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Abstract

A kinetic study of the NO decomposition over V–O–W/Ti(Sn)O2 catalyst carried out in a tubular fixed-bed reactor operating under atmospheric

pressure at different temperatures and at various space times is presented. Assuming that NO decomposition occurs as a result of electron transfer

from the metal active site to antibonding p NO orbital, several kinetic models were derived and applied to describe the kinetics of reaction. The best

agreement between the experimental data and theoretical prediction was achieved with the model assuming adsorption of NO on the active sites as

the rate-determining step. Finally, it was concluded that V–O–W/Ti(Sn)O2 catalyst has promising activity for the NO removal in O2 presence from

the effluent gases of the different sources of emission.
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1. Introduction

Nitrogen oxides (NOx) are hazardous air pollutants. Concern

for environmental and health issues coupled with stringent NOx

emission standards generates a need for the development of

efficient low-cost NOx abatement technologies. The emission

abatement of NOx may be achieved by the combustion

modifications by the flue gas post-treatments, such as selective

catalytic reduction (SCR), selective non-catalytic reduction

(SNCR), adsorption, scrubbing and biological degradation

[1–3].

It is known that nitrogen monoxide (NO) is the dominating

NOx component in the flue gases. The direct decomposition of

NO over appropriate catalysts is still the most attractive

catalytic method for NOx emission abatement. Unfortunately,

the best catalysts for this reaction (e.g. copper-exchanged ZSM

zeolites) are currently not stable enough under high-tempera-

ture reaction conditions to be applied practically [4]. On the

other hand, the most frequently used commercial SCR catalysts

containing V2O5 and WO3 and/or MoO3 show relatively stable

activity in NO decomposition [5–7]. A summary of the results
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of kinetic studies on NO decomposition reported by different

investigators and obtained under various reaction conditions is

shown in Table 1. It has been discovered that regardless the

catalyst used, one of the most important problems is inhibition

of NO decomposition by oxygen which is produced by the

reaction or is present in the feed stream [8].

This work reports on kinetics of NO decomposition over

nanostructured V–O–W/Ti(Sn)O2 catalyst. The ability of the

V–O–W/Ti(Sn)O2 to catalyze the reduction of nitric oxide to

nitrogen is related to the surface structure of the catalyst.

Special attention is given to the activation of the reduced

catalyst by the oxygen formed in NO decomposition. The

surface reconstruction resulting in the catalyst activation is

discussed. Comparison of V–O–W/Ti(Sn)O2 with Cu/ZSM-5

zeolite was also made and some conclusions about potential

catalyst for the NO decomposition are drawn.

2. Experimental

2.1. Preparation of the rutile supported nanostructured V–

O–W catalyst

Ti(Sn)O2 support as well as a Ti(Sn)O2-supported vanadia-

tungsta catalyst were obtained using sol–gel method [17].

Titanium isopropoxide (Aldrich, 97%) was diluted in iso-
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Nomenclature

CNO;CO2
concentration of indicated compound

(mol dm�3)

dp mean pore diameter (nm)

k rate constant

K number of measurements performed at different

temperatures

KA adsorption equilibrium constant for NO

(dm3 mol�1)

K 0D adsorption equilibrium constant for oxygen

(dm3 mol�1)

M number of estimated parameters

n reaction order with respect to NO

N number of data points

rA reaction rate mol (dm�3 s�1)

rS surface reaction rate (mol dm�3 s�1)

S specific surface area (m2 g�1)

SD normalized square deviation

SD mean square deviation

T temperature (K)

Vp total pore volume (cm3 g�1)

yi molar fraction of compound i

yNO; yNO2
molar fraction of indicated compound

yexp experimentally obtained results

Yth theoretically obtained results

Greek letters

t reactor space time (s)

t/tmax normalized reactor space time
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propanol (Aldrich, 99.5%) at room temperature and next

nitrogen flew through the obtained mixture to avoid its

hydrolysis. Then tin chloride (Aldrich, 99.95%) was added

(Ti:Sn = 80.2:19.8 of atomic ratio). The mixture of titanium

and tin isopropoxides was added by drop to water with the small

amounts of isopropanol at continuous stirring. Obtained sol was

heated to 80 8C, and then this temperature was maintained up to

solvent evaporating. Xerogel was dried and calcined at 460 8C
in air for 3 h. Ti(Sn)O2 support was grinded in an agate mortar

and then added to water heated to 80 8C and continuously

stirred for 1 h.
Table 1

The results of former kinetics studies on NO decomposition

Investigator Catalyst type Reaction conditio

Sakaida et al. Ni-Pt/Al2O3 T: 427–538 8C; 1

Amirnazmi et al. Pt/Al2O3 T: 600–1000 8C;

Iwamoto et al. CuY T: 300–550 8C; 1

Li and Hall CuZSM-5 (Si/Al = 26) T: 350–550 8C; 1

Teraoka et al. La0.8Sr0.2CoO3; La0.4Sr0.6Mn0.8Ni0.2O3 T: 500–800 8C; 1

Campa et al. CuY; CuZSM-5 T: 500 8C; 1–14%

Vannice et al. La2O3; Sr/La2O3 T: 650 8C; 1 atm

Haneda et al. Co3O4 T: 450–600 8C; 1

Zhu et al. La0.4Sr0.6Mn0.8Ni0.2O3 T: 500–850 8C; 1
Tungsten chloride (Aldrich, 99.9 %) was diluted in

isopropanol with the proper amount of vanadyl isopropoxide

(Johnson Matthey, 95–99%) to obtain V:W = 1:9 of atomic

ratio. The mixture of isopropoxides was stirred and heated to

80 8C. This temperature was retained for 1 h. Then the mixture

was added to the sol solution of the support and the obtained gel

was stirred at 80 8C up to solvent evaporation. Obtained

catalyst precursor was dried and calcined at 460 8C in air for

3 h.

2.2. Preparation of the Cu-containing pentasil zeolite

Na/ZSM-5 with Si/Al molar ration of 54 was supplied by

Leuna Werke. The Cu-containing pentasil zeolite (Cu/ZSM-5)

was prepared by ion exchange of Na/ZSM-5 (10 g) with

0.01 mol dm�3 of aqueous solution of copper(II) acetate

(1 dm3). Ion exchange was performed overnight at room

temperature. Copper content was 1.99 wt.%. The obtained

catalyst was washed, filtered and dried overnight at 373 K. The

zeolite powder was pressed into tablets, crushed and sieved.

The pretreatment of the catalysts at 400 8C in helium flow

(40 cm3 min�1) for 1 h was performed before catalytic

reaction.

2.3. Catalyst characterization

The prepared catalysts were characterized by several

techniques, such as XRD, surface measurements and thermal

analysis (DSC/TG). Textural characterization of the monolith

samples was performed by means of nitrogen adsorption/

desorption isotherms at �196 8C using Micromeritics ASAP

2000 instrument. The physical properties of both catalysts,

such as specific surface area, total pore volume and mean

pore diameter are given in Table 2. Detailed characterization

of surface species structures of the V–O–W/Ti(Sn)O2

catalyst obtained by Raman spectroscopy is presented

elsewhere [6].

2.4. Experimental apparatus and procedures

The catalytic properties of a V–O–W/Ti(Sn)O2 (r) catalyst

and metal containing ZSM-5 were investigated at the

temperature range from 165 to 500 8C and at atmospheric
ns Reaction order with

respect to NO
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–15 atm; 0.4% NO/N2 2 [9]

1 atm; 1–10% NO/He, 1–7% O2/He 1 [10]
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NO/He 1.5–1.8; 1.1–1.3 [13]

; 0.4–1.8% NO/He, 0–1% O2 1.22–1.46; 1.08–1.11 [14]

atm; 0.5–3.% NO/He, 0–5% O2 1.21–1.47 [15]

atm; 0.5–2.0% NO/He �1 [16]



Table 2

Physical properties of the catalysts

Catalyst S (m2 g�1) Vp (cm3 g�1) dp (nm)

V–O–W/Ti(Sn)O2 66.73a 0.1560 9.3826

Cu/ZSM-5 355.6208b 0.1520 1.7095

a By BET method.
b By Langmuir model.

Fig. 1. Results of the TG/DSC analysis of (a) Cu/ZSM-5 and (b) V–O–W/

Ti(Sn)O2 (r) catalyst.
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pressure. A 0.315–0.5 mm-size fraction was used for the

catalytic tests.

Steady-state NO decomposition rates were measured using a

tubular fixed-bed reactor (6.5 mm i.d. and 150 mm length) with

the catalyst samples supported on a porous quartz frit. Reaction

was performed at atmospheric pressure and at various reactor

space times. Space times were changed by varying total flow

rate of the reactant gas (4% NO in helium; Messer Griesheim)

over constant mass of the catalyst (0.5 g). The catalyst activity

for NO decomposition was evaluated by conversion of NO into

N2. The reactor effluent was analyzed combining volumetry

and gas chromatography (GC). The procedure was performed

firstly by the removal and volumetric analysis of NO2 using

Saltzman technique. Traces of H2O were removed by passing

the effluent through a CaCl2 bed. The gaseous products N2, O2,

and NO were analyzed by GC (Varian 3300) equipped with a

TCD detector using a stainless steel column packed with a

molecular sieve 5A (80/100 mesh). Helium was used as carrier

gas. A complete description of experimental apparatus and

procedures can be found elsewhere [18].

3. Discussion and results

The DSC curves and mass losses obtained for Cu/ZSM-5

and V–O–W/Ti(Sn)O2 (r) catalyst are shown in Fig. 1a and b.

Endothermic peaks appearing at the beginning of DSC curves

(at 74.3 8C and 54.4 8C for Cu/ZSM-5 and V–O–W/Ti(Sn)O2,

respectively) correspond to the loss of water and volatile

compound from the catalyst samples. The first exothermic peak

on DSC Cu/ZSM-5 curve (297.5 8C) can be attributed to the

copper oxidation and the second one (1135.1 8C) to the zeolite

recrystallisation. The increase of the mass of V–O–W/Ti(Sn)O2

catalyst at 300–1100 8C might be ascribed to the oxidation of

the vanadium segregating on the surface of the V–W oxide

bronze crystallites as vanadia-like species [19]. On DSC curve

vanadium oxidation is demonstrated as a very large exothermic

peak. The additional DSC peak at 748.9 8C shows that

vanadium segregation is followed by orthorhombic–tetragonal

WO3 transformation observed by Roth and Waring [20].

Fig. 2a illustrates the change in the molar fraction of the

reaction products over V–O–W/Ti(Sn)O2 (r) catalyst as a

function of space times at temperature of 165 8C. It can be seen

that molar fraction of the nitrogen and oxygen at the reactor exit

are almost the same, indicating that secondary reaction between

the unreacted NO and oxygen produced by main reaction was

not favourable under the conditions employed in this study. As

it is well known, the oxidation of NO into NO2 is scarce

example of the oxidation reaction with the rate increasing with

decrease of the reaction temperature and is favourable at room
temperature. This is confirmed by the results given in Fig. 2b,

indicating that secondary reaction presumably takes place in

the cold part of the reaction system [18].

As already mentioned, this work was aimed at the

investigation of the kinetics of NO decomposition over V–

O–W/Ti(Sn)O2 catalyst. Taking into account the sequence of

elementary steps in the overall reaction mechanism and

assuming that one of those steps was the slowest one (or rate-

determining step, rds) several rate equations were derived. The

survey of the kinetic models used in the present study is given in

Table 3. The empirical power-low model was tested too. As was

shown earlier [21] NO is adsorbed on metal atoms in vanadia-

like surface species via nitrogen atom (ON-Me). Thus the

mechanism (2) and (3) in Table 3 should first of all be taken into

account.

Experimental values for the reaction rate were obtained

according to the model for tubular reactor:

� dyNO

dt
¼ f ðyiÞ (5)

Mathematical model for the tubular reactor (Eq. (5)) was

developed under the following assumptions: steady state and

isothermal conditions, ideal gas flow and neglected pressure

drop through the catalytic layer. Values of the space times were

normalized by dividing with maximum value (tmax) in order to

compare the mean square deviations obtained at different

measurements.

Differential equations obtained by inserting the proposed

kinetic models into the reactor model (Eq. (5)) were solved



Fig. 2. Change in the molar fraction of the reaction products over V–O–W/

Ti(Sn)O2 (r) catalyst as a function of space times at temperature of 165 8C (a).

Influence of the space times and reaction temperature on the molar fraction of

NO2 at the exit from the reactor (b).
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numerically by the 4th order Runge–Kutta algorithm under

simultaneous assessment of the kinetic parameters (Nelder–

Mead method of nonlinear regression). The selection of a

suitable model was based on minimization of the squares of

differences between experimentally obtained (Yexp.) and
Table 3

The kinetic models proposed in present study

Empirical model

rA ¼ kCn
NO (1)

Mechanistic models

Reaction mechanism

NO + S! S�NO (rds); 2S�NO! O2 + 2S�N; 2S�N$ N2 + 2S

NO + S$ S�NO; 2S�NO! O2 + 2S�N (rds); 2S�N$ N2 + 2S

NO + S$ S�NO; 2S�NO! O2 + S�N2 + S (rds); S�N2$ N2 + S
predicted results (Yth.).

SD ¼ 1

N �M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

i¼1

ðYexp: � Y th:Þ2
vuut (6)

The obtained kinetic parameters and the appropriate mean

square deviations are summarised in Table 4. The mean value of

the square deviations obtained at different temperatures was

calculated using the following expression:

SD ¼
PK

i¼1 SD

K
(7)

As shown in Table 4 and Fig. 3a, the best fit to the

experimental data was achieved using the simple power-low

model (mean SD = 2.111 � 10�2). However, this model has no

practical importance and it can be used only as fast screening

technique in discovery and study of various catalysts for the

desired purpose. Thus, experimental data were correlated with

several mechanistic Langmuir–Hinshelwoods (LH) models.

The differences among them were in the type of interactions

between the reactants and active sites on the catalyst surface, in

the assumed oxygen (or nitrogen) desorption from the active

sites, as well as in the number of reaction parameters. The LH

models given by Eq. (2), and Eq. (3) had two parameters, while

model given by Eq. (4) had three parameters. Satisfactory

degree of correlation was established, especially by using LH

kinetic model given by Eq. (2). This model was developed

assuming NO adsorption as the rate-determining step. These

results are in good agreement with the observation of Li and

Hall [8] who used similar model to describe NO decomposition

over Cu/ZSM-5 catalyst. As can be seen from the values of the

mean square deviations, the other two LH models also agree

well with the experimentally obtained results. However, it is

important to emphasise that kinetic data cannot be used to

determine which reaction mechanism is correct. Apparently,

additional experimental work is necessary to validate proposed

kinetic model. According to the literature, formation of the
Rate equation

rA ¼ k�CNO

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
K0

D
�CN2

p (2)

rS ¼ k�CNO
2

1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
K0

D
�CN2

p� �2 (3)

rS ¼
k�C2

NO

ð1þKACNOþK0
D
�CN2

Þ2
(4)



Fig. 3. Comparison of the experimental data (points) and theoretical predic-

tions: (a) obtained by different models (as indicated in Table 3) and (b) obtained

over V–O–W/Ti(Sn)O2 (r) by model given by Eq. (2).

Table 4

Kinetic parameters of NO decomposition over V–O–W/Ti(Sn)O2 (r) catalyst and the mean square deviations

T (8C)

165 340 400 420 475

Model 1 (Eq. (1))

k (�10�2 (mol dm�3)1/n�1 s�1) 3.738 3.737 6.046 4.158 3.864

n (�102) 20.710 21.470 0.024 0.280 20.960

SD (�102) 1.519 1.352 5.540 0.888 1.254

Mean SD (�102) 2.111

Model 2 (Eq. (2))

k (�10�2 s�1) 5.735 5.738 1.117 6.252 6.282

K 0Dð�10�2 dm3 mol�1Þ 0.013 0.024 0.015 2.464 2.490

SD (�102) 2.625 1.974 4.499 2.755 3.726

Mean SD (�102) 3.116

Model 3 (Eq. (3))

k (�10�5 dm3 mol�1 s�1) 4.754 4.803 10.070 4.908 4.887

K 0Dðdm3 mol�1Þ 2.797 2.730 2.147 1.599 2.853

SD (�102) 4.354 3.916 7.865 4.502 5.419

Mean SD (�102) 5.209

Model 4 (Eq. (4))

k (�10�5 dm3 mol�1 s�1) 5.949 5.994 11.580 6.160 6.073

KA (�10�2 dm3 mol�1) 1.048 1.039 0.086 1.028 1.035

K 0D ð�10�2 dm3 mol�1Þ 1.032 1.032 0.086 1.023 1.025

SD (�102) 4.044 3.582 7.327 4.193 5.109

Mean SD (�102) 4.851
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reaction intermediates such as N2O, NO2 or NO2
� could be the

key step for NO decomposition [22]. The formation of such

reaction intermediates during NO decomposition over V–O–W/

Ti(Sn)O2 catalyst is really observed [23].

The influence of the reaction temperature on the molar

fraction of NO at the exit from the reactor is shown in Fig. 3b.

The results show that NO decomposition proceeds with the

reasonably high conversion over V–O–W/Ti(Sn)O2 catalyst at

the temperature of 400 8C (conversion of 84% at tmax), while

conversions obtained at other temperatures are ca. 26% lower.

Comparison of the activity of V–O–W/Ti(Sn)O2 and Cu/

ZSM-5 catalyst in NO decomposition is illustrated in Fig. 4.

Despite the fact that the specific surface area of Cu/ZSM-5
Fig. 4. The molar fraction of the unreacted NO in the reaction products as a

function of the catalyst type and reaction temperature. Kinetic parameters are

given in Table 4.
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catalyst yields 355.62 m2 g�1 and specific surface area of V–O–

W/Ti(Sn)O2 catalyst is much smaller (66.73 m2 g�1), the latter

catalyst shows better activity at 400 8C. The highest activity of

Cu/ZSM-5 is obtained at 500 8C, but this activity is still smaller

than activity of V–O–W/Ti(Sn)O2. Moreover, V–O–W/Ti(Sn)O2

catalyst shows high activity even at temperature of 165 8C, which

is of great importance for its practical applications in the real

conditions. In our other paper [6] it has been observed that

oxygen produced by NO decomposition, especially at higher

space times in the reactor leads to the rate enhancement. This is

attributed to the reconstruction of the catalyst surface due to

vanadium segregation and oxidation (see Fig. 1b) by the oxygen

formed in NO decomposition. As it was shown earlier [6] the

oxygen interaction with the reduced catalyst surface causes

oxidation of the vanadium atoms segregated on V–O–W bronze

crystallites, resulting in the formation of the vanadia-like

monolayer species. These species show high activity in NO

decomposition. This beneficial influence of the oxygen on the

catalyst activity in NO decomposition to N2 and O2 is, according

to our knowledge, observed for the first time.

4. Conclusions

In this study the V–O–W/Ti(Sn)O2 (r) was used as catalyst

for NO decomposition. The V–O–W/Ti(Sn)O2 catalyst, which

was prepared by a sol–gel method, exhibited the enhanced

catalytic properties in comparison to the metal containing

ZSM-5 zeolite, especially at lower reaction temperatures. It is

found out that the rate of NO decomposition over V–O–W/

Ti(Sn)O2 catalyst can be described with the LH type of reaction

mechanism, assuming that the NO adsorption is the rate-

determining step of the process. Finally, it has been concluded

that V–O–W/Ti(Sn)O2 catalyst has promising activity for the

NO removal from the exhaust streams.
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