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Abstract
Vanadium oxides supported on g-Al2O3, SiO2, TiO2, and ZrO2 were studied on their molecular structures and reactive performances for soot

combustion. To investigate the effect of different alkali metals on the structures and reactivities of supported-vanadium oxide catalysts, they were

doped into the V4/TiO2 catalyst which had the best intrinsic activity for soot combustion in the selected supported vanadium oxide catalysts. The

experimental results demonstrated that the catalytic properties of these catalysts depended on the vanadium loading amount, support nature, and the

presence or the absence of alkali metals. The spectroscopic analysis (FT-IR and UV–vis) and H2-TPR results revealed that the higher activity of

alkali-promoted vanadium oxide catalysts could be related to the ability of alkali metal promoting the redox cycle of the active vanadyl species. TG

results showed that adding alkali to Vm/TiO2 catalyst was beneficial to lowering their melting points. Low melting points could ensure the good

surface atom migration ability, which would improve the contact between the catalyst and soot. Due to the alkali metal components promoting the

redox ability and the mobility of the catalysts, alkali-modified vanadium oxide catalysts could remarkably improve their catalytic activities for soot

combustion. The catalytic activity order for soot combustion followed Li > Na > K > Rb > Cs in the catalyst system of alkali-V4/TiO2, and the

reason why it followed this sequence was discussed.

# 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Soot emitted from diesel engines is a serious contamination

in urban areas. Its emission can be reduced in various ways.

Collection of soot in a monolithic filter and simultaneous

combustion is considered to be a good option to minimize the

environmental contamination. However, soot combustion takes

place at temperatures of 550–600 8C, while the temperature of

diesel exhaust is typically 200–400 8C. Hence, an active

oxidation catalyst is needed to prevent accumulation of soot in

the monolithic filter [1,2]. Supported vanadium oxide catalysts

are widely used as catalysts in oxidation reactions, e.g., the

oxidation of sulfur dioxide, carbon monoxide, and hydro-

carbons [3–7]. In our previous work, we have reported that

supported vanadium oxides and K-promoted vanadium oxides
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were the good candidate catalysts for diesel soot oxidation [8].

Their high activity in the oxidation of soot has been related to

its low melting point, which ensured a good contact between the

soot and catalyst [9–11]. However, there are still some unknown

points. For example, what are the relations among the catalytic

performances of supported alkali-modified vanadia catalysts

for diesel soot combustion reaction and their compositions,

structure, and support nature?

Potassium has been utilized as promoted catalysts for both

coal gasification and combustion, and these reactions are

expected to take place with a mechanism that is analogous to

soot combustion [12]. Some authors agree that potassium

exhibits the following positive effects on the soot combustion:

firstly, potassium increases the oxygen reactivity of M O bond

as an electron donor. Secondly, potassium enhances the reaction

by forming low melting compounds (KOH, KNO3) or eutectics

with other components of the catalyst that increase the catalyst–

soot contact. Thirdly, potassium promotes the formation of a

superficial carbonate intermediate by reaction with the CO2
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produced during combustion [13–15]. However, as far as we

know, few papers in open literature studied on different alkali

metal modified vanadium oxide catalysts, and there is also few

reports on the correlating the molecular structure of supported

alkali-promoted vanadium oxide catalysts and their catalytic

performances for soot combustion.

Based on our previous work [8], three issues concerning the

structure of the supported vanadium oxide or alkali-modified

vanadium oxide catalysts were further investigated by means of

thermal analysis technique and spectroscopic characterization.

The first one is the effect of the concentration of active

component. The second one is the effect of support nature, and

the third one is the effect of reducibility. This study especially

addresses the different catalytic activities of different alkali-

modified vanadate catalysts for soot combustion and the reason

for the difference. The aim is to establish the relationship

between the structures and catalytic reactivity of the studied

catalysts in molecular level.

2. Experimental

2.1. Catalyst preparation

NH4VO3 was used as starting material containing V and

alkali metals were introduced using their corresponding

nitrates. The support metal oxides were g-Al2O3 (40–60 mesh,

179 m2/g), SiO2 (60–80 mesh, 342 m2/g), TiO2 (rutile, 9 m2/g),

and ZrO2 (60–100 mesh, 2 m2/g). All of the chemicals used for

catalyst preparation were of analytical grade. The samples were

prepared by an incipient-wetness impregnation method with a

variable NH4VO3 contents between 0 and 20%, which were

generically named as Vm/MOx, where MOx stands for support,

and m is the molar ratio of 100V to support MOx (m = 0, 0.1, 1,

4, 10, and 20). Similarly, the binary catalysts were prepared by

simultaneous impregnation of V and alkali metal as the molar

ratio V:A:M = 4:4:100, which were generically named as A4V4/

MOx, where A stands for alkali metal (Li, Na, K, Rb, and Cs).

During the impregnation, the citric acid (equi-molar to metal

vanadium) was added to the solution for promoting the

dissolution of NH4VO3. After the impregnation step, the

samples were dried at 120 8C for 12 h. Finally, the samples

were calcined at 700 8C for 4 h in static air.

2.2. Catalyst characterization

TG-DTA analyses were performed by a Rigaku TAS-300

thermobalance. Typically, 10 mg catalyst was put in the sample

holder inside an aluminium crucible, using an empty crucible in

the reference holder. The sample was submitted to a linear rise

of temperature from 100 to 800 8C with a heating rate of 10 8C/

min under an air flow. H2-TPR measurements were performed

in a conventional flow apparatus. The catalyst sample was

loaded in a Quartz tube (di = 6 mm) and pretreated at 600 8C in

flowing air for 30 min. After cooling in a helium flow down to

100 8C, the helium gas was switched to a 10% H2/He gas

mixture. The temperature was then ramped from 100 to 900 8C
at a heating rate of 10 8C/min in 10% H2/He with a constant
flow rate of 40 cm3/min. An on-line thermal conductivity

detector (TCD) was used to record H2 consumption.

The FT-IR absorbance spectra were recorded on a FTS-3000

spectrophotometer manufactured by American Digilab com-

pany. Two hundred milligrams pellet was produced by pressing

a mixture of each treated catalyst and KBr (1:100 weight ratio).

A resolution of 2 cm�1 and 64 scans were applied to obtain the

spectra. The spectra are displayed without any further data

processing. UV–vis absorption spectra of the samples after H2-

TPR were performed on a spectrophotometer (Hitachi U-4100)

equipped with the integration sphere diffuse reflectance

attachment. The standard support reflectance was used as the

baseline for the corresponding catalyst measurement.

2.3. Catalytic activity measurement

To evaluate the catalytic performance for diesel soot

combustion under simulated diesel gas conditions, a series

of TPO reactions were carried out on a fixed-bed tubular quartz

system. The reaction temperature was controlled through a

PID-regulation system based on the measurements of a K-type

thermocouple and varied during each TPO run from 200 to

700 8C at a 2 8C/min increasing rate. Printex-U supplied by

Degussa was used as a model soot (primary particle size =

25 nm, specific surface = 100 m2/g). The mixture of catalyst

and soot in a mass ratio 10:1 was carried out during 10 min in an

agata mortar, and 100 mg of the mixture placed in the tubular

quartz reactor (di = 6 mm) for each test. Reactant gases

containing 5% O2 and 2000 ppm NO balanced with He were

passed through a mixture of the catalyst and soot at a flow rate

of 200 ml/min (STP). The outlet gas composition coming from

the reactor were analyzed by an on-line gas chromatograph

(GC) used both TCD and FID detectors. The TCD was used to

measure the concentration of O2, N2, CO, and NO after sepa-

rating these gases through a molecular sieve 5A column. The

FID was employed to determine CO and CO2 concentrations

after separating these gases over a Porapak N column and

converting them to CH4 over a nickel catalyst at 380 8C.

3. Results

3.1. Catalyst characterization

3.1.1. TG-DTA analyses

The TG-DTA profiles of V4/MOx and A4V4/TiO2 catalysts are

shown in Fig. 1(a and b), respectively. On the V4/Al2O3 and V4/

SiO2 catalysts, no any endothermic peak was observed. On the

V4/TiO2 sample, an endothermic peak at approximately 670 8C
was found, and on the V4/ZrO2 sample an endothermic peak at

755 8C was obtained. These results reveal that the melting point

order follows V4/SiO2 � V4/Al2O3 > V4/ZrO2 > V4/TiO2. In

Fig. 1(b), the TG-DTA diagrams of A4V4/TiO2 catalysts are

plotted for comparison. Li4V4/TiO2 shows three endothermic

peaks at 370, 410, and 590 8C. K4V4/TiO2 shows three

endothermic peaks at 140, 405, and 510 8C. The endothermic

peak at 140 8C is due to the evaporation of combined H2O.

Moreover, an endothermic peak at 600 8C was observed on the
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Fig. 1. The TG-DTA analyses of V4/MOx and A4V4/TiO2 (A = Li, Na, K, Rb,

Cs): (a) V4/MOx and (b) A4V4/TiO2.
Cs4V4/TiO2 sample. In addition, Na4V4/TiO2 exhibits two

endothermic peaks at 380 and 605 8C, and Rb4V4/TiO2 exhibits

two endothermic peaks at 455 and 530 8C, respectively.

Compared with the result of V4/TiO2 TG-DTA, it can be

concluded that adding alkali to Vm/TiO2 catalyst is beneficial to

lowering their melting points. Furthermore, considering the

lowest endothermic temperature the sequence of the melting

point for A4V4/TiO2 catalyst follows Cs > Rb > K > Na > Li

(600, 455, 405, 380, and 370 8C, respectively) if the endothermic

peak at 140 8C was excluded which is due to the evaporation of

combined H2O. These results indicate that Li4V4/TiO2 catalyst

probably had the best atom migration ability in A4V4/TiO2

system because it had the lowest melting point.

3.1.2. H2-TPR measurements

H2-TPR profiles of Vm/MOx catalysts are showed in Fig. 2.

The temperature at which the reduction starts (Tred) was taken as

a measure of the reducibility of the catalytic system. The lower

Tred is, the stronger is the oxidizing ability of the catalyst. Fig. 2

shows that all V0.1/MOx samples were neither the reduction peak

nor the hydrogen consumption with the changing of reduction

temperature, indicating that the oxidizing ability of these
catalysts was very weak at low V loading. For Vm/Al2O3

catalysts, only one reduction peak (Tred = 503 8C) was observed

on V1/Al2O3 catalyst. Instead, two reduction peaks were

obtained for V4/Al2O3, V10/Al2O3, and V20/Al2O3 (Tred = 394

and 603, 342 and 655, and 618 and 736 8C, respectively). The

first reduction peak may be attributed to the reduction of

polyvanadate species, and the second one may be related to the

reduction of crystalline V2O5 [16]. These results reveal that V10/

Al2O3 had the best oxidibility among Vm/Al2O3 catalyst system.

For Vm/SiO2 samples, no reduction peak was observed on V1/

SiO2 and only a reduction peak was obtained for V4/SiO2, V10/

SiO2, and V20/SiO2 (Tred = 721, 704, and 731 8C, respectively).

These results indicate that V10/SiO2 had the best oxidizing ability

among Vm/SiO2 catalyst systems. For Vm/TiO2 samples, no

reduction peak was observed on V1/TiO2 and only one reduction

peak was obtained for V4/TiO2 (Tred = 765 8C). However, two

reduction peaks were obtained for V10/TiO2 and V20/TiO2

(Tred = 744 and 816, and 555 and 767 8C, respectively). For Vm/

ZrO2 catalysts, only one reduction peak was observed on V1/

ZrO2 and V4/ZrO2 (Tred = 731 and 686 8C, respectively).

However, three reduction peaks were obtained for V10/ZrO2

(Tred = 579, 745, and 827 8C). Moreover, V20/ZrO2 exhibits two

reduction peaks at 583 and 810 8C. These results reveal that V4/

TiO2 and V4/ZrO2 had the best oxidizing ability among Vm/TiO2

and Vm/ZrO2 catalyst systems, respectively.

The H2-TPR profiles of A4V4/TiO2 system are shown in

Fig. 3. Their TPR profiles exhibit a complex pattern due to the

complicate alkali-vanadium oxide species, but the reduction

temperatures were obviously shifted towards lower values as

alkali metals were added into V4/TiO2 catalyst. Therefore,

doping vanadium oxide catalysts with alkali metals increased

the reducibility of the V4/TiO2 catalyst.

3.1.3. FT-IR characterization

Some useful information has been given in our previous

studies about FT-IR spectroscopy of Vm/MOx catalysts [8].

Although support materials showed strong absorption bands

below 1200 cm�1, some interesting vibration bands originated

from the catalytic surface material were still observed. The

structure of supported vanadia exposed to ambient air depended

on the support material and on the V loading [17–20]. For the

Vm/Al2O3 and Vm/TiO2 samples, V10/Al2O3 and V10/TiO2

existed a small vibration band at around 1020 cm�1 originated

from the V O stretch vibration of V2O5, but V O stretching

vibration bands in the lower frequency range (1000–900 cm�1)

which were assigned to the V O stretch vibration of polymeric

vanadyl species or VxOy ‘‘clusters’’ formed on the surface and

V–O–V stretching vibration bands below 900 cm�1 bands were

not detected in all Vm/Al2O3 and Vm/TiO2 catalysts. For the Vm/

SiO2 sample, it is noted that a new broad band at around

929 cm�1 originated from V O stretch vibration in VOx

‘‘cluster’’ appeared on V10/SiO2 and V20/SiO2 catalysts. The

differences between the results obtained in this work and those

of described in the other cited literature [18–19] in relation to

the FT-IR spectra of Vm/SiO2 samples may be due to the

different preparation details that we used the citric acid to

promote the solubility of NH4VO3. In an acid solution
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Fig. 2. The H2-TPR profiles of Vm/MOx (m = 0.1, 1, 4, 10, 20): (a) Vm/Al2O3; (b) Vm/SiO2; (c) Vm/TiO2; (d) Vm/ZrO2.
attributing to the effect of complex agent, citric acid, some

amounts of VOx ‘‘cluster’’ formed in the V10/SiO2 and V20/

SiO2 catalysts. Some groups have also detected the V O stretch

vibration at 940 cm�1 in the high loading of Vm/SiO2 samples

[20–22]. But no absorption band was observed below 900 cm�1

originated from V–O–V stretching vibration in all Vm/SiO2
Fig. 3. The H2-TPR profiles of A4V4/TiO2 (A = Li, Na, K, Rb, Cs).
catalysts. For the Vm/ZrO2 samples, V4/ZrO2, V10/ZrO2, and

V20/ZrO2 show several peaks at 989, 946, 792, and 697 cm�1.

These results indicate that polyvanadate species had formed on

the surface of Vm/ZrO2 catalysts. But no V O stretching

vibration band at 1020 cm�1 was observed for Vm/ZrO2

samples.

Fig. 4 shows that the FT-IR spectra of A4V4/TiO2 catalysts.

The IR spectra of all samples became flatter above 1000 cm�1

after doping alkali metals into V4/TiO2 catalyst. For

comparison, the IR spectra of KVO3 and KNO3 are also

shown in Fig. 4. Two absorption peaks at 968 and 917 cm�1

appeared in the spectra which were due to the V O stretching

vibration of AVO3 produced in the A4V4/TiO2 catalysts,

whereas the very tiny absorption peak at 1386 cm�1 may be

ascribed to the trace amount of nitrates existing on the surface

of support [23,24]. A small amount of high disperse nitrates can

be existed on the surface of oxide support but not decomposed

even at high temperature. This interesting phenomenon has also

been reported in the recent literature for KNO3/Ce0.5Zr0.5O2

catalysts [25]. For Li4V4/TiO2 sample, a new absorption peak at

420 cm�1 cannot be assigned from the literatures that we have

known. It is noted that the addition of the alkali metal to V4/

TiO2 sample made the V O stretching vibration shift to lower

wave number.
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Fig. 4. The FT-IR spectra of A4V4/TiO2 (A = Li, Na, K, Rb, Cs), KVO3, and

KNO3.

Fig. 5. The UV–vis spectra of Vm/MOx after H2-TPR (m = 0.1, 1, 4, 10, 20): (a)

Vm/Al2O3 and (b) Vm/SiO2.

Table 1

The ratio of d–d electron transition band area of V4+/V3+ (600–800 nm) to the

area of LMCT band of V5+ (200–400 nm) of Vm/Al2O3 and Vm/SiO2 before and

after H2-TPR (m = 0.1, 1, 4, 10, 20)

Catalyst Ratio before

TPR

Ratio after

TPR

V0.1/Al2O3 0.01 0.03

V1/Al2O3 0.02 1.22

V4/Al2O3 0.42 1.91

V10/Al2O3 0.66 3.41

V20/Al2O3 0.72 2.18

V0.1/SiO2 0.02 0.44

V1/SiO2 0.04 0.78

V4/SiO2 0.19 1.78

V10/SiO2 0.31 2.18

V20/SiO2 0.34 2.34
3.1.4. UV–vis characterization

In order to further compare the reduction extent of the

measured samples, the UV–vis spectra of the Vm/Al2O3 and

Vm/SiO2 samples after H2-TPR were recorded. The spectra of

Vm/TiO2 and Vm/ZrO2 samples after H2-TPR were not recorded

because the strong absorptions of TiO2 and ZrO2 supports cause

their UV–vis signals very weak when the standard support

reflectance was used as the baseline for the corresponding

catalysts.

UV–vis diffuse reflectance spectroscopy has been widely

used to investigate the structures and oxidation states of

vanadium-containing solid oxides that possess the ligand-to-

metal charge transfer (LMCT) transition of V5+ in the region of

550–200 nm and d-d transition of V4+ and V3+ in the range of

400–1000 nm [26]. In the region of 400–600 nm, the V ions

with different valences (3+, 4+, and 5+) can exist. And it is also

difficult to distinguish the V4+ and V3+ d–d electron transition

bands since these bands are located in the same range and tend

to be broad and weak. However, V5+ can be distinguished from

V4+ and V3+. The bands 200–400 and 600–800 nm are the

characteristic absorption bands for V5+ and V4+/V3+, respec-

tively. Therefore, the ratio of the d–d electron transition band

area of V4+/V3+ (600–800 nm) to the area of LMCT band of V5+

(200–400 nm) was chosen as a parameter to relatively quantify

the extent of reduction of V5+ cations in this study [26–28].

Fig. 5(a and b) shows the UV–vis spectra of Vm/Al2O3 and

Vm/SiO2 samples after H2-TPR, respectively. The ratio of

absorption band area (600–800 nm) to the band area (200–

400 nm) was calculated and listed in Table 1. For comparison,

the ratios of the corresponding absorption band areas of those

samples before TPR are also listed in Table 1. It can be seen,

from Fig. 5 and Table 1, that a very small amount of V4+/V3+

was present on the samples with medium or high vanadium

loading before TPR. The ratio of the absorption band area (600–

800 nm) to the band area (200–400 nm) was very small at low

vanadium loading indicating that a small fraction of V5+ was

reduced to V4+/V3+ during reduction. It increased with the

increasing of vanadium loading suggesting that the extent of

reduction increased with the increasing of vanadium loading.
3.2. Catalytic activity results

The soot conversion was calculated by integration of CO and

CO2 concentrations during the recorded time period. The

amounts of CO and CO2 were added and then the sum was

multiplied by the gas flow rate (200 ml/min), converted from ml

to mg ‘‘carbon’’, and divided by the amount of soot initially

added. The carbon balance was always close to 95%, i.e., not
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Table 2

The catalytic performances of Vm/MOx for soot combustion (m = 0, 0.1, 1, 4, 10,

20)

Catalyst

Al2O3 V0.1/

Al2O3

V1/

Al2O3

V4/

Al2O3

V10/

Al2O3

V20/

Al2O3

(a) Vm/Al2O3

T10 (8C) 448 464 415 387 374 379

T50 (8C) 534 566 533 515 457 451

T90 (8C) 598 602 586 555 485 476

Catalyst

SiO2 V0.1/

SiO2

V1/

SiO2

V4/

SiO2

V10/

SiO2

V20/

SiO2

(b) Vm/SiO2

T10 (8C) 435 456 413 392 369 376

T50 (8C) 548 563 529 511 471 464

T90 (8C) 600 592 567 556 524 521

Catalyst

TiO2 V0.1/

TiO2

V1/T

iO2

V4/

TiO2

V10/

TiO2

V20/

TiO2

(c) Vm/TiO2

T10 (8C) 422 374 352 336 337 341

T50 (8C) 539 488 412 390 398 395

T90 (8C) 581 528 444 424 425 438

Catalyst

ZrO2 V0.1/

ZrO2

V1/

ZrO2

V4/

ZrO2

V10/

ZrO2

V20/

ZrO2

(d) Vm/ZrO2

T10 (8C) 418 416 407 344 346 354

T50 (8C) 529 526 468 405 415 411

T90 (8C) 573 573 499 456 446 439
approaching complete conversion, which may ascribe to a little

amount soot being oxidized at the low temperature (<200 8C).

The catalytic activity was evaluated by the values of T10, T50,

and T90, which were defined as the temperatures at which 10,

50, and 90% of the soot were oxidized, respectively, during the

TPO procedure. Since in practical applications the rate of

carbon oxidation at lower temperatures is more important than

the whole TPO profile, we especially focus on the results of T10.

Tables 2 and 3 show the TPO results for the soot catalytic

combustion. From these data, it is interesting to observe that the

changes had same trends for T10, T50, and T90. Furthermore,

Table 2 shows that T10, T50, and T90 decreased as vanadium

loading increasing at low V loading for the Vm/MOx samples.
Table 3

The catalytic performances of A4V4/TiO2 for soot combustion (A = Li, Na, K,

Rb, Cs)

Catalyst

Li4V4/

TiO2

Na4V4/

TiO2

K4V4/

TiO2

Rb4V4/

TiO2

Cs4V4/

TiO2

T10 (8C) 299 306 309 310 337

T50 (8C) 347 372 354 360 376

T90 (8C) 377 409 382 388 407
The catalytic activity order for soot combustion followed

Ti > Zr > Al > Si comparing with these different support

systems. For blank case (i.e., without catalyst) the soot

combustion temperatures, T10, T50, and T90 were 482, 585, and

646 8C, respectively. Thus, the data in Table 2 reveal that Vm/

MOx catalysts could improve the activity of soot combustion,

and V4/TiO2 was the most active catalyst for soot combustion

among the all selected Vm/MOx samples. It is noted that the

catalytic activity order for soot combustion on different carrier-

supported vanadia catalyst system was a little different from

that in our previous report [8]. It is due to that the catalytic

activity was evaluated by different methods. In the previous

study Tig and Tm were used to evaluate the catalytic

performances of the catalysts for soot combustion, which

was only considered the effect of the main product CO2 in the

soot combustion process. However, the amounts of byproduct

CO produced in the soot combustion process have also been

calculated into the reactive activity in the present studies. The

selectivity of soot combustion was of difference for the various

supported vanadium oxide catalysts. Thus, it caused a little

change for the activity order. Moreover, the catalytic activity

decreased a little for V0.1/Al2O3 and V0.1/SiO2 in relation to the

support materials. This phenomenon may be related to the low

catalytic activity of isolated vanadia and the large internal

porous specific surface areas of g-Al2O3 and SiO2. On the one

hand, isolated vanadia are less active for many reactions [20].

On the other hand, the soot particulates with large sizes cannot

enter the internal pore of the catalysts, which lead to soot

combustion only carrying out on the outer surface of the

catalysts. The greater are the internal porous specific surface

areas of the catalysts, the less of the active site amounts on outer

surface are and thus the catalytic activities are lower. These two

factors caused the catalytic performances of V0.1/Al2O3 and

V0.1/SiO2 samples are even lower than those of corresponding

pure supports.

The promoting effect of alkali metal has been reported in the

soot combustion on other catalysts [12–14]. For a better

comparison of Vm/MOx and alkali-promoted vanadium oxide

catalyst systems, we doped alkali metal into the V4/TiO2

catalyst, which had the best intrinsic activities for soot

combustion in the selected Vm/MOx catalyst systems. From

Table 3, it can be seen that T10 remarkably decreased and the

catalytic activity order for soot combustion followed

Li > Na > K > Rb > Cs in the A4V4/TiO2 catalyst system.

Among them Li4V4/TiO2 catalyst gave the best catalytic

activity, i.e., the lowest soot combustion temperature.

4. Discussion

4.1. The effects of the concentration of vanadium oxides,

nature of the support, and the reducibility on the structure

and catalytic performances of Vm/MOx and alkali-Vm/MOx

catalysts

The data reported here confirm that FT-IR, UV–vis, and TPR

were useful methods for the characterization of the supported

vanadium or alkali-promoted vanadium oxide catalysts. On
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different oxide supports, three types of surface vanadium oxide

species were generally identified: isolated, polymeric, and

micro-crystalline vanadium oxide species. The ratio of

polymerized to isolated surface vanadate species depended

on the V loading, the support surface and the specific nature of

the support [29–31]. The primary structures of hydrated Vm/

Al2O3 and Vm/TiO2 detected by IR spectroscopy are polymeric

vanadyl species and very small amount of crystalline V2O5. The

proportion of V2O5 grows with increasing vanadium loading.

The structure of hydrated VOx/SiO2 also changes with V

Loading. At low V loading, only isolated vanadate species were

observed. As V loading increases, VOx ‘‘cluster’’ of the

dispersed vanadia appear on V10/SiO2 and V20/SiO2 catalysts.

In contrast, Vm/ZrO2 are present primarily as polyvanadate

species. Small amounts of Zr2V2O7 are also evident in the

samples of high V loading when vanadia is supported on ZrO2.

After adding alkali metals into Vm/TiO2 catalysts, some alkali

metal vanadate compounds (AVO3, nitrates) with low melting

points formed on the samples. It will enhance the contact

between soot and the catalysts. Moreover, as shown in Fig. 2,

TPR results reveal that the reduction temperatures of medium V

loading (m = 10 or 4) are lower than those of low (m < 4) or

high V loading (m = 20). It indicates that Vm/MOx with medium

V loading have better reducibility than that with low or high V

loading. After alkali metals dope into Vm/TiO2 samples, the

reduction transforms remarkably to lower temperatures,

indicating that alkali metals increase the oxygen reactivity of

V–O or V O bond as an electron donor [12].

In consistence with previous characterization results, as V

loading is low the catalytic activities of all of Vm/MOx samples

for soot combustion are very low. It is due to the low catalytic

activities of isolated monovanadate species. The catalytic

activities increase with V concentration increasing at low

vanadium loadings, which is attributed to the increasing in the

amount of polymeric vanadyl species. When V loading exceeds

10, crystalline bulk V2O5 starts to cover the surface of the

samples, which causes their intrinsic catalytic activities to be

decreased. Thus, the higher activity of Vm/MOx catalysts in the

soot combustion reaction with respect to polymeric vanadyl

species arise from the formation of easily reducible ‘‘surface

oxide species’’ ensuring an easier occurrence of the redox cycle

under reaction conditions [32]. Therefore, the medium-loading

(V4/MOx or V10/MOx) catalysts have the highly catalytic

performances for soot combustion. By contrast, high loading

Vm/MOx systems exhibit a poor catalytic performance in soot

combustion in spite of their high density of reduced sites. V4/

TiO2 is the most active catalyst in essence among all of Vm/

MOx samples. Furthermore, A4V4/TiO2 catalysts are more

active than V4/TiO2 catalyst in essence due to their stronger

redox reactivities characterized by H2-TPR.

4.2. The controlling factors for soot catalytic combustion

Oxygen supply by a surface oxide with redox properties

seems to be necessary to obtain an active catalyst for soot

combustion [13]. On the basis of TPR and FT-IR results

described above, some considerations on the reaction mechanism
of soot combustion over A4V4/MOx-type catalysts can be made.

It is well known that the activity of the vanadium oxide in

combustion reaction is closely related to the reactivity of the

oxygen in the V–O–M bond. The oxygen exchange rate of

catalysts based on transition metal oxides, in particular VOx, is

found to be improved by doping alkali metals, which is ascribed

to their electron-donating effect of the alkali metals that

enhanced the reactivity of V–O bonds. Moreover, it is also

observed that alkali can weaken the C–C bonds and promote the

formation of C–O bonds during catalytic combustion [33–35].

Therefore, the catalytic activity after adding alkali metals should

be attributed to the synergetic effect of these ones and V–O

bonds, which are simultaneously present in the vanadyl

structures. The role of the electron-donating effect of alkali

metals agrees with our experimental results. TPR results show

that the decrease of the reduction temperature of the vanadium

species in the presence of alkali metal, which suggests a

weakening of the V–O or V O bond. Furthermore, FT-IR

measurement results reveal that the addition of alkali to VOx shift

the V O stretching vibration to lower wave number, which also

reflects that the V O bond stretching vibration becomes weaker.

The catalytic activity has been successfully correlated with the

redox ability of the A4V4/MOx catalysts for the combustion

reaction of soot. A4V4/TiO2 samples show higher catalytic

activities for soot combustion compared with other Vm/MOx

samples. Moreover, the IR results show that AVO3 and A2CO3

are present in the A4V4/TiO2 systems. In a word, the spectro-

scopic analysis and H2-TPR results suggest that the higher

activity of alkali-promoted vanadium oxide catalysts can be

related to the ability of alkali metal promoting the redox cycle of

the active vanadium oxide species.

It should be mentioned that the TPR profiles indicate that the

reducibility of Vm/TiO2 is much lower than those of Vm/Al2O3

or Vm/SiO2. Nevertheless, its activity is higher than others. This

indicates that even though the redox capacity is essential to the

soot combustion activity, there is no direct correlation between

the bulk reducibility as obtained from TPR and the activity

comparing with different supports. This is because, in addition

to the total reducibility of the active phase, its contact with the

soot particle is another important factor for the total reaction.

Vm/ZrO2 and Vm/TiO2 catalysts have much higher tight contact

activities than the Vm/Al2O3 and Vm/SiO2 catalysts. It is due to

the lower melting points and the larger density of surface active

sites of Vm/ZrO2 and Vm/TiO2 than those of Vm/Al2O3 and Vm/

SiO2 catalysts. Furthermore, for the A4V4/TiO2 system, the

catalytic activity for soot combustion is not always consistent

with their redox abilities determined by TPR. However, there is

a good correlation between the melting point of these samples

and the catalytic activity according to the TG results. Low

melting points can ensure the good surface atom migration

ability, which would improve the contact between the catalyst

and soot. Thus, the mobility of catalysts is another important

factor for soot combustion.

In general, an ideal soot combustion catalyst should be

considered from the following aspects. First of all, it should be a

strong redox material, i.e., it has a high intrinsic catalytic activity.

Secondly, its surface atoms should retain a good mobility
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attributing to its low melting point or other factors. This synergy

between strong redox property and good mobility of catalyst is a

fundamental role for promoting soot combustion.

5. Conclusions

(1) An ideal soot combustion catalyst should be consisted of a
compound with a strong redox property and a good mobility

of surface atoms. On the one hand, the polyvanadate species

are the more active redox sites for soot combustion than the

isolated monovanadate species and crystalline V2O5. On the

other hand, low melting points can ensure the good surface

atom migration ability, which would improve the contact

between catalyst and soot.
(2) D
oping alkali metals into supported vanadium oxide

catalysts can enhance their redox properties. In addition,

alkali metals improve the contact between catalyst and soot

due to their low melting points. Thus, alkali-promoted

vanadium oxide catalysts can remarkably improve the

catalytic activity for soot combustion. The catalytic activity

order for soot combustion followed Li > Na > K > Rb >
Cs comparing with the different alkali metal doped

catalysts.
(3) S
upport nature also has large influences on the structure and

catalytic activity of supported vanadium oxide catalysts.

The activity order follows: Ti > Zr > Al > Si over these

Vm/MOx catalysts. And Li4V4/TiO2 catalyst gave the best

activity for soot combustion in the A4V4/TiO2 system, i.e.,

the lowest reaction temperature. T10, T50, and T90 were 299,

347, and 377 8C, respectively.
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