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Abstract The cerium–vanadium mixed oxide was syn-

thesized by complexation method. XRD patterns of the

(CeV) mixed oxide showed the formation of CeVO4 phase

and segregated CeO2. Incorporation of vanadium into the

ceria structure improved the redox ability of ceria. The

results showed that the activity of the (CeV) mixed oxide

was higher than of the vanadium oxide (V2O5) for the

partial oxidation of propane. Both catalysts showed similar

hydrogen selectivity but significant deactivation with time

on stream. Investigation by XRD diffractograms of V2O5

after reaction showed sintering of V2O5 and different oxi-

dation states after reaction, while the crystallites and the

structure of the mixed oxide CeVO4 remained unchanged.

The deactivation of the mixed oxide (CeV) with time on

stream can be explained by insufficient oxygen supply to

restore the CeO2 species at the surface.

Keywords Hydrogen � Propane � Partial oxidation �
Vanadium oxide � Cerium oxide � CeV mixed oxide

1 Introduction

Hydrogen is important in oil refineries and in chemical

industries, and it is becoming attractive for fuel cells and

combustion engines [1, 2]. Moreover, hydrogen offers a

potentially non-polluting, inexhaustible, efficient, and cost

attractive fuel for energy demands. The use of hydrogen as

a fuel offers an important reduction in NOx, CO, and CO2

emissions, when non-fossil fuels are used for the produc-

tion of hydrogen [2]. Typically, hydrogen production is

carried out by steam reforming, autothermal reforming, or

partial oxidation of methane or ethanol [3]. The partial

oxidation of light hydrocarbons, among others propane or

mixtures of propane and butane (LPG), is particularly

advantageous when system compactness is the main target.

Upon considering the several primary fuels, propane is an

attractive option since it is a primary constituent of lique-

fied petroleum gas (LPG) that is increasingly used as a

substitute for gasoline and diesel in transport vehicles [4].

Although relatively scarce, the literature presents dif-

ferent types of catalysts for hydrogen generation for the

partial oxidation of propane. Commonly these supported

catalysts contain noble metals as active phases, such as: Rh

[5], Pt [6, 7] and Pd [8] or even non-noble metals such as

Ni [6, 9, 10], although the last one is more sensitive to

carbon formation [11]. The catalysts based on noble metals

present good activity and excellent resistance to carbon

formation, but high costs for commercial usage. In this

context, there is a good possibility of using mixed oxides as

alternative for H2 generation. In addition, mixed oxides

have high mobility of oxygen, or redox property [12], high

oxygen storage capacity [13], besides lower costs com-

pared to the noble metals and less susceptible carbon for-

mation than Ni based catalysts. Recent papers confirm that

considerable amounts of H2 are produced with vanadium

and cerium oxide based catalysts, under conditions that

are typically employed for partial oxidation of propane

[14, 15].

The objective of the present work is to investigate the

stability of the V2O5, CeO2 and of the mixed oxide (CeV)

for the partial oxidation of propane under sub-stoichiom-

etric feed O2/C3H8 condition. The selectivity and stability

of the CeV was also studied and compared with the
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performance of isolated oxides V2O5 and CeO2. XRD

analysis of fresh and used catalysts was used for evaluation

of phase and structural changes during the reaction.

2 Experimental

2.1 Catalyst Preparation

CexVyOz mixed oxide (CeV) was prepared by complexation

method according to Yasyerli et al. [16]. In this method,

cerium nitrate hexahydrate (Ce(NO3)3 6H2O, 0.98 mol)

and ammonium monovanadate (NH4VO3, 0.14 mol) were

used as precursors, and citric acid (2.1 mol) as complexa-

tion agent. The CeV mixed oxide was prepared for an

atomic ratio Ce/V = 1. Pure CeO2 was prepared by pre-

cipitation of cerium nitrate hexahydrate (Ce(NO3)3 6H2O,

0.2 mol). The precipitate was filtered, washed with deion-

ized water, dried overnight at 110 �C and then calcined in

air flow at 500 �C for 5 h. The V2O5 catalyst was com-

mercial sample (Aldrich) used as reference.

2.2 Catalyst Characterization

The specific surface area and textural properties of the

catalysts were measured by nitrogen adsorption–desorption

at -196 �C, using the ASAP apparatus, model 2020

(Micromeritics). The samples were priori degassed at

300 �C for 24 h.

The elemental chemical composition of the mixed oxide

(CeV) was determined by X-ray fluorescence spectroscopy

(XRF) using a Rigaku RIX 3100 apparatus. X-ray diffrac-

tion (XRD) of powder samples were performed on a Rigaku

model Miniflex apparatus, using CuKa k = 1.5418 Å. Data

were collected for 2h between 10 and 80� with a step size of

0.058 and a counting time of 1.0 s step-1. The XRD data of

mixed oxide (CeV) were treated by the Rietveld method

[17], quantifying the crystalline phases by using the soft-

ware FULLPROF 98�.

SEM images were recorded in a field emission gun

scanning electron microscope (FEG–SEM–FEI Company,

model QUANTA 400). The thermogravimetric analysis

was performed on a thermal analyzer (Rigaku TAS-100)

under nitrogen flow at a heating rate of 10 �C min-1.

The redox properties and redox reversibility of the

synthesized CeV and CeO2 were determined by tempera-

ture programmed reduction (TPR) and temperature pro-

grammed oxidation (TPO) successively. The TPR and TPO

experiments were conducted with 1.53 vol.% H2/Ar and

5 vol.% O2/He flow at 30 mL min-1, respectively, with

increasing temperature from room temperature up to

900 �C. These experiments were performed using a quartz

U-tube reactor, coupled to a thermal conductivity detector

(TCD). Prior reduction the samples (0.1 g) were dried at

150 �C during 0.5 h, under argon flow (AGA, 99.99 %).

The temperature-programmed surface reaction (TPSR)

analysis was performed in micro glass tube reactor at

atmospheric pressure. The catalyst (0.3 g) was pretreated

with pure helium at 200 �C during 1 h. Then, a reaction

mixture containing 20 vol.% O2, 20 vol.% C3H8 balanced

with He flew through the catalyst, raising the temperature

at 10 �C min-1 from room temperature up to 500 �C. The

exit gases were monitored continuously by a quadrupole

mass spectrometer (Balzers Prisma-QMS 200).

2.3 Partial Oxidation of Propane

Catalytic tests for the partial oxidation of propane were

carried out in a fixed-bed quartz tube reactor under atmo-

spheric pressure and at 500 �C. The mass of catalyst was

0.2 g and the feed composition was C3H8/O2/He = 10/10/

80 (O2/C3H8 = 1). The contact time (W/F) was 1.7 9

10-3 gcat min cm-3. Before testing, the catalyst was pre-

treated with a helium flow at 200 �C for 1 h. The CeO2

sample was pretreated with a 20 vol.% O2/He flow at

400 �C for 1 h. Preliminary tests were carried out to ensure

kinetic reaction conditions. The thermal stability was also

tested before reaction. The effluent gases were analyzed by

gas chromatography (CP-3800) and TCD. Two columns

were used, PoraPlot-Q and Sieve Molecular 5A. Finally,

after reaction the catalysts were analyzed by XRD.

3 Results

3.1 Textural Properties

The N2 adsorption–desorption isotherms for all catalysts,

are of type II, typical for macroporous solids, with a final

upwards tail suggesting the presence of mesopores. All

catalysts showed H3 type hysteresis, indicating formation

of aggregates or agglomerated particles as slit shaped pores

(plates or edged particles like cubes) [18].

The textural properties of the catalysts obtained from the

adsorption–desorption isotherms are listed in Table 1. All

catalysts showed pore sizes between 20 and 500 Å, char-

acteristic of mesoporous materials [18]. However, the

Table 1 Physical properties of the catalysts

Catalysts BET surface

area (m2 g-1)

Pore volume

(cm3 g-1)

Average pore

size (Å)

V2O5 \10 0.013 151

CeO2 45 0.101 89

CeV 15 0.104 283
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isotherms showed the existence of macro and mesopores.

The BET surface areas of vanadium and cerium oxides

agreed with the reported values in the literature [16, 19].

The elemental analysis from XRF data revealed the

presence of pure mixed oxide (CeVO4) with an atomic

ration Ce/V = 1.1. According to the literature [16] if the

atomic ratio Ce/V is higher than 1 then the cerium oxide is

in excess, leading to formation of segregated phases of

CeO2.

3.2 XRD

Figure 1 shows the XRD patterns of all catalysts. The

vanadium oxide showed the most intense diffraction line at

2h = 26.13�, compared to the database JCPDS41-1426

(I = 75 % at 2h = 26.13� related to the (110) reflection

plane). This occurred probably during analysis, due to a

possible orientation of the sample, where the structure of

the vanadium oxide is of type layer. The synthesized cer-

ium oxide showed a diffraction pattern of pure CeO2 phase

(JCPDS34-394) with diffraction lines of high intensity

(I = 100 %) at 2h = 28.85�, corresponding the (111)

reflection and fluorite structure with space group Fm3m.

The mixed oxide indicates the CeVO4 phase according

to JCPDS12-757, with diffraction lines with high intensity

at 2h = 24.268, corresponding the (200) reflection and

tetragonal structure with space group I41/amd. However,

analyzing the diffraction pattern of the mixed oxide, we

also observe characteristic diffraction lines of CeO2

(JCPDS34-394), indicating the formation of segregated

CeO2 phase.

The XRD data of the mixed oxide (CeV) was analyzed

by Rietveld method, as shown in Fig. 2. There is a good

correlation between experimental data and simulated curve,

as indicated by the difference between the profiles (curve

Yobs–Ycal). The results revealed the presence of 87 % of

CeVO4 phase and 13 % of CeO2 phase, which are in good

agreement with the X-ray fluorescence spectroscopy results.

Table 2 shows the average crystallite sizes, calculated from

the diffraction line broadening, using the Scherrer’s equa-

tion, after Rietveld refinement. Table 2 show that the mixed

oxide and the vanadium oxide have similar crystallite sizes,

whereas the cerium oxide much lower sizes.

Figure 3 displays SEM micrographs images of the

mixed oxide (CeV) and of the cerium and vanadium oxides

samples. These pictures show significant textural and

morphological differences of the mixed oxide and the

isolated CeO2 and V2O5 oxides.

The EDS semi-quantitative analyses and chemical

mapping of the mixed oxide images are shown in Fig. 4.

They revealed excellent distribution of the metals, sug-

gesting a homogeneous chemical composition. The atomic

ratio of Ce/V, obtained from EDS analysis, was 1.1, in

good agreement with the X-ray fluorescence spectroscopy

and refinement results.
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Fig. 1 XRD patterns of the CeV and CeO2 catalysts. Symbols: (zero)

CeVO4 (JCPDS12-757), (diamond) CeO2 (JCPDS34-394) and (bullet)
V2O5 (JCPDS41-1426)
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Fig. 2 Rietveld refinement of CeV catalysts. Experimental data are

indicated by circles and the continuous line is the calculated curve

after refinement. The lower curve represents the difference between

the experimental data and the calculated curve

Table 2 Crystallite parameters of the mixed oxides (CeV) after

Rietveld calculations

Catalysts (hkl)a dhkl (nm)b L (nm)c

V2O5 (001) 0.429 37.2 ± 3.4

CeO2 (111) 0.309 14.0 ± 5.0

CeV (200) 0.366 32.2 ± 1.1

a Miller indices, b interplanar distance, c crystallite size
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3.3 Redox Property and Redox Reversibility

of the CeO2 and the Mixed Oxide (CeV)

The redox property of the CeO2 and the mixed oxide (CeV)

was investigated by the temperature-programmed reduction

(TPR-1) and temperature-programmed oxidation (TPO) and

again new reduction (TPR-2) after oxidation. The sample

was reduced with a 1.53 vol.% H2/Ar mixture flow, rising

the temperature at 10 �C min-1 up to 900 �C. After passing

a He flow for 30 min at this temperature and cooling to room

temperature the feed gas was switched to a 5 vol.% O2/He

flow and temperature raised at 10 �C min-1 from room

temperature up to 900 �C (TPO). Finally, a second TPR-2

was performed under reducing condition. Figure 5 displays

the profiles of the hydrogen consumption for both catalysts.

The TPR profiles (TPR-1 and TPR-2) of the mixed oxide

were similar, but not for the CeO2 between 400 and 600 �C.

Table 3 presents the amounts of O2 chemissorbed and H2

uptake (from TPR-1 and TPR-2). The hydrogen consump-

tion of the second reduction (TPR-2) for both catalysts was

approximately equal to the first reduction (TPR-1) after

oxidation, which indicates redox reversibility. These results

are consistent with CeO2 values reported by Laosiripojana

et al. [15, 20]. Notwithstanding is the higher hydrogen con-

sumption of the mixed oxide (CeV) compared to the CeO2,

as shown in Table 3, suggesting higher oxygen storage

capacities (OSC).

3.4 Temperature Programmed Reaction Analysis

(TPSR)

The TPSR profiles with increasing temperature from 25 to

500 �C of the V2O5 sample are displayed in Fig. 6a. Under

these reaction conditions, oxygen was the limiting reactant.

The reaction started at 450 �C and showed a maximum CO

and minimum C3H8 formation at 470 �C, displaying two

significant domains. Between 450 and 470 �C, the O2

concentration decreased until almost complete consump-

tion, with increasing CO and CO2 formation, which implies

simultaneously occurrence of total propane oxidation

(Eq. 1) and WGSR (Eq. 2) due to the formation of H2 in

this region.

C3H8 þ 5O2 ! 3CO2 þ 4H2O

DH298 ¼ �2046 kJ mol�1 ð1Þ

COþ H2O! CO2 þ H2 DH298 ¼ �41:09 kJ mol�1

ð2Þ

In the second region, above 470 �C, H2 formation

increased together with a significant consumption of CO

and CO2, notwithstanding the total oxygen conversion. The

propane conversion decreased above 470 �C, although H2

formation. The H2 formation is attributed to the partialFig. 3 SEM micrographs of all catalysts

756 C. A. Chagas et al.
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oxidation of propane (Eq. 3) but preferentially by steam

reforming (Eqs. 4, 5) due to the water formation in the first

step, besides the Boudouard reaction (Eq. 6).

C3H8 þ 1:5O2 ! 3COþ 4H2 DH298 ¼ �229 kJ mol�1

ð3Þ

C3H8 þ 3H2O! 3CO2 þ 7H2 DH298 ¼ 497 kJ mol�1

ð4Þ

C3H8 þ 6H2O! 3CO2 þ 10H2 DH298 ¼ 395 kJ mol�1

ð5Þ

2CO! C Sð Þ þ CO2 DH298 ¼ �172 kJ mol�1 ð6Þ

The mixed oxide CeV presented a different behavior in

the TPSR experiment, as shown in Fig. 6b. The reaction

started also about 450 �C with the consumption of propane

in less extend and higher consumption of oxygen, with

simultaneous formation of CO2, CO and H2. It does not

exhibit a maximum conversion, as seen in the previous case,

and occurs only between 450 and 500 �C, suggesting a

different reaction path, when compared to the V2O5 sample.

Notwithstanding is that in this region the H2 formation was

not accompanied with the CO and CO2 consumption, and

on the contrary, they increased almost till 500 �C. For the

identification of the reactions giving rise to hydrogen

formation above 455 �C, a balance between the amount of

each product must be considered and under such conditions,

part of the hydrogen was produced by dehydrogenation of

propane to propylene (in fact, the conversion of propane

increased even after total oxygen conversion had been

reached), and probably by coke formation (Eqs. 7, 8)

C3H8 ! C3H6 þ H2 DH298 ¼ 124 kJ mol�1 ð7Þ

C3H8 ! 3Cþ 4H2 DH298 ¼ 104 kJ mol�1 ð8Þ

C3H8 þ 3CO2 ! 6COþ 4H2 DH298 ¼ 620 kJ mol�1

ð9Þ

The dry reforming of propane (Eq. 9) explains the

simultaneous formation of CO and H2 with increasing

temperature. Moreover, the formation of CO with

increasing temperature can also be assigned to the

reverse WGSR (Eq. 2), not occurring on the vanadium

catalyst.

As reported previously [14, 19] the WGSR occurs on the

reduced V2O3 species at high temperature, in the absence

of the gas-phase oxygen. The vanadium sesquioxide was

found to be the effective active species for the WGSR,

while V2O5 was inactive.

Fig. 4 EDS/SEM analysis of CeV catalyst
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The results observed for the V2O5 catalysts are in good

agreement with those obtained by Ballarini et al. [14].

However, they observed the maximum at 400 �C with

similar reactions in different regions.

3.5 Catalytic Activity

The equilibrium composition for the partial oxidation of

propane under sub-stoichiometric conditions was calculated.

The simulated inlet gas was similar as the feed composition

(10 vol.% C3H8, 10 vol.% O2 and 80 vol.% He). Table 4

presents the molar composition and the selectivity for

500 �C and 1 atm and for O2/C3H8 = 1. As shown in the

Table 4, the propane conversion was *93% (mol). The

amount of hydrogen at equilibrium is 53 % mol (on dry

basis). Thus, tests were performed far from equilibrium

condition.

Figure 7 show propane and oxygen conversions with

time on stream for O2/C3H8 = 1 and at 500 �C for all

catalysts. The initial propane conversion was similar for all

catalysts around 23–24 %, however, decreased by 1/3 after

30 min for the V2O5 sample.

The behavior of oxygen conversion was very different

for each sample. For the V2O5 sample the initial conversion

was 85 %, but decreased quickly in the first 30 min. Then it

was constant around 35 % following the same trend of the

propane conversion for 3 h. Thus, it became stable for

longer times. On the other hand, the oxygen conversion of

CeO2 was 100 % for all time (3 h), following also the same

trend of propane conversion, suggesting very stable cata-

lyst for the partial oxidation of propane.

The mixed oxide CeV presented completely different

behavior. The propane conversion decreased after 60 min

and reached the same low conversion of the V2O5 sample

while the oxygen conversion, initially high (100 %)

decreased abruptly till 140 min and then became constant

for longer periods. This behavior is unlikely, unexpected

and deserved further investigation. The V2O5 catalyst used

for comparison presented similar activity as reported in the

literature [14, 19].

Figure 8 presents the selectivity for hydrogen with time

on stream for all catalysts at isoconversion at 500 �C. The

selectivity of the mixed oxide CeV and V2O5 were much

higher than of CeO2. The initial selectivity on CeV was

higher and stabilized around 26 % after 120 min, compared

to the selectivity of the V2O5 that decreased drastically but

stabilized at 16 %. The CeO2 exhibited very low selectivity

around 7 %. These results suggest different surface reaction

occurring under similar reaction conditions.

4 Discussion

The hydrogen formation is relevant but depends on the

oxygen conversion with increasing temperature. Therefore,

according to Ballarini et al. [14] there are two possible

interpretations. 1) hydrogen formation was consecutive to

the formation of other product reactions or 2) the nature of

the surface affected the active sites for the oxygen and

reactants during the reaction, influencing the product dis-

tribution [14]. This is the case when we compare the results

of pure oxides with the mixed oxide. According to Ballarini
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Fig. 5 Temperature-programmed reduction profiles (TPR-1 and

TPR-2) of CeV and CeO2, respectively

Table 3 TPR-1, TPO and TPR-2: H2 and O2 consumption of CeO2

and CeV catalysts

Catalysts Total H2 uptake

from TPR-1

(lmol g-1)

Total O2 uptake

from TPO

(lmol g-1)

Total H2 uptake

from TPR-2

(lmol g-1)

CeO2 1342 653 1212

CeV 3618 1798 3641
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et al. [14] there is an important effect of the residence time.

Above 1.5 s it is not significantly modified. In our TPSR

experiments the residence time of the vanadium catalyst is

of the order of 0.2 s, which corresponds to selectivity of the

order of 20 %, and conversion of 30 %, in good agreement

with Ballarini et al. [14].

The CeO2 was the most active and stable with time on

stream. This stability can be attributed to OSC, which

favors the elimination of carbon deposition during propane

dissociation. As well known the CeO2 supplies mobile

oxygen (OO
x ) from the vacancies to oxidize gaseous

hydrocarbons [15].

The TPSR results showed that the dehydrogenation of

propane to propylene and hydrogen occurs preferentially

on the CeV and V2O5 catalysts and the total oxidation on

cerium oxide. According to the literature [15], the partial

oxidation of light hydrocarbons is attributed to the redox

phenomena of these catalysts, as observed on the TPR

results.

As seen the mixed oxide was apparently deactivated

with time on stream, but became stable after some time.

This deactivation could be attributed to the carbon depo-

sition for such reaction conditions. Therefore, the CeV

catalyst was submitted to a TGA after reaction tests. The

results revealed that the mass loss was negligible.

During the reforming process, the gas–solid reactions

between the hydrocarbons present in the system (i.e. pro-

pane, ethane, ethylene, and methane) and the lattice oxygen

(OO
x ) take place on the mixed oxide, surface, reducing the

degree of carbon deposition on the catalyst surface (from

hydrocarbons decomposition and Boudouard reactions).

4.1 XRD After Catalytic Test

If carbon deposition occurs in less extend, the changes

observed with time on stream on CeV and V2O5 catalysts

must be explained by analyzing the structure modification

after reaction. Therefore, the best technique for such

analysis is the XRD. The analysis was performed after

catalytic tests and results are displayed in Fig. 9(top).

Indeed, for V2O5 catalyst after reaction at 500 �C, vana-

dium oxides in different oxidation states (namely V2O5,

VO2, V2O3, and possible traces of V6O13) were observed,

confirming reported results of Ballarini et al. [14, 19].

Thus, the partial oxidation of propane for these reaction

conditions transforms the vanadium oxide structure during

the reaction, affecting electronic structures of the mole-

cules and therefore, the adsorption properties on the surface

and the reaction. Ballarini et al. [14, 19]. showed that the

bulk vanadium oxide is not selective for the propane ODH,

depending on the oxygen conversion and temperature.

According to them V2O3 was more active than V2O5 and

since V2O3 is hardly reducible the conversion is related to

the ability in the activation of molecular oxygen and

adsorption of intermediate species. It seems that the most

important is the concentration of oxidizing sites. These

authors claim that the more oxidized metal oxide favors the

selectivity to products of combustion, and on the opposite

for reduced oxides it favors the selectivity to products of

partial oxidation. In our case, the oxygen conversion for the

V2O5 sample was lower after 30 min compared to the
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Fig. 6 TPRS profiles for the samples V2O5 (a) and CeV (b): feed conditions (10 vol.% CO/He, 10 vol.% O2/He balanced with He)

Table 4 Thermodynamic composition simulation for the partial

oxidation of propane

Compounds Composition (% mol) Selectivity (% mol)

C3H8 7.4 –

O2 0 –

H2 52.8 57

CO 38.6 41.7

CO2 1.2 1.3
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initial conversion and therefore the surface active sites

were modified, changing the reaction mechanism. There-

fore, the reduction of V2O5 with time occurs on stream to

V2O3 because abstraction the ionic oxygen decreased the

propane conversion. The lower conversion of oxygen

indicates the progressive reduction of V2O5 into V2O3

under these conditions and therefore the formation of sur-

face species that favors the stability of the catalyst even at

lower conversion levels.

Diffractograms of fresh and used mixed oxide (CeV)

catalyst are presented in Fig. 9(bottom), showing similar

diffraction patterns. However, with Rietveld refinement

procedures the mean crystallite sizes were calculated by

Scherrer equation, using the full width at half maximum of

the peak at 24.26�, which corresponds to (200) plane of the

CeV. Table 5 presents the results after reaction at 500 �C.

Comparing the results before and after reaction (Tables 2

and 5) the crystallite sizes of V2O5 increased (37.2–54.4 nm)

but of the mixed oxide CeV remained unchanged

(32.2–39.8 nm). Therefore, crystallite sizes of V2O5 influ-

enced significantly the abruptly decreasing initial activity

and selectivity, which explains the sharp deactivation in

Fig. 9 and confirms the structural modification, in accor-

dance with Ballarini et al. [14, 19].

However, the unchanged crystallites sizes before and

after reaction of the CeV does not explain the deactivation

occurring with time on stream, but suggest modification of

the surface reaction mechanism.

The oxygen storage capability of the mixed oxide (CeV)

enhanced by a factor of 3, compared to the bulk CeO2, as

seen in Table 3. This result is equal to the reported value

for the undoped mixed Ce-ZrO2, which confirms the

proposition presented by Laosiripojana et al. [20], even at

very high reaction temperature (850 �C), close to the

equilibrium condition. They claim that during the partial

oxidation the gas–solid reaction between the hydrocarbon

and the lattice oxygen O2- takes place at the surface of the

mixed oxide. The presence of the hydrocarbon implies the

continuous removal of ionic oxygen that produces oxygen

compounds like CO, CO2 and H2O and reduces the CeO2

into Ce2O3.

However, contrary to Laosiripojana et al. [20] we

observed here for lower reaction temperature (500 �C) and

far from the equilibrium condition that with increasing time

on stream, the catalytic performance was unstable. As

shown in Figure 7 the conversion of oxygen decreases

significantly with time on stream.

We performed Raman spectroscopy on fresh and after

reaction mixed oxide (CeV) samples. From the spectra (not

shown) of the fresh sample we observed a peak around

500 cm-1, corresponding to the band 463 cm-1 of CeO2
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Fig. 7 Conversion of propane and oxygen with time on stream:
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C3H8/O2/He = 10/10/80 (O2/C3H8 = 1): contact time (W/F) =

1.7 9 10-3 gcat min cm-3 and T = 500 �C
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[21] that disappeared on the used sample. It confirms that

these surface species were reduced to CeO2-x species at

the surface. In addition we did not observe any carbon

formation at the surface after reaction.

Therefore, it suggests that there is an inhibition effect of

the surface species. We may explain this inhibition effect

by the reduction of surface CeO2 species by CO formation

during the reaction with time on stream which is in

accordance with Trovarelli et al. [13]:

CeO2 þ xCO! CeO2�x þ xCO2 ð1Þ
CeO2 þ CxHy ! CeO2�ð2xþ0:5yÞ þ xCO2 þ 0:5yH2O ð2Þ

CeO2 þ xH2 ! CeO2�x þ xH2O ð3Þ
CeO2�x þ xH2O! CeO2 þ xH2 ð4Þ
CeO2�x þ 0:5xO2 ! CeO2 ð5Þ

Indeed, the oxygen supply is insufficient to restore the

CeO2 species and the vacancies are not restored due to

the formation of several intermediate cerium species at the

surface, decreasing very fast the reactivity after running

several hours. Therefore, besides the promoting effect of

oxygen from the vacancies, there is a strong inhibition

effect with the formation of inactive species during the

reaction process, evidencing strong modification of the

surface species of the mixed oxide, although the higher

initial activity and selectivity. Notwithstanding is the

higher and stable selectivity toward H2 as shown in

Fig. 8, which is attributed to the presence of water,

according to Eq. 4.

5 Conclusions

Catalytic tests have shown that (CeV) mixed oxide was

more active than the vanadium oxide (V2O5) but both

exhibited significant deactivation during the reaction. Both

catalysts showed similar hydrogen selectivity with time on

stream. On the other hand, the cerium oxide activity was

very stable with time on stream, exhibiting very low

hydrogen selectivity.

XRD patterns of the (CeV) mixed oxide showed the

formation of 87 % of CeVO4 phase and 13 % of CeO2

phase, probably because of the hard solubilization of

NH4VO3. Furthermore, the two preparations evidenced

reproducibility of the synthesis of mixed oxide.

Incorporation of vanadium into the ceria structure

improved the redox ability of ceria as shown by revers-

ibility through TPR–TPO measurements, inhibiting the

formation of carbon species on surface of the CeVO4 as

shown in the TG analysis.

The XRD diffractograms of V2O5 after reaction showed

sintering of V2O5 and different oxidation states after

reaction, affecting the surface active sites. On the contrary,

the mixed oxide CeVO4 crystallites remained unchanged.

However the deactivation of the mixed oxide (CeV) with

time on stream can be assigned to the insufficient oxygen

supply to restore the CeO2 species and the vacancies which

are not restored due to the formation of several interme-

diate cerium species at the surface.
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Table 5 XRD parameters of the samples after catalytic tests

Sample (hkl)a dhkl (nm)b L (nm)c

V2O5 (001) 0.435 54.4 ± 2.0

CeV (200) 0.368 39.8 ± 1.7

a Miller indices, b interplanar distance, c crystallite size
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