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Abstract The reaction mechanisms for diesel soot oxi-

dation over V4/ZrO2 or V4/TiO2 oxide catalysts were

studied by the means of in-situ UV-Raman spectroscopy.

The results indicate that the formation of surface oxygen

complexes (SOC) is a key step and the SOC species mainly

exist as carboxyl groups. The presence of NO in the

reaction gas stream can promote the formation of SOC

species. For soot oxidation over V4/TiO2 catalyst, NO2 can

be produced and remarkably accelerate soot oxidation.

Based on the UV-Raman experimental results, two differ-

ent reaction mechanisms are proposed for soot oxidation

over V4/ZrO2 or V4/TiO2 samples, respectively.
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UV-Raman � In-situ � Soot � Reaction mechanism

1 Introduction

Soot particulate (PM) emitted from diesel engines is a

serious contamination in urban areas. The combination of

traps and oxidation catalysts appears to be one of the most

efficient after-treatment techniques. The role of the catalyst

here is to reduce soot ignition temperature and enhance the

oxidation rate of the soot collected on the filter during trap

regeneration [1]. A great deal of attention has been given in

the last 20 years to the research of soot catalytic combus-

tion. Recently, some researches reported that vanadium-

based catalysts were one of the most promising systems

for the oxidation of diesel soot [1–3]. However, several

problems are still unsolved, although the amount of work

towards a better understanding is impressive. In particular,

the reaction mechanism of the catalytic oxidation of soot

remains unclear. It is due to the deep black colour of soot,

which causes that it is very difficult in acquiring some

useful information about the catalytic oxidation of soot

under real reaction conditions. Some researchers investi-

gated the catalytic oxidation of carbonaceous materials

by means of in-situ IR spectroscopy using KBr as diluent

[4, 5]. While the interactions between soot, metal oxides,

and KBr cannot be excluded, especially when analysis is

performed at high temperature. In this paper, the in-situ

UV-Raman was first employed to investigate the mecha-

nism of soot oxidation over supported vanadia catalysts. It

was verified that the formation of SOC, which mainly

existed as carboxyl groups, was the main reaction pro-

cess during the soot oxidation over V4/ZrO2 or V4/TiO2

catalyst.

On the other hand, Oi-Uchisawa et al. [6, 7] reported

that Pt catalysts exhibited a high level of catalytic activity

to promote soot oxidation in recent years. Platinum is

supposed to oxidize NO to NO2, which subsequently oxi-

dizes soot to CO and CO2. Therefore, NO2 is used as an

intermediate to facilitate an indirect contact between the

platinum catalyst and soot. The high oxidation rate of soot

is due to the strong oxidizing ability of NO2. This catalyst

system is the best one so far reported for soot oxida-

tion under loose contact conditions. However, Pt is very
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expensive. Thus, it will be an optimal method if NO2 can

be produced and catalyze soot oxidation on the non-noble

metal catalysts. In the present study a similar mechanism,

i.e., the direct evidence for NO2 indirectly catalytic func-

tion is found by the means of UV-Raman spectroscopic

detection on the V4/TiO2 catalyst. Due to its strong oxi-

dizing ability, the soot oxidation can be remarkably

accelerated by NO2. Therefore, V4/TiO2 catalyst has higher

activity than V4/ZrO2 catalyst for soot oxidation.

2 Experimental

Printex-U, which was supplied by Degussa, was used as

model soot. The two samples of supported vanadia cata-

lysts were named as V4/ZrO2 or V4/TiO2, respectively,

where the subscript 4 stands for the number of V atoms per

100 support metal ions. The preparation and activity

measurement methods of the catalysts were described in

detail in our previous work [1].

Vis-Raman spectra were performed on LabRam HR

spectrometer manufactured by Horiba Jobin Yvon Com-

pany, France. The laser excitation wavelength was 514 nm.

UV-Raman spectra were collected at a Jobin Yvon La-

bRam-HR equipped with a confocal microscope, 2,400/

900 grooves/mm gratings and a notch filter. The laser

excitation at 325 nm was generated from a He–Cd laser.

The spectrometer resolution was less than 2 cm–1. The in-

situ UV-Raman studies of soot oxidation over supported

vanadia catalysts were loaded in powder form into an in-

situ cell (Linkam, TS1500). The quartz cell is capable of

operating up to 650 �C. The catalyst and soot (10:1, w/w)

were carefully mixed in an agate mortar in order to

reproduce the tight contact mode. The in-situ UV-Raman

spectra were collected at different temperatures after being

dehydrated at 400 �C for 1 h in the flowing O2/He to

desorb the adsorbed moisture. During in-situ UV-Raman

testing the reactant gas stream was passed through a mix-

ture of the catalyst and soot at a flow rate of 50 mL/min

using different gas compositions: (1) 5% O2 and 0.2% NO

balanced with He, or (2) 10% O2 balanced with He.

3 Results and Discussion

Figure 1 shows the typical UV-Raman and Vis-Raman

spectra of Printex U. For UV-Raman spectrum, a strong

sharp peak appears at 1,585 cm–1 and a shoulder peak

exists at 1,365 cm–1. For Vis-Raman spectrum, two sharp

peaks appear at 1,585 and 1,350 cm–1, and their vibration

intensities are basically same. According to the literature

[8], the spectrum of soot generally exhibit two broad and

strong overlapping peaks with intensity maxima at

*1,580 cm–1 and at *1,350 cm–1. The band at around

1,580 cm–1 is corresponding to an ideal graphitic lattice

vibration mode with E2g symmetry, and the band at 1,350–

1,365 cm–1 is assigned to a disorder graphitic lattice vib-

ration mode with A1g symmetry [8]. Compared to the

Vis-Raman spectrum, the higher vibration intensity of the

peak at 1,585 cm–1 in the UV-Raman spectrum indicates

that UV-Raman is more sensitive to the E2g symmetry

vibration.

The investigation of the reaction mechanism of soot

oxidation was carried out on V4/ZrO2 or V4/TiO2 catalysts.

Figure 2 shows the in-situ UV-Raman spectra of V4/ZrO2

catalyst for soot oxidation at different temperatures. At

(NO+O2)/He atmosphere, as shown in Fig. 2a, the peaks

below 1,200 cm–1 are due to the vanadyl or zirconium

oxides. The peak at 1,584 cm–1 is corresponding to an ideal

graphitic lattice vibration mode with E2g symmetry and at

1,365 cm–1 is assigned to the A1g symmetry vibration of

the disorder graphitic lattice. When reaction temperature

exceeds 100 �C, two new peaks at 1,545 and 1,618 cm–1

appear in the UV-Raman spectra. According to the litera-

ture, the band at 1,545 cm–1 is ascribed to the ring

stretching vibrations of aromatic moieties, and the band at

1,618 cm–1 may be assigned to the mA vibration of COO–

and benzene ring stretching. It indicates that the SOC

species mainly exist as carboxyl groups [9]. With the

increase of the reaction temperature, the intensities of the

peaks gradually increase, indicating that the vibration

enhances. When reaction temperature exceeds 300 �C, the

intensities of the both peaks gradually decrease and they

disappear at last. It may be due to the reaction has com-

pleted and soot has been completely oxidized. For soot

oxidation over V4/ZrO2 catalyst at O2/He atmosphere, as

shown in Fig. 2b, the positions of the absorption peaks are

basically unchanged compared with the UV-Raman spectra

in Fig. 2a. It indicates that the peaks at 1,545 and
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Fig. 1 The UV-Raman and Vis-Raman spectra of Printex U
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1,618 cm–1 cannot be attributed to the stretching vibration

of the species containing nitrogen. Figure 2a shows that the

peaks at 1,545 and 1,618 cm–1 appear in the UV-Raman

spectra of V4/ZrO2 catalyst for soot oxidation at 100 �C.

However, Fig. 2b shows that they do not appear until the

reaction temperature reaches 200 �C. It indicates that the

formation of SOC is easier in (NO + O2)/He atmosphere

than in O2/He atmosphere.

Figure 3 shows the in-situ UV-Raman spectra of V4/TiO2

catalyst for soot oxidation at different temperatures. The

reactant gases contains 5% O2, 0.2% NO and diluted gas

He. The peaks below 1,200 cm–1 are due to the vibration of

vanadyl species or anatase. The peak at 1,585 cm–1 is

assigned to the E2g symmetry of soot. Several new vibra-

tion peaks at 1,545, 1,618 and 1,675 cm–1 appear in the

UV-Raman spectra. The foregoing two peaks may be

attributed to the vibration of carboxyl groups [9], and the

last one may be due to the mas vibration of NO2 [10, 11].

With the increase of the reaction temperature, the intensity

of the peak at 1,675 cm–1 gradually decreases, and when

the reaction temperature increases to 300 �C, the peak

disappears. This phenomenon indicates that NO2 has

decomposed due to the thermodynamic unstablility of NO2

at high temperature. However, a small amount of NO2 is

over again produced at 650 �C. It is ascribed to the com-

plete oxidation of soot disturbing the chemical equilibrium

of NO and NO2. Thus, a very weak peak at 1,675 cm–1

appears again the UV-Raman spectra of V4/TiO2 catalyst.

The study on the mechanism for catalytic oxidation

reactions of carbonaceous materials has been the subject of

some researches over the last decades [12, 13]. In the

previous studies, usually KBr was used as a diluent in IR

spectroscopic studies to obtain high quality in-situ spectra

of carbonaceous materials. However, interactions between

SOC and/or metal oxides and KBr could not be excluded,

especially when analyses were performed at elevated

temperatures. While carbon black significantly absorbed IR

radiation over the entire region from 400 to 4,000 cm–1,

therefore, it was limited to characterize the soot oxidation

over metal oxides by using in-situ IR method. The Ultra-

violet Raman spectroscopy is a powerful tool for the study

of solid catalysts [14, 15]. UV-Raman can effectively

monitor the reaction of soot oxidation over transition metal

oxide catalysts. It does not need to dilute with KBr. In this

study in-situ UV-Raman spectroscopy for the soot oxida-

tion reaction was performed at various temperatures on the

V4/ZrO2 and V4/TiO2 catalysts. Raman spectra taken dur-

ing the oxidation of soot clearly show that the surface

oxygen species can undergo significant structural changes

depending on the oxidation temperature and the composi-

tion of the support. On V4/TiO2, the vibration band

centered around 1,675 cm–1 may be assigned to the mas
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Fig. 2 The in-situ UV-Raman spectra of V4/ZrO2 catalyst during

soot oxidation at different temperatures (lowest temperatures on top:

ambient, 100, 200, 300, 400, 500, 600, and 650 �C). Reactant gas

compositions: (a) 5% O2 and 0.2% NO balanced with He and (b) 10%

O2 balanced with He
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Fig. 3 The in-situ UV-Raman spectra of V4/TiO2 catalyst during soot

oxidation at different temperatures (lowest temperatures on top:

ambient, 100, 200, 300, 400, 500, 600, and 650 �C). Reactant gas

compositions: 5% O2 and 0.2% NO balanced with He
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vibration of NO2 [10, 11]. Attributing to its thermodynamic

unstablility, NO2 will decompose with the increase of

the reaction temperature. The in-situ UV-Raman spectra of

V4/TiO2 exhibit that the intensity of the peak at 1,675 cm–1

gradually decreases and the peak disappears when the

reaction temperature increases to 300 �C. On V4/TiO2 and

V4/ZrO2, the peaks at 1,554 and 1,608 cm–1 indicate the

formation of SOC on Printex-U in the presence of catalyst.

It is different from the literature report that the SOC species

mainly exist as quinine, lactones and ether-like complexes,

and they are mainly present as carboxyl groups identified

with in-situ UV-Raman spectroscopy in this work [13, 16].

Compared Fig. 2a with Fig. 3, it can be found that SOC

appears on V4/ZrO2 at 100 �C, while it forms on V4/TiO2

at ambient temperature. It indicates that SOC is more easily

produced on V4/TiO2 than V4/ZrO2. Similarly, compared

Fig. 2a with b, it can also be found that SOC appears under

the (NO + O2)/He atmosphere at 100 �C, while it forms

under the O2/He atmosphere until the reaction temperature

reaches 200 �C on V4/ZrO2 samples. It can be concluded

that SOC is more easily produced under the (NO + O2)/He

atmosphere than under the O2/He atmosphere. The results

indicate that the presence of NO in reaction gas stream can

promote the production of SOC species. Combined with

the results of the catalytic activities in Table 1, it can be

concluded that the formation of SOC species not only

lower the peak temperatures of soot oxidation (Tm), but

also it increases the selectivity to CO2 formation ðSCO2
Þ. In

a word, the results of in-situ UV-Raman and the catalytic

activity measurements demonstrate the formation of SOC

is a fundamental process taking place in the catalytic soot

oxidation over V4/ZrO2 and V4/TiO2 samples.

On the other hand, some reports have demonstrated that

NO2 is much more reactive towards soot oxidation than NO

or O2. Oi-Uchisawa et al. [6, 7] reported that a platinum

catalyst could oxidize NO to NO2, which subsequently

oxidize soot to CO and CO2. Thus, NO2 is used as an

intermediate to facilitate an indirect contact between the

platinum catalyst and soot. This mechanism subtly changed

solid (soot)–solid (catalyst) contact into solid (soot)–gas

(NO2)–solid (catalyst) contact. Thus, the platinum catalyst

system obtained the best results so far reported for soot

oxidation under loose contact conditions. The high oxida-

tion rate of soot is due to the strong oxidizing ability of

NO2. A similar mechanism is found for soot oxidation over

the V4/TiO2 catalyst in this study. As shown in Fig. 3, the

direct evidence of NO2 formation over the V4/TiO2 sample

is first found by means of UV-Raman spectroscopic mea-

surement. Due to the strong oxidation capacity of NO2,

the soot oxidation can be remarkably accelerated by

NO2. Therefore, V4/TiO2 catalyst has higher activity than

V4/ZrO2 catalyst. This conclusion is verified by the results

of the catalytic activities in Table 1. If NO is not contained

in the reactant gases, the discrepancy of Tm is only 5 �C

and Sm
CO2

is almost same for soot oxidation over V4/ZrO2 or

V4/TiO2 catalysts. Whereas, when NO is present in the

reactant gas stream, compared to soot oxidation over V4/ZrO2

catalyst, Tm decreases by 44 �C and Sm
CO2

increases by 2%

point for that over V4/TiO2 catalyst.

The combination of fundamental molecular structural

information and in-situ UV-Raman spectra has resulted in a

molecular-level understanding of structure–activity rela-

tionships for soot oxidation reaction. Taking into account

the above experimental results and discussion, two differ-

ent reaction mechanisms can be proposed for soot

oxidation over Vm/ZrO2 or Vm/TiO2 samples.

Mechanism 1:

O2(g)! 2Oads=MxOy
ð1Þ

Oads=MxOy
! Oads=C ð2Þ

Cf þ Oads=C ! Cf(O) ð3Þ

Cf(O)þ Oads=C ! SOC ð4Þ

SOCþ Oads=c ! CfðOÞ þ CO2ðgÞ ð5Þ

SOCþ Oads=C ! CfðOÞ þ COðgÞ ð6Þ

where, MxOy refers to V4/ZrO2 or V4/TiO2 catalysts, and Cf

refers to reactive free carbon, and Cf(O) refers to the

unreactive surface oxygen complexes, and SOC stands for

the reactive surface oxygen complexes. According to our

previous results [1, 17–19], the catalytic active sites of

supported vanadia catalysts for soot oxidation reaction are

mainly polymeric vanadyl V–O–V species, while crystal-

line bulk V2O5 and isolated vanadium oxide are supposed

Table 1 The peak temperature

(Tm) and the selectivity to CO2

formation at Tm temperature

Sm
CO2

for soot oxidation over

V4/ZrO2 or V4/TiO2 catalysts

at different reactant gas

compositions

Catalysts V4/ZrO2 V4/ZrO2 V4/TiO2 V4/TiO2

Reactant gas

compositions

5% O2 + 0.2%

NO + He

10%

O2 + He

5% O2 + 0.2%

NO + He

10%

O2 + He

Tm (�C) 433 435 389 430

Sm
CO2

(%) 89 87 90 87
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to be less active than polymeric surface vanadyl species.

V4/ZrO2 or V4/TiO2 catalysts have high concentration of

polymeric vanadyl species. Thus, the active sites of MxOy

should be V–O–V species supported on ZrO2 or TiO2

supports. Moreover, the difference between O2 and Oads

should be explicitly noticed. O2 denotes a much more free

state of oxygen, being mobile by surface migration on the

edges or basal plane of the carbonaceous material, and Oads

stands for the adsorption oxygen on the surface of catalyst.

In the above notation, Cf(O) and SOC refer to surface

oxygen complexes in which the chemical interaction

between the carbon and oxygen atom is so strong that the

oxygen atom can be considered to be chemically bonded.

In the literature [13, 16], these surface oxygen complexes

may be composed of carbonyl and ether groups as lactone,

quinine, and acid anhydride functional groups. However,

SOC are typically composed of carboxyl in this work. This

mechanism is consistent with the reference [16].

Gaseous oxygen is adsorbed dissociatively on the cata-

lyst surface (reaction 1) and then the oxygen atoms

adsorbed on soot (Oads/C) are formed by the transferring of

Oads to the surface of soot (reaction 2). The resulting spe-

cies attack the reactive free carbon to give the unreactive

surface oxygen complex intermediate Cf(O) (reaction 3).

They react with Oads/C to produce reactive surface oxygen

complex intermediate SOC (reaction 4). These complexes

exist as carboxyl groups (COO–). Oads/C is added to such

complexes through reaction, and upon desorption of a CO

and a CO2 gaseous product molecules an adjacent carbon

atom forms a new complex (reactions 5 and 6). Surface

oxygen complexes increase the rates of catalytic oxidation

of Printex U. CO2/CO ratios also increase in the presence

of surface oxygen complexes.

For soot oxidation over V4/ZrO2 catalyst, only SOC

intermediate species are detected and the reaction mainly

follows the mechanism 1. Thus, the whole reaction

mechanism can be described in the Fig. 4a. For soot oxi-

dation over V4/TiO2 catalyst, NO2 is also detected besides

SOC. Therefore, the following reaction process must be

considered besides the mechanism 1 shown above.

Mechanism 2:

O2 þ 2NO! 2NO2 ð7Þ

2NO2 þ C! 2NO þ CO2 ð8Þ

NO2 þ C! NO þ CO ð9Þ

Thus, both the formation of SOC and the production of

NO2 play important roles in soot oxidation over V4/TiO2

catalyst. In other words, two reaction pathways to oxidize

soot take place simultaneously over V4/TiO2 catalyst. The

whole reaction process can be described in the Fig. 4b.

4 Conclusions

The formation of carboxyl group species in the catalytic

oxidation of soot over V4/ZrO2 and V4/TiO2 catalysts was

observed by in-situ UV-Raman spectroscopy. The presence

of NO in the reaction gas stream can promote the formation

of SOC species. Based on the in-situ UV-Raman experi-

mental results, two different reaction mechanisms to

oxidize soot over V4/ZrO2 or V4/TiO2 samples are pro-

posed. For soot oxidation over V4/ZrO2 catalyst, only SOC

intermediate species are detected and the reaction mainly

follows the mechanism of the formation of SOC. For soot

oxidation over V4/TiO2 catalyst, NO2 is also detected

besides SOC. The reaction simultaneously follows both the

mechanism of the formation of SOC and the mechanism of

the indirect catalysis of NO2.
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