalytic processes to produce

important bulk chemicals. Direct oxidation of isobutane is

an example of a highly desirable process to produce

methacrolein (MAL) and methacrylic acid (MAA),

important chemical intermediates for the manufacture of

methyl methacrylate (MMA) [1]. The majority of MMA is

produced presently through the multistep catalytic oxida-

tion reaction of acetone with hydrogen cyanide process or

catalytic oxidation of isobutene. A process based on the

direct oxidation of isobutane is comparatively attractive,

since isobutane is much cheaper and more abundant than

isobutene, which has led to intense research worldwide

[2–12].

The most promising catalyst system investigated to

date for isobutane oxidation to MAL is the Mo–V–Te–O-

based mixed metal oxide system reported by Guan and

co-workers [9–12]. This catalyst system is originally syn-

thesized by the dry-up method, which often leads to phase

mixtures including pseudohexagonal M2 phase but with-

out M1 phase possessing orthorhombic structure. The

selectivity to MAL over the Mo–V–Te–O-based system

synthesized by the dry-up method is usually not excess

40%. It has been reported that the M1 phase is more active

and selective than the M2 phase in propane ammoxidation

[13–16]. Therefore, investigating catalytic oxidation of

isobutane over M1 phase containing catalysts should be a

fascinating topic for study. In the present study, we report a

hydrothermal synthesis of Mo–V-based catalysts and

investigate their catalytic performance for partial oxidation

of lower alkane.

2 Experimental

2.1 Catalyst Preparation

Hydrothermal conditions were used for preparing the

Mo–V–Te–O complex metal oxides [17]. In a typical

synthesis, in 30 mL of water heated at 80 �C, 3.60 g of

MoO3, 0.68 g of V2O5, 0.97 g of TeO2, and 7.5 mmol of
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oxalic acid, were added to form a slurry. The slurry was

introduced into a stainless autoclave equipped with a Tef-

lon� inner tube and then the autoclave was heated at

175 �C for 48 h. After cooling, the solid obtained was

separated by filtration and washed with water several times,

and dried at 110 �C for 12 h to give a black solid. The

sample will be denoted as MoV0.3Te0.25, which was cal-

cined under a flow of N2 (50 mL/min) or air (50 mL/min)

to obtain the catalyst. The calcination was performed with

a heating rate of 2 �C/min. The final calcination tempera-

ture was 500 �C for 2 h or 600 �C for 2 h. The samples

will be designed as MoV0.3Te0.25-X, where X indicates the

final calcination temperature (500 or 600 �C).

For comparison, Mo–V–O catalysts were also prepared

under similar conditions.

2.2 Catalyst Characterization

The specific surface areas of the catalysts were measured

based on the adsorption isotherms of N2 at -196 �C using

the BET method (Micromeritics ASAP2010). Powder X-ray

diffraction (XRD) patterns were collected using a Shimadzu

XRD-6000 scanning at 4�/min with CuKa radiation (40 kV,

30 mA). The infrared spectra (IR) of various samples were

recorded at room temperature using a NICOLET Impact 410

spectrometer.

X-ray photoelectron spectra (XPS) were recorded on a

VG ESCA LAB MK-II X-ray electron spectrometer using

AlKa radiation (1486.6 eV, 10.1 kV). The spectra were

referenced with respect to the C 1s line at 284.7 eV. The

measurement error of the spectra was ±0.2 eV.

H2-temperature programmed reduction (TPR) experi-

ments were carried out in a flow reactor system, in which

10 mg of catalyst was charged each run into a U-shaped

quartz microreactor (4 mm i.d.). After purging with Ar gas

from 50 to 300 �C at a ramp rate of 10 �C/min, holding at

300 �C for 30 min, and cooling to 100 �C, the sample was

reduced in a 5% H2/Ar stream (25 mL/min). The reduction

temperature was raised uniformly from 100 to 800 �C at a

ramp of 10 �C/min. H2 consumption was measured by a

thermal conductivity detector (TCD).

2.3 Catalytic Tests

The reaction was performed in a stainless steel tubular

fixed bed reactor (16 mm i.d., 400 mm long) under atmo-

spheric pressure. Each catalytic test was carried out using

1.0 g of catalyst, which was granulated into particles of

20–30 mesh size and diluted with 1.0 g of SiC particles to

prevent temperature gradients and hot spots in the reactor.

Under our reaction conditions, the homogeneous reaction

can be neglected. Carbon mass balances of C97% were

typically observed.

The feed was controlled by a mass flow controller, and

water was fed by a mini-pump. The catalytic reaction

condition was as follows: molar ratio of the feed gas

i-C4H10: O2: N2: H2O = 1:1:2:1, i-C4H8: O2: N2:

H2O = 1:2:5:2. The products were then fed via heated

lines to an on-line gas chromatography for analysis. Iso-

butene (i-C4
=), methacrolein (MAL), COx (CO, CO2),

acetic acid (HAC) propylene (C3
=), acetone, methacrylic

acid (MAA), acrolein, and acrylic acid were detected as

products.

3 Results and Discussion

3.1 XRD Studies

XRD patterns of the prepared catalysts are shown in Fig. 1.

For the Te-free sample MoV0.3Ox calcined in N2 at 500 or

600 �C, the peaks at 2h = 13.0, 23.6, 26.1, 27.6, 33.1, 34.0,

35.7, and 39.2� can be assigned to MoO3 [JCPDS 35-0609],

whereas the peaks at 2h = 13.0, 22.2, 26.1, and 33.1� can

be attributed to Mo4O11 [JCPDS 13-0142]. Moreover, the

peaks at 2h = 15.0, 25.5, 26.0, 29.8, and 33.1� can be

ascribed to (Mo0.3V0.7)2O5 [JCPDS 21-0576], while the

peaks at 2h = 14.2, 22.2, 23.6, 25.5, 26.0, 27.6, 33.1, 35.7,

39.2, and 40.0� can be related to (V0.07M0.93)5O14 [JCPDS

31-1437]. In addition, orthorhombic M1 phase (2h = 13.0,

22.2, 26.9, and 45.2�) is also detected [18].

In contrast, the XRD pattern of the Te-doping sample

MoV0.3Te0.25-500 indicates the presence of MoO3,

Mo4O11, (V0.07M0.93)5O14, orthorhombic M1 phase

(TeM3O10, M = Mo and V), and a new crystalline phase

TeMo5O16 (2h = 22.2, 23.6, 24.6, 27.6, 28.6, 33.1, 34.0,
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Fig. 1 XRD patterns of MoV0.3Ox and MoV0.3Te0.25Ox mixed oxide

catalysts calcined at 500 �C and 600 �C for 2 h in flowing N2
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36.5, 39.2, and 40.0�) [JCPDS 88-0407], while the

(Mo0.3V0.7)2O5 phase is absent. In the meanwhile, the peak

at 26.9� is almost negligible in the XRD pattern for

MoV0.3Te0.25-600, which suggests that the MoV0.3Te0.25-

600 catalyst does not contain M1 phase.

3.2 FTIR Studies

Figure 2 displays the IR spectra of MoV0.3Ox and

MoV0.3Te0.25Ox mixed oxide catalysts calcined at 500 �C

and 600 �C for 2 h in flowing N2. For the Te-free sample

MoV0.3Ox, the bands at 993, 881, 820, 602, and 490 cm-1

can be attributed to MoO3, whereas bands at 946 and

746 cm-1 are due to antisymmetric vibrations of Mo–O–V

bridging bonds [19–21]. However, all of these bands can be

shifted from their original positions due to incorporation of

Te atoms to the system [11]. For the Te-doping sample

MoV0.3Te0.25Ox, it can be seen that the bands at 993, 870,

820, and 602 cm-1 are associated with the presence of

MoO3, while the bands at 922, 820, and 713 cm-1 should

be related to TeMo5O16 phase. It should be noted that no

band due to Mo–O–V for MoV0.3Te0.25Ox samples is

found, suggesting that the (Mo0.3V0.7)2O5 phase may be

negligible in the two samples. This finding is consistent

with the result from the XRD patterns.

3.3 XPS Studies

Table 1 provides the specific surface area and XPS data of

the catalysts. The catalysts’ specific surface areas depended

on their composition and calcined temperature. In general,

the specific surface area decreased with increasing the

calcined temperature. The catalysts’ surface composition

depended on the nominated amount of each element and

calcined temperature. For the Te-doping samples, the sur-

face molybdenum content increased, while the surface

vanadium content decreased with increasing the calcined

temperature.

To gain deeper insight into the surface constitution and

properties of these catalysts, we investigated their binding

energies (Mo 3d5/2, Te 3d5/2, V 2p3/2, and O 1s). The

corresponding spectra are plotted in Fig. 3, which are

composed and integrated with the results listed in Table 1.

The Mo 3d5/2 peak of the catalysts can be fitted mainly

into two components at 231.7 and 232.8 eV, which can be

related to Mo5? and Mo6?, respectively [11, 22]. However,

the binding energy of Mo ions in a 4? oxidation state

(typical value of 230.9 eV in MoO2) is not observed [23].

As shown in Fig. 3 and Table 1, the Mo5?/Mo6? surface

atomic ratios increased with the calcined temperature.

The V 2p3/2 peak of catalysts could be fitted into two

components at 516.2 and 517.3 eV, which can be related to

V4? and V5? species, respectively [11, 24]. A greater amount

of surface V4? was present on the catalyst calcined at 600 �C

than on the catalyst calcined at 500 �C. In addition, the

presence of more V4? species in Te-containing samples than

Te-free samples, suggested that the presence of Te can favor

the reduction of V5?.

The Te 3d5/2 peak of catalysts could be fitted into two

components at 576.2 and 577.3 eV, which can be related to

Te4? and Te6? species, respectively [11, 25]. It can be seen

that only Te4? cations were present on the surface of the

MoV0.3Te0.25Ox catalysts.

3.4 H2-TPR Studies

The H2-temperature programmed reduction (H2-TPR)

profiles and amount of H2 consumption of MoV0.3-500,

MoV0.3-600, MoV0.3Te0.25-500, and MoV0.3Te0.25-600

calcined at 500 �C and 600 �C for 2 h in flowing N2 are

presented in Fig. 4a and Table 2. The TPR profiles of the

Te-free samples MoV0.3-500 and MoV0.3-600 displayed a

first TPR peak appeared at about 601 �C or 556 �C, con-

sidered to be due to the reduction of the surface-capping

oxygen of vanadium and molybdenum, while the main

peak at 675 �C or 679 �C, corresponding to the step-wise

reduction of MoO3 ? MoO2 [11, 26, 27]. In addition, for

the Te-doping sample MoV0.3Te0.25-500, the H2-TPR

profile also showed two peaks, but the first TPR peak

appeared at lower temperature (about 520 �C), indicating

the lattice oxygen is more reactive. Similarly, the second

TPR peak centered at 676 �C should be ascribed to the

reduction of Mo6?. However, the H2-TPR profile of the

Te-doping sample MoV0.3Te0.25-600 displays three peaks

at 652, 678, and 697 �C. According to previous work

[26, 27], the weak reduction peak observed at 652 �C may

be attributed to a stepwise reduction of V2O5 ? 1/3V6O13
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Fig. 2 IR spectra of MoV0.3Ox and MoV0.3Te0.25Ox mixed oxide

catalysts calcined at 500 �C and 600 �C for 2 h in flowing N2
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and TeO2 ? Te. The peak at 678 �C could be related to a

stepwise reduction of MoO3 ? MoO2, whereas the peak at

697 �C could be assigned to a stepwise reduction of

V6O13 ? 3VO2. In addition, according to the XPS data,

relatively high concentration of Mo5? was detected at the

surface of MoV0.3Te0.25-600 catalyst. These Mo5? species

may also contribute to the TPR spectrum, because they

began to be reduced when the temperature was above

650 �C [26].

On the other hand, the H2-TPR profiles of MoV0.3-500,

MoV0.3-600, MoV0.3Te0.25-500, and MoV0.3Te0.25-600

after the catalytic reaction were also investigated (Fig. 4b).

It is apparent that the main TPR peaks of the used catalysts

shifted to higher temperatures compared to the fresh ones.

Table 1 BET surface area and XPS data of samples calcined at 500 �C and 600 �C for 2 h in flowing N2

Sample SBET (m2 g-1) Binding energy (eV) Surface composition (at%) Surface oxidation states

Mo 3d5/2 V 2p3/2 Te 3d5/2 O 1s Mo V Te O Te/Mo Mo5?/Mo6? V4?/V5?

MoV0.3-500 10.5 232.9 516.9 – 530.8 20.2 3.9 – 75.9 – 0.05/0.95 0.01/0.99

MoV0.3-600 4.2 232.9 516.9 – 530.8 26.7 3.9 – 69.4 – 0.06/0.94 0.18/0.82

MoV0.3Te0.25-500 7.2 232.7 517.8 578.1 531.9 20.8 3.4 4.8 71.0 0.23 0.01/0.99 0.07/0.93

MoV0.3Te0.25-600 0.5 232.6 517.7 577.8 531.8 21.4 2.0 4.8 71.8 0.22 0.14/0.86 0.49/0.51
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Fig. 3 X-ray photoelectron spectra corresponding to the main transitions (Mo 3d5/2, Te 3d5/2, V 2p3/2, and O 1s) of MoV0.3Ox and

MoV0.3Te0.25Ox mixed oxide catalysts calcined at 500 �C and 600 �C for 2 h in flowing N2
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For the used Te-free catalysts MoV0.3-500 and MoV0.3-

600, the main reduced peak appeared at 710 �C and

707 �C, respectively, which were generally considered to

be the reduction of V6O13 [10]. Similar result was pre-

sented in the used MoV0.3Te0.25-500 catalyst. Furthermore,

there are three main reduced peaks in the TPR curve of the

used MoV0.3Te0.25-600 catalyst, centered at 694, 725, and

755 �C, which should be ascribed to the reduction of

V6O13, Mo5?-species and MoO2, respectively [10]. It is

obvious that there was almost no Mo6? species which was

reduced in all of the used catalysts, indicating that Mo6?

species in all of the tested catalysts should be involved in

the selective O insertion of olefinic intermediate [10].

To estimate the H2 consumption, the area of TPR profile

was integrated with the results shown in Table 2. The H2

consumption was found to increase in the sequence MoV0.3-

500 \ MoV0.3-600 \ MoV0.3Te0.25-500 \ MoV0.3Te0.25-

600. It is clear that the amount of H2 consumption of

Te-doping samples were larger than those of Te-free sam-

ples, which demonstrated that the addition of Te to Mo–V-

based system may relatively improve the amount of oxidized

species.

3.5 Catalytic Properties

The catalytic results obtained for the oxidation of isobutane

over the catalysts at 420 �C, given in Table 3, indicated

that the MoV0.3Ox catalysts were active and selective for

the partial oxidation of isobutane. However, their selec-

tivity to MAL is very low. The conversion of isobutane and

selectivity to MAL was considerably improved by the

addition of Te to the system calcined under the same

conditions. For example, the selectivity to MAL increased

4.1% for MoV0.3Te0.25-500 catalyst and 24.9% for

MoV0.3Te0.25-600 catalyst in comparison with the corre-

sponding Te-free catalysts. Thereby, it seems that Te may

be the favorable element for the activation of isobutane and

have a positive effect on the transformation of isobutane to

MAL.

In addition, it can be found that the higher selectivity to

isobutene and MAL but lower selectivity to MAA was

achieved over the catalysts calcined at 600 �C compared

with the ones calcined at 500 �C. This observation con-

firmed the fact that the calcined temperature has evident

effect on the catalytic behavior of Mo–V-based catalysts.

The catalytic performance of the catalysts calcined at

600 �C was generally better than those calcined at 500 �C.

Considering that the Mo5?/Mo6? surface atomic ratios

in the catalysts calcined at 600 �C were higher than those

in the catalysts calcined at 500 �C, and the selectivity to

MAL over the catalysts calcined at 600 �C was also higher

than that over the catalysts calcined at 500 �C, it has been

suggested that Mo5? species should be involved in the

selective oxidation of isobutane to MAL. However, it is

evident that the selectivity to MAL is even higher for

MoV0.3Te0.25-500 with much lower concentration of Mo5?
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Fig. 4 H2-TPR profiles of MoV0.3Ox and MoV0.3Te0.25Ox mixed

oxide catalysts before and after the catalytic reaction

Table 2 The H2-TPR results of

samples calcined at 500 �C and

600 �C for 2 h in flowing N2

Sample

MoV0.3-500 MoV0.3-600 MoV0.3Te0.25-500 MoV0.3Te0.25-600

Temperature (�C) 601/675 556/679 520/676 652/678/697

Weight (mg) 10 10 10 10

H2 consumption (lmol) 1.2/9.2 0.2/10.6 1.5/13.9 10.2/2.8/3.8
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at the surface compared to MoV0.3-500. Therefore, it is

rational to infer that Te element should be the key factor

for the formation of MAL. In other words, the selective

oxidation of isobutane to MAL might proceed mainly on

the surface of the TeMo-containing crystalline phases (e.g.

Mo5?-containing TeMo5O16 phase) [28].

The reaction results of selective oxidation from isobu-

tene to MAL over the catalysts at 420 �C are summarized

in Table 4. It can be seen that the selectivity to MAL in the

selective oxidation of isobutene over MoV0.3Te0.25-600

catalysts is the highest among the four catalysts, which

again proves the suggestion that Te-containing Mo5? spe-

cies favor the formation of MAL. In addition, it can be

concluded that the selectivity to MAA in the selective

oxidation of isobutane over Mo–V-based catalysts is gen-

erally higher than that in the selective oxidation of

isobutene. Therefore, it is reasonable to propose that MAA

is formed not only from isobutene and MAL, but also

directly from isobutane or an intermediate. In other words,

MAA is formed following a parallel-consecutive scheme: the

consecutive path of the reaction may include the steps: iso-

butane ? isobutene ? MAL ? MAA ? COx. The extent

of the successive reactions will increase with the increase in

total conversion of isobutane.

4 Conclusion

Mo–V–O and Mo–V–Te–O catalysts were obtained by a

hydrothermal method. BET surface area showed that the

catalysts calcined at high temperature (600 �C) gave lower

surface area as compared to those calcined at low tem-

perature (500 �C). Reduction profiles of MoV0.3Te0.25-600

catalyst gave reduction peaks associated with Mo6?, Mo5?,

V5?, and Te4? species. From the catalytic test for

isobutane and isobutene oxidation, MoV0.3Te0.25-600 cat-

alyst showed the highest MAL selectivity (44.2%). The

TeMo-containing phase was suggested to be active and

selective for isobutane and isobutene oxidation.
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MoV0.3Te0.25-500 20.1 0 12.2 11.7 31.4 27.7 1.4 0 15.5

MoV0.3Te0.25-600 15.6 11.8 44.2 3.5 14.8 10.4 5.7 1.8 7.7

Table 4 Catalytic properties of

the catalysts for isobutene

oxidation at 420 �Ca

a Operating condition:

GHSV = 1,800 mL h-1 gcat
-1,

P = 101 kPa

Catalysts Conversion (%) Selectivity (%)

MAL MAA CO CO2 C3
= ACT HAC

MoV0.3-500 50.3 49.0 2.6 10.0 21.9 0.9 5.1 10.3

MoV0.3-600 51.8 26.8 1.9 14.4 31.6 0.9 4.6 19.6

MoV0.3Te0.25-500 54.9 22.9 6.3 20.3 37.1 0.9 1.6 10.8

MoV0.3Te0.25-600 68.6 64.8 2.9 7.4 15.9 0.6 2.0 6.3
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