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A study of the mechanisms of NO reduction over vanadium
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bstract

The kinetics of the selective catalytic reduction of NO in the presence of vanadium loaded carbon-based catalysts has been studied, by means

f different techniques, such as transient response analysis, temperature programmed desorption and DRIFT spectrometry. The results point out
o a reaction mechanism involving adsorbed species of ammonia, which react with the NO from the gas phase. The role of oxygen will be the
egeneration of the spent catalytic sites. Finally, the Mars van Krevelen kinetic model was successfully used to fit the experimental data.

2008 Elsevier B.V. All rights reserved.

velen

g
t

t
s
c
B
S
[
a

o
d
a
s
a
s
n
o
V

eywords: Selective catalytic reduction; Carbon-based catalysts; Mars van Kre

. Introduction

In the last years, selective catalytic reduction (SCR) has
ecome one of the most outstanding technologies for con-
rolling the emission of nitrogen oxides from stationary
ources [1]. The commercial V2O5/TiO2 type catalysts are suc-
essfully employed at temperatures above 300 ◦C. However,
arbon-based catalysts represent an interesting alternative to
iO2-based ones, as they can operate efficiently at consider-
bly lower temperatures, between 100 and 250 ◦C [2]. Thus,
he catalytic bed could be located downstream of the desul-
hurization device, bypassing the need of reheating the flue
as and avoiding retrofitting of the equipment in an existing
oiler. In addition, it has been recently reported that car-
on catalysts are less sensible to SO2 poisoning, one of the
ain drawbacks of the use of TiO2-based catalytic systems

3,4].
Further understanding of the operation and application of

hese catalysts can be gained through a deeper knowledge of
he mechanism and kinetics of the NO reduction reaction in

heir presence. A great number of studies dealing with this sub-
ect have been published in recent years, for a wide variety of
atalysts and under different reaction conditions. However, no
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eneral agreement has been attained and there are some aspects
hat remain already not fully clarified [1,2,5].

In the presence of NH3 as a reductant, it is generally admitted
hat this compound reacts from an adsorbed state on the catalyst’s
urface. However, there is more controversy about the active
entres involved, as NH3 can be adsorbed either as NH4

+ on
rønsted sites or via coordinative adsorption on Lewis sites.
ome authors claim that both kinds of active sites are necessary
6,7], while some others state that NH3 reacts, in the form of
mides, adsorbed only in Lewis type sites [8,9].

Soyer et al. [10] concluded from a quantum chemical study
f SCR on V2O5 catalyst that the SCR reaction on (0 1 0) vana-
ium oxide surface is initiated favourably by the Brønsted acidic
mmonia adsorption. The second part of the SCR reaction con-
ists of the interaction of nitric oxide with the pre-adsorbed
mmonia species to eventually form nitrosamide species. These
pecies leave the ammonia adduct and then re-adsorbed on a
ew Brønsted acidic site of V2O5 when decompose by means
f a push–pull hydrogen transfer mechanism between the active

O and V-OH groups.
The role of NO in the reaction is also a subject of diverse

pinions. Some authors have reported that NO reacts from an
dsorbed state [11,12], while others argue that it reacts directly

rom the gas phase [6,13,14] or even weakly adsorbed [15–17].
hus, two types of mechanisms can be proposed, an Eley–Rideal

ype one that considers NO reacting from the gas phase and NH3
trongly adsorbed or a Langmuir–Hinselwood like mechanism

mailto:mlazaro@icb.csic.es
dx.doi.org/10.1016/j.cej.2008.01.003
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Table 1
Description of the catalysts studied

SCA750 Activated carbon support

SCA750 + V O Carbon support loaded with 3% V, V O in water
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here NO and NH3 are considered to react both adsorbed on the
atalyst surface.

This debate extends also to carbon-based catalysts. Richter
t al. [18], Singoredjo et al. [19] and Teng et al. [20] have
eported that the reaction takes place between adsorbed NO and
H3 while Marbán et al. [21] claim that NO reacted from the
as phase via the formation of a nitrosamidic intermediate and
hey observed that the formation of nitrates resulted in a partial
eactivation of the catalysts at temperatures below 230 ◦C [22].

Oxygen, either present in the reactant mixture or as a het-
roatom on the catalyst’s surface, is also involved in the SCR
eaction. It is generally accepted that oxygen is mainly involved
n the re-oxidation of the catalytically active phase after reaction
19,5], but it has been also suggested that its presence favours
O adsorption on the catalyst’s surface [19], and that it is respon-

ible for the abstraction of one atom of hydrogen from adsorbed
H3, in the first step of nitrosamide formation [12].
In previous works, we have studied the activity of novel acti-

ated carbon catalysts prepared using different V compounds as
ctive phase [23,24] for SCR at low temperature. One of these V
ompounds was the ash obtained by calcination of a petroleum
oke, designed as petroleum coke ash (PCA), which contain up
o 23% of V. The catalysts showed interesting activities in the
eduction of NO in the presence of NH3 and O2, with almost
00% selectivity towards N2, even at temperatures as low as
50 ◦C. For future scaling up of the catalytic system, the need
f performing an investigation of the SCR reaction mechanisms
as identified.
At present there is not any mechanistic study on this kind

f catalyst. It should be noted that the active phase present in
CA is very complex [25] and other vanadium species besides
2O5 have been identified. This paper presents the main results
f the study carried out for the elucidation of the reaction mech-
nisms of SCR over PCA loaded activated carbon catalysts. The
ransient response method was applied to the reaction system
nd Temperature Programmed Desorption of NH3 and in situ
RIFTS studies were also performed. Finally, experimental data
f activity were successfully fitted to a Mars van Krevelen-type
inetic model.

. Experimental

.1. Activated carbon supports

For the preparation of the activated carbon support, a low-
ank coal from SAMCA mines in Teruel, Spain, was used as
recursor. Previous results obtained in a deep study of the influ-
nce of the different activation conditions on the physical and
hemical characteristics of the resulting materials [26], showed
hat the surface area and micropore volume increased with the
everity of the activation. It was observed that an activation tem-
erature over 750 ◦C and a residence time of more than 4 h led to
n activated carbon with an adequate surface area with an impor-

ant contribution of wide micropores and mesopores, together
ith an oxygen group enriched surface chemistry. Based on

hese results, an activated carbon, SCA750, was prepared in a
atch-mode fluidized bed.

o
r
1
w

2 5 2 5

CA750 + PCA Carbon support loaded with 3% V, PCA in water
CAOX + PCA Oxidized carbon support loaded with 3%V, PCA in water

With the main aim of increasing the concentration of oxygen
unctionalities on its surface, the activated carbon SCA750 was
ubsequently submitted to oxidation with concentrated HNO3
t room temperature during 4 h. The oxidized activated carbon
btained is referred as SCAOX. A more detailed description of
he preparation method can be found in Gálvez et al. [24].

.2. Active phases

A coke from the Delayed Coke Unit in the REPSOL refin-
ry in Puertollano, Spain, was used for the production of the
etroleum coke ashes (PCAs), by combustion under air at a tem-
erature up to 650 ◦C. This PCA contains 23% (w/w) of V, 3.5%
w/w) of Fe and 3% (w/w) of Ni, determined by atomic absorp-
ion spectroscopy. Other components such as Mg, Zn, Cu, Cr,

n, Pb, Sb and Ca are also present in this material. A more
omplete description of PCA components can be found in [25].
ommercial V2O5 (Aldrich) was also used as a model vanadium
ompound for the preparation of some of the catalysts.

.3. Catalysts preparation

The carbon supports were loaded with 3% V (w/w), nomi-
al, using either V2O5 or PCA. A suspension of each of these
ompounds in distilled water was stirred for 15 min at a tem-
erature between 35 and 40 ◦C before adding the corresponding
mount of char. The char was added stepwise in small charges
hile the suspension was continuously stirred. After stirring at

mbient temperature for 4 h the temperature was raised in order
o evaporate most of the water in the suspension. Finally, the
atalyst was dried overnight in an oven at 108 ◦C. Table 1 shows
short description of the preparation procedure for the catalysts
resented in this paper.

.4. Catalysts characterization

Both the carbon supports and the catalysts were physically
nd chemically characterized by means of N2 adsorption at
7 K (Micromeritics ASAP 2000), chemisorption of O2 and
H3 (Micromeritics Pulse Chemisorb 2700) and temperature-
rogrammed desorption of carbon oxides and ammonia. For the
PD of carbon oxides, 0.6 g of sample was placed in a U tube and
eated in He flow from 150 to 1050 ◦C (10 ◦C min−1) and the
mounts of CO and CO2 evolved were measured by means of gas
hromatography. For the Temperature Programmed Desorption

f ammonia, 0.4 g of catalyst was placed in a cylindrical quartz
eactor of 7 mm internal diameter. A flow of 25 cm3 min−1 of
700 ppm of NH3 in Ar was fed for 2 h at150 ◦C. Then the reactor
as heated up from 150 to 1050 ◦C at 10 ◦C min−1 in a flow of
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Table 2
NO reduction efficiency, selectivity, SSA, O2 and NH3 chemisorption and TPD results

Catalysts % NO reduction % Selective N2 SSA (m2/g) Chem. NH3 (cm3/g) TPD experiments

cm3CO/g cm3CO2/g CO2/CO

SCA750 34 92 398 3.7 43 8 0.18
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CA750 + V2O5 56 92 385
CA750 + PCA 46 91 344
CAOX + PCA 88 87 286

5 cm3 min−1 of Ar, and the amount of NH3 desorbed was mea-
ured by means of a mass spectrometer (Balzers 422) connected
n-line (m/z 17).

.5. Activity measurements

The NO reduction efficiency of the catalysts was determined
y passing a flow of 22.2 cm3 min−1 containing 1000 ppmv NO,
500 ppmv of NH3 and 3.5% (v/v) of O2 in Ar through a fixed
ed containing 0.4 g of sample (0.2–0.5 mm particle size) at a
emperature of 150 ◦C and 1.4 s of residence time. The gases
ere dosed by means of mass flow meters and fed to the cylin-
rical quartz reactor of 7 mm internal diameter, heated by an
lectric oven. Before reaching the sample, the gases were forced
o pass through a bed of Al2O3 crystals acting as mixing cham-
er. A blank test showed no de-NOx activity for these Al2O3
rystals under reaction conditions. The concentrations of NO,
H3, O2, N2 and N2O in the outlet gases were continuously
easured in a mass spectrometer (Balzers 422) connected on-

ine. The mass spectrometer was calibrated using mixtures of
000 ppmv of NO in Ar, 3000 ppmv of NH3, 7% (v/v) of O2 in
r, 1000 ppmv of N2 in Ar and 1000 ppmv of N2O in Ar. The
O conversion and selectivity towards N2 were calculated as
escribed elsewhere [27].

.6. Transient response experiments

Transient response experiments were carried out in the same
nstallation used for the activity tests, using 0.4 g of catalyst
nd a total flow of 22.2 cm3 min−1, at a temperature of 150 ◦C.
nitially, a mixture of 1000 ppmv NO, 1500 ppmv of NH3 and
.5% (v/v) of O2 in Ar was fed into the reactor until a station-
ry state with a constant composition of the gas leaving from
he reactor was reached. Then, the variations of the gas compo-
ition when one or a combination of reactants was eliminated
rom the fed mixture were measured for 2 h. Finally, the com-
lete reaction mixture was restored and the system was left for
tabilization until the steady state was reached again. All the
esults obtained were checked against the corresponding blank
xperiments performed in absence of catalytic bed.

.7. In situ DRIFTS studies
For the acquisition of the DRIFT spectra, a catalytic chamber
Spectra-Tech 0030-102) was employed attached to a diffuse
eflectance device (Spectra-Tech Collector) and situated inside
Nicolet Magna-IR Spectrometer 550. The temperature inside

d
l
r
s

5.8 46 10 0.21
4.4 53 17 0.21
7.1 42 52 1.23

he catalytic chamber was controlled by means of a Spectra-Tech
emperature Controller 0019–022 and maintained at 150 ◦C.
nside the ceramic sample holder, 200 mg were placed and a
ow of 50 cm3 min−1 of reactant gas containing 1000 ppm of
O, 1500 ppm NH3 and 3.5% of O2 in He, 3000 ppm of NH3

nd 7% of O2 in He, or 2000 ppm of NO in He, was fed to
he chamber. Prior to reaction, the sample was degasified in
e atmosphere at 200 ◦C during 30 minutes. The background

pectrum was taking after the first 15 minutes in He atmosphere
nd at 150 ◦C, and was automatically subtracted from the rest of
he spectra.

.8. Fitting of the kinetic model

Solver tool from Microsoft Excel was employed for the math-
matical fitting of the data to the kinetic model.

. Results and discussion

.1. Catalytic activity and catalyst characterization

Table 2 shows the catalytic activity measured at a constant
emperature of 150 ◦C, for the different catalysts presented in
his paper. Values of BET surface area, NH3 chemisorption and
he CO and CO2 evolved during TPD tests. NO conversions
round 50% were obtained for the catalysts prepared with the
on-pre-oxidized carbon support, SCA750, while a conversion
p to 88% was determined for the catalyst prepared using the
arbon support treated with HNO3, SCAOX.

Specific surface area of catalyst decreases when the active
hases are loaded on the carbon support. Chemisorption of
mmonia as well as the amount of CO2 evolved during TPD,
re significantly higher for the catalyst prepared using the pre-
xidized support, SCAOX. Acidic surface functionalities, such
s the carboxylic groups created after the treatment with HNO3,
an adsorb ammonia, acting as Brønsted acid sites. At the same
ime, this catalyst, SCAOX + PCA, is the one that showed the
ighest NO reduction efficiency. Chemisorption of NH3 also
ncreases when both V2O5 and PCA are loaded on the carbon
upport. This means that both compounds are able to provide
ewis acid sites where ammonia can be adsorbed. The lower
apacity of PCA is attributed to the presence of vanadium species

ifferent from V2O5, such as iron vanadate, [25] which has a
ower acid character. It seems that catalytic activity is mainly
elated to the ability of the catalyst to adsorb ammonia on the
urface.
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Fig. 1. Temperature programmed desorption after saturation with NH3.

Further evidence of NH3 adsorption was obtained from the
emperature Programmed Desorption of NH3 after saturation
f the catalyst surface. Fig. 1 shows the amount of ammo-
ia desorbed as a function of the temperature for the catalysts
CA750 + PCA and SCAOX + PCA. In both cases it can be
bserved that NH3 desorption begins at temperatures around
50 ◦C. The evolution of ammonia presents a broad peak that
xtends up to a temperature of 350 ◦C, indicating the presence of
everal adsorbed forms of ammonia with different thermal sta-

ility. Kijlstra et al. [9,12] have previously reported the same
bservation for MnOx/Al2O3 catalyst. Teng et al. [20] also
bserved ammonia desorption from 125 to 325 ◦C. Furthermore,
hey claimed that the amount of NH3 adsorbed was directly

m
t
m
b

ig. 2. Transient response experiments where NH3 and O2 where removed and subsequ
c) SCAOX + PCA and (d) unloaded carbon support SCA750.
ring Journal 144 (2008) 10–20 13

elated to the activity of the catalysts, and that the SCR reaction
ate was controlled mainly by this amount of ammonia adsorbed
n the catalyst’s surface sites.

This broad peak of ammonia desorption can be divided
ainly in two important contributions, as suggested by Zhu et

l. [28]. The first of this two contributions is centred at a tem-
erature of 175–200 ◦C, while the maximum of the second one
an be located at about 250–275 ◦C. Just as suggested by Zhu
t al. [28] these two contributions can be ascribed with the NH3
dsorbed on two different kinds of surface sites, as NH4

+ on
rønsted sites, i.e. oxygen surface groups, and coordinatively
n Lewis sites, i.e. V sites.

It can be observed in Fig. 1 that the highest amount of ammo-
ia desorbed corresponds to the catalyst SCAOX + PCA. This is
ue to the higher number of oxygen surface groups with acidic
haracter that will favour NH3 adsorption acting as Brønsted
ites. These results agree with the ones shown in Table 2 and
onfirm that catalytic activity is related to ammonia adsorption
apacity, since the catalyst SCAOX + PCA presents the highest
fficiency in NO removal.

.2. Transient response experiments

The transient response technique, TR, evaluates the evolu-
ion of the catalytic reactions under non-stationary conditions.
his method has been used in literature to gain infor-

ation on the role of the different species involved in

he SCR reaction [21,22,29,30]. The experimental procedure
ainly consists of studying the evolution of the catalyst

ehaviour when some of the components of the reactive

ently added to the reaction mixture, for (a) SCA750 + V2O5; (b) SCA750 + PCA;
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ig. 3. Transient response experiments where NH3 was removed and subseque
CAOX + PCA and (d) unloaded carbon support SCA750.
ixture are alternatively removed and replaced. Figs. 2–5
how the concentration profiles for NO, NH3 and O2 before
nd after introducing several changes in the reactant gas.
2 concentration profile follows exactly the opposite trend

o
i

O

ig. 4. Transient response experiments where NO was removed and subsequently a
CAOX + PCA and (d) unloaded carbon support SCA750.
dded to the reaction mixture, for (a) SCA750 + V2O5; (b) SCA750 + PCA; (c)
bserved for NO, but was not presented for the sake of clar-
ty.

Fig. 2a–d shows the gas composition in TR when NH3 and
2 were removed and subsequently put back to the reaction

dded to the reaction mixture, for (a) SCA750 + V2O5; (b) SCA750 + PCA; (c)
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ig. 5. Transient response experiments where O2 was removed and subsequen
CAOX + PCA and (d) unloaded carbon support SCA750.

ixture, for the three catalysts and the carbon support. The
R patterns for SCA750 + V2O5 and SCA750 + PCA are simi-

ar. At the steady state, a slightly lower ammonia concentration
nd a higher NO concentration (lower conversion) are observed
or SCA750 + PCA, which agrees with the results on ammonia

dsorption and catalytic activity presented in Table 2. After the
emoval of these reactants, a gradual diminution of the concen-
ration of NH3 can be noticed, while a sharp decrease in the
oncentration of O2 is observed. NO concentration increases,

f
o
a
i

ig. 6. DRIFTS spectra obtained for the catalyst SCA750 + V2O5, exposed to three d
3) NO in He.
ded to the reaction mixture, for (a) SCA750 + V2O5; (b) SCA750 + PCA; (c)

ndicating that reaction stops when removing NH3 and O2 from
he gas mixture.

In contrast, a different TR pattern is observed for the catalyst
CAOX + PCA prepared using the pre-oxidized carbon support.
he concentration of NH3 is quite low even before its withdrawal
rom the stream, due to increased adsorption of this reactant
n the surface. This low concentration remains nearly constant
fter removal of ammonia. After removing of NH3 and O2, the
ncrease of the NO concentration observed for SCAOX + PCA

ifferent reaction atmospheres: (1) NO + NH3 + O2 in He; (2) NH3 + O2 in He;
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s more gradual than for the catalysts prepared using the non-
xidized supports. This fact points out that in this case the
dsorbed NH3 can be still reacting with NO, even in absence
f O2 in the gas phase, with the aid of the oxygen coming from
urface functionalities.

Fig. 3a–d shows the TR results when only NH3 was removed
rom the reactant mixture. NO concentration increases now more
lowly after removal of NH3 than in the previous set of TR
xperiments, when both NH3 and O2 were removed form the
as phase, in particular for SCA750 + V2O5 and SCAOX + PCA.
his result shows that presence of oxygen is of key importance

or the NO reduction. Another important fact is that this gradual
ncrease in the concentration of NO after removing NH3 is not
bserved in the case of the unloaded carbon support, what means
hat in absence of an active phase, the reaction between adsorbed
mmonia and NO does not proceed.

Fig. 4a–d shows the evolution of the concentrations of the
eactants for the transient response experiments where NO was
emoved from the mixture. A stepwise decrease in the concen-
ration of NO is observed in all cases, what denotes that NO
eacts probably from the gas phase or from a weakly adsorbed
tate.

Fig. 5a–d presents the TR curves obtained when removing
nly O2 from the reactant mixture. In this case it is important
o point out the fast recovery of the conversion of NO after

2 is replaced within the reactants. This fact further indicates
hat O2 reacts directly from the gas phase, confirming what was
bserved also in the other TR experiments. When O2 is removed
rom the reactant mixture, the concentration of NO increases,
hat substantiates the importance of this reactant in the SCR

eaction.
All these observations indicate that: (1) ammonia reacts

bsorbed on the catalyst surface; (2) oxygen is needed for SCR
nd (3) the reaction occurs on V-active sites of PCA. The role of
xygen may be the regeneration of the metal sites after reaction,
ringing them back into the highest oxidation state. These facts
oint out that SCR on the catalysts presented in this paper pro-
eeds via an Eley–Rydeal type kinetics, with NO reacting from
he gas phase, and not following a Langmuir–Hinselwood type,
hich would imply reaction between adsorbed species of both
O and NH3.

.3. In situ FTIR spectroscopy

FTIR Spectroscopy has been widely used in literature to
dentify the species adsorbed on the surface of a catalyst
9,6,16,22,31,32]. In particular, diffuse reflectance infra-red
pectroscopy (DRIFTS) can be used to observe the evolution of
he adsorbed species as the catalytic reaction proceeds with the
id of a catalytic chamber [33–38]. All the studies reported in lit-
rature have been performed for catalysts supported on materials
uch as TiO2, SiO2 or Al2O3. For carbon-supported materials,
ome studies can also be found in the literature [39–42].
Fig. 6 shows the DRIFTS spectra obtained for the catalyst
CA750 + V2O5, exposed to three different reaction atmo-
pheres: (1) NO + NH3 + O2 in He; (2) NH3 + O2 in He; (3)
O in He. In the presence of the complete reaction mixture,

3

t

ring Journal 144 (2008) 10–20

everal peaks at different wave numbers can be observed. This
onfirms that this method can provide useful information about
he different species adsorbed during SCR in the presence of
arbonaceous catalysts.

Two regions can be appreciated in the three spectra, with
ell-defined peaks that have been ascribed to different adsorbed

pecies in the literature. The first group of peaks appear at
ave numbers between 3500 and 2500 cm−1, while the second
roup is placed in the region 1500–950 cm−1. The spectrum
btained in the presence of NO, NH3 and O2 presents peaks at
200, 3050 and 2825 cm−1 which have been attributed to NH3
dsorbed in the form of NH4

+ in Brønsted sites of the catalyst
urface [33–36]. In the region between 2250 and 2400 cm−1

wo peaks with negative absorbance are observed. These peaks
orrespond to V O bond and have been ascribed to the reduc-
ion of the metallic centres on the surface of the catalyst [33].
ess agreement can be found in literature for the peaks that
ppear from 2000 to 900 cm−1. The peak observed at 1600 cm−1

as been equally assigned to NH3 adsorbed coordinatively on
ewis metallic sites [35,38] and to nitrates [35], or even to
O2 adsorbed on the catalyst’s surface [36]. Afterwards, sev-

ral peaks appear between 1400 and 1250 cm−1, that have not
een clearly ascribed to any particular species, and that appear
ssigned in literature to different forms of adsorbed NO and NH3
33,38]. Finally, one band at 1100 cm−1 and two narrow peaks,
entred at 980 and 942 cm−1, which have not been reported in
iterature are observed.

The spectrum corresponding to reaction in the presence of
H3 and O2, shows also the well-defined bands between 3200

nd 2800 cm−1, associated to the presence of NH4
+. Further-

ore, a band at 3325 cm−1 can be observed that has been
ssigned to NH3 adsorbed on Lewis sites [38]. The peaks at
100, 980 and 942 cm−1 appear also in this spectrum, which can
e due to different forms of ammonia adsorbed on the catalyst’s
urface. However, bands at 1400 and 1250 cm−1 that appeared
n the spectrum taken in the presence of the whole reaction mix-
ure are missed. It seems that some kind of adsorbed species is
ormed in the presence of NO, NH3 and O2 that is not present
hen the reaction mixture contains only NH3 and O2.
Adsorbed species have not been observed in the DRIFTS

pectrum taken in presence of NO as indicated by the absence of
bsorbance bands in all the range of wavelength tested. The only
wo peaks that appear are those corresponding to the V O bond
n the middle part of the spectrum. This fact confirms that NO
eacts most probably from the gas phase. Ramis et al., however,
uggested the formation of a nitrosamidic intermediate, where
dsorbed NH3 was slightly bonded to NO [16]. The presence of
he bands at 1400 and 1250 cm−1 that are observed only when
he whole reactant mixture is fed may be an indication of the
ormation of this kind of nitrosamidic intermediate, and, so, it
ould be considered that NO reacts once this complex is formed
nd not directly from the gas phase.
.4. SCR mechanism

At the sight of the results provided in the previous sec-
ions, the mechanism proposed for SCR over the catalyst studied
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ig. 7. Experimental data fitting to the Mars van Krevelen model for CA750 +
ontinuous line represents the conversion predicted by the model.

ere must accommodate the following experimental evidences:
1) ammonia reacts from a strongly adsorbed state on cata-
yst surface; (2) NO reacts from the gas phase, most probably
hrough the formation of a nitrosamidic intermediate, but it is
ot adsorbed itself directly on any surface site; and (3) O2 is in
harge of the re-oxidation of the catalyst’s spent sites.

NH3 will react adsorbed on Lewis type sites, i.e. V-sites,
ut migration from oxygen surface groups – Brønsted sites –
s bound to occur, thus resulting in an increase in the reaction

ate. On the other hand, oxygen surface groups can also pro-
ide the oxygen needed for the regeneration of the metallic sites
fter reaction. In this case, O2 in the gas phase will regenerate
hese surface functionalities instead of regenerating directly the
; (b) SCA750 + PCA; (c) SCAOX + PCA; markers indicate experimental data,

etallic site.
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HO3V O : NH2: NO ⇔ HO3V O + N2 + H2O

× (decompositionofthenitrosamidiccomplex) (C)
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HO3V O + 1
4 O2 ⇔ O3V O + 1

2 H2O

× (active site regeneration) (D)

.5. Kinetic modelling

In a first trial, mechanistic kinetic equations were obtained
rom the proposed mechanism using the chemical equilibrium
pproach and considering several reaction steps as rate control-
ing. However, no good fitting to the experimental data was
btained for any of the kinetic equations deduced, in particu-
ar, when trying to reproduce the influence of NO concentration
n the catalytic activity. This lack of fitting to the mechanistically
erived kinetic equations can be due to the implicit considera-
ion made within this approach which assumes that the reaction
akes place over one isolated active site. Thus, the application
f a more bulk-type model as the Mars van Krevelen model was
onsidered.

It is a matter of fact that the selective catalytic reduction of
O implies some kind of electron transfer. In this transfer, one
f the species involved is reduced while others are oxidized. In
he presence of a catalyst, it is generally admitted the process of
lectronic transfer takes place between reactants and the catalyti-
ally active phase [5]. When trying to understand this interaction
etween reactants and active phase, Mars van Krevelen-type
echanisms consider that after the electronic transfer some of

he products leave the catalyst’s surface containing one or more
f the atoms from the catalyst’s matrix [43]. In the case of the
CR of NO in the presence of NH3 and O2, products leaving

he catalytic surface may contain one or more O-atoms from the
atalyst’s surface, and thus an interaction of this kind can be
roposed:

H3+oxidized active site → reduced active site+products (1)

O+reduced active site → oxidized active site+products (2)

Furthermore, this process can take place over one isolated
ctive site, but can also involve several reaction sites at the same
ime, also of different kind, i.e. Lewis and Brønsted sites. This
xplains also the positive influence of the presence of oxygen
urface groups as they can be directly involved in the O-transfer.
n any case, it is generally supposed that the adsorption of the
eactants and the migration of the atoms on the surface of the
atalyst are fast enough in comparison with the red-ox reac-
ion itself. The role of O2 in the gas phase remains the same,
hich is the regeneration of the spent catalytic site after reac-

ion.
Several authors have reported the use of this kind of kinetic

odels to fit the experimental data obtained in the catalytic
eduction of nitrogen oxides, using different catalytic systems.
oq et al. [44] found out that the kinetics of N2O reduction in

he presence of NH3 and employing a Fe-�-zeolite as catalyst,
beyed a Mars van Krevelen-type mechanism, where they intro-

uced an additional term that accounted for the strong adsorption
f NH3 on catalyst’s active sites. Delahay et al. [45] also applied
Mars van Krevelen model to fit the experimental data of the

eduction of NO with NH3 using a Cu-doped faujasite. Hsu and

r
i
p
t

ig. 8. Comparison between the experimentally measured NO conversion and
he one predicted by the model.

eng [46] observed that a mechanism of this type adequately
escribed the kinetics of NO reduction in the presence of NH3
ver Cu and Fe doped activated carbons. Liu and Teng [47]
mployed the same kinetic model to fit the data obtained in the
CR of NO in the presence of Cu/MCM-41 catalysts. There-
ore, for the reaction that is being considered herein, the kinetic
quation can be written as:

MvK = koC
a
NOkrC

b
NH3

Cc
O2

koC
a
NO + krC

b
NH3

(3)

This equation contains a term that accounts for the influence
f the presence of O2 in the reaction mixture. The parameters, ko
nd kr, are kinetic constants of reactions (2) and (1), respectively,
nd a, b and c represent the reaction orders with respect to NO,
H3 and O2.
Table 3 presents the values of the parameters obtained in the

tting of the experimental data of activity, and the root mean

quare error, RMS, defined as:RMS =
√∑n

i=1
(Yi−Ȳi)

2

n
, where

i are the experimental values of conversion and Ȳi the ones
redicted by the model.

The values of the parameters are quite similar for the three dif-
erent catalysts. According to the results obtained, the value of kr
s much larger than that of ko, suggesting a stronger dependence
f the reaction rate on the concentration of NO than of NH3,
s can be observed in Fig. 7a–c for Cb

NH3
>500 ppm. Fig. 7a–c,

how how also the model adequately represents the trend marked
y the experimental data of activity. Fig. 8 compares the values
f NO conversion predicted by the model with the ones obtained
xperimentally. Good correspondence of the experimental data
ith the model is in general observed, as can be also concluded

t the sight of the low RMS values presented in Table 3. The
atisfactory fit to a Marx van Krevelen model implies that the

eaction’s rate limiting step is the reduction–oxidation process
tself. NH3 is adsorbed quickly on the catalyst surface occu-
ying its active sites, subsequently interacting with the oxygen
ransferred from the metal oxide and leaving the active site in a
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Table 3
Values of the parameters K1, K2, a, b and c obtained in the fitting of experimental data to Eq. (3)

Catalysts ko kr a b c RMS
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[

CA750 + V2O5 1.04 4.18 × 10
CA750 + PCA 1.04 3.88 × 10+2

CAOX + PCA 1.04 3.88 × 10+2

educed state, ready to react with NO. As stated before, in this
xygen transfer, the H2O produced in the reaction leaves the
atalyst surface containing oxygen atoms from the active sites.

. Conclusions

The mechanism of the reduction of NO in the presence of
H3 and O2 was investigated for a sort of carbon-based catalysts
repared with vanadium compounds, including the ashes of a
etroleum coke.

Different characterization techniques were employed. Tran-
ient response analysis as well as NH3 chemisorption followed
y temperature programmed desorption showed that the reaction
akes place between adsorbed species of ammonia and the NO
n the gaseous phase. Ammonia can be adsorbed in two different
ctive sites, metallic centres as well as oxygen surface groups.
xygen surface groups can possibly favour ammonia adsorp-

ion as a reservoir, which would then migrate to metallic sites
here reaction takes place. Gaseous O2 most probably plays the

ole of regenerating the active sites spent during reaction. The
esults of the in situ DRIFTS confirmed what was observed in
he transient response analysis.

At the sight of these experimental facts a mechanism was
roposed for the SCR of NO over these catalysts. Best fit of
he experimental data was obtained using a Mars van Krevelen-
ype kinetic model, which considers electronic and atom transfer
etween the reactants and the surface of the catalysts, involving
everal reaction sites at the same time.
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