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Abstract

Adsorption on Cu ion-exchanged titanium pillared clay (Cu-Ti-PILC) was investigated by in situ infrared spectroscopy to provide insight
into the reaction intermediates present in the selective catalytic reduction (SCR) of NO by propene in the presence of oxygen. The NO/O2

adsorption produced different nitrate species due to the presence of terminal and bridged Cu2+–OH groups. These nitrates evolved into N2 and
N 2+ p,
t e
a uction.
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2O in small amounts once the NO catalytic cycle was finished. It can be concluded that the Cu–OH groups reacted with the nitro grou
hus forming nitrates. C3H6 adsorption was higher and stronger than NO adsorption on the active sites of the catalyst. C3H6 reacted in th
ctive site producing hydrocarbon intermediates (an organic nitro compound and acetate), which were responsible for the NO red
2004 Elsevier B.V. All rights reserved.
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. Introduction

Much research related to the selective catalytic reduction
f NOx by hydrocarbons was undertaken and reported in the

iterature due to its potential for the effective control of NO
missions in oxidative environment[1–12]. This reaction has
een described as a method to remove NOx from natural-gas-

uelled engines, such as lean-burn gas engines in cogenera-
ion systems[13] and lean-burn gasoline and diesel engines
here the noble-metal three-way catalysts are not effective in

he presence of excess oxygen[14]. Hydrocarbons would be
he preferred reducing agents over NH3 because of the practi-
al problems associated with the ammonia use: handling and
eakage through the reactor.

In 1986, Iwamoto et al.[15] reported the activity of
u–ZSM-5 for the catalytic decomposition of NOx. Fol-

owing this finding, many catalysts such as V2O5-WO3 (or
oO3)/TiO2, other transitions metal oxides (e.g. Fe, Cr, Co,

∗ Corresponding author. Tel.: +34 926 295300; fax: +34 926 295318.
E-mail address:PradoBelen.Garcia@uclm.es (P.B. Garcı́a).

Ni, Cu, Nb, etc.) and doped catalysts, as well as zeolite
catalysts have been found active in this reaction.

Earlier studies were mainly focused on the develo
catalysts with ZSM-5 as the porous support[16–20]. Shimizu
et al. [19,20] recently reported that Cu-aluminate cataly
containing highly dispersed Cu2+ ions in the aluminate phas
showed high de-NOx activity comparable to the Cu–ZSM
5 and higher hydrothermal stability. On the other hand
ion-exchanged Ti-PILCs demonstrated the best perform
when using ethylene and propylene as reductants[14]. Thus,
the catalytic performance of a Cu ion-exchanged Ti-P
catalyst was found to be higher than that of Cu–ZSM-5[21].

Recently, we have reported several studies based o
use of Ti-PILC-based catalysts for the selective catalyti
duction of NOx using propene as the reducing agent[22–25].
It was demonstrated that Ti-PILCs ion-exchanged with
were the most effective catalysts for selective catalytic
duction (SCR) of NOx, as compared to those ion-exchan
with Ni and Fe. Likewise, it was observed that the prese
of 10% water in the feed inhibited the activity of the cataly
[21–23].
381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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TPR measurements showed the presence of Cu2+ ions and
CuO aggregates over this catalyst[22].

Many studies have also been reported about reactivity of
the adsorbates and their dynamic behaviour[26–33], which
is thought to be the basis for the development of a compre-
hensive mechanism for the SCR of NOx with hydrocarbons.

The reaction mechanism is still the objective of many stud-
ies[30,34]. It is often claimed that the initial step for the se-
lective reduction of NO is the formation of NO2 through the
oxidation of NO, nitrogen dioxide then reacts with the hydro-
carbon to yield nitrogen-containing organic compounds, and
a further reaction of this compound finally leads to the for-
mation of nitrogen[31,34]. Sirilumpen et al.[28] proposed a
reaction pathway for NO decomposition on Cu2+-exchanged
Al–PILC, based on in situ IR results and product analysis.
The intermediates were assigned to be nitro and nitrous ox-
ide and nitrates. In this mechanism, N2 can be generated from
nitrates or nitrous oxide decomposition.

The aim of this paper is to identify and study the stability of
the species formed during NO/O2 and NO/O2/C3H6 adsorp-
tion on Cu-Ti-PILC by applying in situ Fourier transformed
infrared (FTIR) spectroscopy.

2. Experimental
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The temperature-programmed desorption of NO or C3H6
was carried out using a Micromeritics TPD/TPR 2900 ana-
lyzer. The samples were housed in a quartz tubular reactor
and pretreated in flowing helium (≥99.9990% purity), while
heating at 15◦C min−1 up to the calcination temperature of
the sample. After a period of 30 min at this temperature, the
samples were cooled to 50◦C and saturated for about 30 min
in a 4% NO/He or 4% C3H6/He stream. The catalyst was
then allowed to equilibrate in a helium flow at 50◦C for 1 h.
Next, the NO or C3H6 was desorbed by using a linear heating
rate of 15◦C min−1 up to 300◦C. Temperature and detector
signals were simultaneously recorded.

2.3. Catalyst activity measurements (NO SCR test)

Catalytic tests were carried out in a fixed-bed flow re-
actor working at atmospheric pressure. A temperature pro-
grammer was used with a K-type thermocouple installed in
contact with the catalyst bed. The catalyst was equilibrated
at each reaction temperature for 30 min before the analysis
was started. The products were analyzed by a FTIR analyzer
(Perkin-Elmer Spectrum GX) capable of measuring contin-
uously and simultaneously the following species: NO, NO2,
N2O, CO2 and C3H6.
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.1. Synthesis of Ti-PILCs

The starting clay was a purified grade bentonite (Fi
ompany), with a particle size <2�m and a cation exchan
apacity of 97 meq g−1 dry clay. Ti-PILCs were prepared
ollows [22–24]. A pillaring solution was formed dissolvin
itanium metoxide in 5 M HCl until obtaining a molar re
ion HCl/metoxide of 2.5. This mixture was stirred at ro
emperature for 3 h. The pillaring solution was then drop
o an aqueous clay suspension until obtaining 15 mmole
lay. The mixture was kept under vigorous stirring for 1
t room temperature. Finally, the product was washed,
nd calcined for 2 h at 400◦C. The Cu ion-exchanged sa
le was obtained by adding 1 g of a sample into 200 m
.05 M Cu acetate solution, under stirring it for 15 h at ro

emperature. The ion-exchanged product was collecte
entrifugation and washed several times with deionized
er. The resulting catalyst was calcined for 2 h at 400◦C. The
ample was denoted as Cu-Ti-PILC.

.2. Catalyst characterization

In order to quantify the total amount of metals inc
orated into the catalyst, atomic absorption (AA) meas
ents, with an error of±1%, were made by using a SPE
RAA 220FS analyzer with simple beam and backgro
orrection. The samples were previously dissolved in
rofluoric acid and diluted to the interval of measurem
he Cu loading on the catalyst was 6.0 wt.%.
.4. In situ FTIR measurements

In situ IR spectra were collected with a FTIR Perkin-Elm
pectrum GX spectrometer, by accumulating 100 scan

esolution of 4 cm−1. The focused wavenumber range w
000–1000 cm−1. The sample was placed in the cente
high temperature reaction chamber with KBr wind

HARRICK). The temperature was measured with a K-t
hermocouple and controlled with an automatic tempera
ontroller (HARRICK).

Prior to each experiment, 0.05 g of catalyst was he
t a rate of 10◦C min−1 from room temperature to 400◦C.
fter a period of 30 min at this temperature, the sample

ater cooled down to 200◦C at 10◦C min−1 in a He flow of
0 ml min−1. After pretreatment, the background spect
f a He flow of 25 ml min−1 was collected at 200◦C. Then, a
ow of a gas mixture was switched to the reaction cham
t a flow rate of 25 ml min−1, GHSV = 15,000 h−1.

. Results and discussion

Fig. 1 shows the IR spectra of Ti-PILC and Cu-
ILC at 200◦C after pre-treatment previously describ
u-Ti-PILC spectrum will be the background spectr

n all in situ IR runs carried out in this study. A bro
and at 3700–3620 cm−1 is observed in both spectra, wh

s usually assigned to the oxygen–hydrogen stretc
26,28,35]. The intensity of this band is higher for Cu-
ILC than for Ti-PILC; this fact can be attributed to
resence of Cu2+ ions over the Cu-Ti-PILC sample[22],
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Fig. 1. IR spectra of Ti-PILC and Cu-Ti-PILC at 200◦C.

which can be like terminal and bridged Cu2+–OH groups
[28].

Fig. 2 shows the catalytic performance of Cu-Ti-PILC
for the NO–SCR reaction. It is important to highlight that
the most effective temperature, defined as the temperature
of the maximum NO conversion to N2, was around 235◦C.
At this temperature the conversion was 55%. At higher tem-
peratures, the NO conversion to N2 decreases. According to
Yang et al.[14] this decrease was due to the combustion of
propene. For this reason, all in situ IR runs were carried out at
235◦C.

Fig. 3shows IR spectra of the adsorbed species on Cu-Ti-
PILC at 235◦C in flowing NO–O2 as a function of the time of
exposure. Strong bands can be observed at 1602, 1579, 1540,
1268 cm−1 and weak bands at 3700, 2971, 2887, 2586, 2191,
1753, and 1368 cm−1. The band at 1368 cm−1 disappears
at longer times. The intensity of the other bands increases
with increasing times until the saturation of the catalyst after
120 min of exposure.

An increase in the intensity of the negative band at
3700 cm−1 after the admission of NO–O2, which is due to
�(OH)-stretching of the H-bonded OH groups[28], suggests

F s:
[
G

Fig. 3. IR spectra of adsorbed species over Cu-Ti-PILC in flowing NO–O2

at 235◦C for (a) 2.5 min, (b) 15 min, (c) 30 min, (d) 60 min and (e) 120 min.

that terminal and bridged Cu2+–OH groups are either affected
by the nearby NOx species or involved in the formation of the
nitrate species as proposed for copper[28] and titania[36].

The region between 1625 and 1200 cm−1 is usually asso-
ciated with NO3

− species coordinated to the titania surface
[37]. All the adsorption bands observed can be attributed to
bridged nitrates at 1602 cm−1 (�(N O)) [28], monodentate
nitrate at 1579 and 1540 cm−1 (�as(NO2)) and at 1268 cm−1

(�s(NO2)) [36].
Bands at 2900–2700 cm−1 may be originated by bridged

nitrate (�(N O) +�as(NO2)) [38], while the band at
2586 cm−1 may be the consequence of bidentate nitrate
(�(N O) +�s(NO2)). The band observed at 2191 cm−1 is
attributed to N2O [28]. The band at 1753 cm−1 can be re-
lated to Cu2+(NO)2 with vibration modes (�s(NO), (�asNO))
[26,38,39].

The spectrum inFig. 4(a) was measured after pre-
treatment in flowing NO–O2 for 120 min followed by a He
purge for 20 min. The change in the flowing gas to C3H6–O2

F -
l red
(
f

ig. 2. NO conversion to N2. Catalyst: Cu-Ti-PILC. Operation condition
C3H6] = 1000 ppm, [O2] = 5%, [He] = balance. Flow rate = 125 ml min−1,
HSV = 15,000 h−1.
ig. 4. IR spectra of adsorbed species over Cu-Ti-PILC at 235◦C. The cata
yst was treated in flowing NO–O2 for 120 min. The spectra were measu
a) after He purge for 20 min, followed by switching to flowing C3H6–O2

or (b) 30 min, (c) 120 min and (d) 240 min.
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Fig. 5. IR spectra of adsorbed species over Cu-Ti-PILC at 235◦C. The cata-
lyst was treated in flowing C3H6 (a) for 60 min. The spectra were measured
(b) after He purge for 20 min, followed by switching to flowing NO-O2 for
(c) 10 min, (d) 30 min, (e) 60 min and (f) 120 min.

gave the other spectra (b–d), which are dependent on the time
of exposure (from 30 to 240 min).

A negative band at 3700 cm−1 that increased with time
appeared and bands at 2979, 2934 and 2866 cm−1 that grad-
ually grow until the catalyst saturates after 240 min were also
observed. The band at 3700 cm−1 corresponds to the OH
stretching. Bands at around 2979, 2934 and 2866 cm−1 can
be assigned to CH asymmetric stretching[26,28,36,40,41].

The bands in the region 1650–1300 cm−1 increased with
a longer time of exposure to the C3H6–O2 stream. Chi and
Chuang[26] assigned the bands at 1580 and at 1358 cm−1

to an organic nitro compound (C3H7–NO2), and the band
at 1661 cm−1 to an organic nitrito compound (C3H7–ONO).
The band at 1448 cm−1 was assigned to acetate[39].

Fig. 5 shows IR spectra of adsorbed species over Cu-Ti-
PILC at 235◦C. The catalyst was treated in flowing C3H6
(a) for 60 min. The spectra were registered after He purge
for 20 min (b), followed by switching to flowing NO–O2 for
(c) 10 min, (d) 30 min, (e) 60 min, (f) 120 min. Spectrum (a)
shows bands at 3000–2800 cm−1 that were assigned to CH
stret 0–1200 cm−1 that were assigned to both CC stretching
and C H bending[26].

Bands at 3000–2800 cm−1 decreased after the flowing
gas was switched to NO–O2. The assignment of bands at
1650–1200 cm−1 in spectrum (f) was carried out as follows:
1 −1 − −1

t
a

f
e to
C

and
C
o

Fig. 6. IR spectra of adsorbed species over Cu-Ti-PILC at 235◦C (a) in
flowing NO–O2–C3H6–He for 120 min, followed by He purge for (b) 20 min
(c) 40 min.

Fig. 6shows the in situ IR spectra of adsorbates produced
from flow of NO–O2–C3H6–He over Cu-Ti-PILC at 235◦C
for 120 min. While He purging, two different measurements
were taken at 20 and 40 min intervals.Table 1shows the
assignment of bands.

The broad bands observed inFig. 6 result from the over-
lapping of multiple bands. Although most of these bands can-
not be unambiguously assigned, the bands in the regions of
1600–1200 and 2900–2700 cm−1 observed inFigs. 3–5can
be attributed to different nitrate species or to the different
vibrations modes of CC and C H stretching.

In order to correctly assign the bands observed inFig. 6and
understand the SCR reaction pathway, a study of the effect of
NO concentration on the NO reduction and C3H6 combustion
at different reaction temperatures over the Cu-Ti-PILC sam-

Table 1
Assignment of the infrared bands over Cu-Ti-PILC treated in flowing
NO–O2–C3H6–He for 120 min at 235◦C

Wavenumber (cm−1) Assignment References

3700 OH stretching [28]
3656 OH stretching [26,28,35]
2952 C H asymmetric

stretching bridged nitrate
[26,28,36,40,41]

2879 C H asymmetric
stretching bridged nitrate

[26,28,36,40,41]

2726 C O [40,42,43]
2
2
1
1

1
1
1
1

1

M

601 cm to NO3 bridged, 1579 and 1540 cm to biden-
ate NO3

−, 1448 cm−1 to monodentate NO3− [26,36], 1337
nd 1283 cm−1 to bridging bidentate nitrate (NO3−)2 [33].

Like in Fig. 3, the band at 1735 cm−1 grows with time o
xposure to the NO–O2 stream. This band is also related
u2+(NO)2 with vibration modes (�s(NO),�as(NO)) [26,38].
Besides, a shoulder, which was attributed by Chi

huang to an organic nitrito compound (C3H7–ONO)[26], is
bserved at 1661 cm−1. This band is also observed inFig. 4.
371 CO2 gas [26]
191 N2O [28]
735 Cu2+(NO)2 [38]
661 organic nitrito compound

(C3H7–ONO)
[26]

573 Bidentate nitrate [36]
551 Bidentate nitrate [36]
448 CH3COO− [26,36,39]
358 Organic nitro compound

C3H7–NO2

[26]

268 Bidentate nitrate [39]

easurements were taken while He purging for 20 and 40 min.
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Fig. 7. Influence of the NO concentration on (a) NO conversion to N2 and (b)
C3H6 conversion to CO2 at different reaction temperatures. Catalyst: Cu-Ti-
PILC. Operation conditions: [C3H6] = 1000 ppm, [O2] = 5%, [He] = balance.
Flow rate = 125 ml min−1, GHSV = 15,000 h−1.

ple was carried out. According toFig. 7(a), it can be deduced
that higher NO concentrations in the feed have a negative ef-
fect on the NO reduction to N2. However, when NO concen-
tration is increased, the C3H6 oxidation to CO2 is not affected
since, as shown inFig. 7(b), all the curves are identical.

It could be possible to assume that NO and C3H6 have dif-
ferent affinity over the catalyst active sites. According to this,
C3H6 adsorption over them would be higher and stronger than
NO one. Thereby, C3H6 would react in the active sites pro-
ducing hydrocarbon intermediates, which would be respon-
sible for the NO reduction. An increase in NO concentration
would not affect the number of C3H6 species adsorbed on the
active sites, as they could not be displaced by NO. Thus, the
proportion of NO species not converted would increase, so
the NO conversion would decrease.

To verify this hypothesis, NO and C3H6 TPD experiments
were carried out (Fig. 8). It can be observed that both the
desorbed amount and the temperature to which the maximum
desorption is obtained were clearly higher for C3H6 than for
NO, confirming that the former has a stronger affinity to the
catalyst active sites than the latter.

According to Chi and Chuang[26], these results could ex-
plain the appearance in the NO–O2 coadsorption on Cu-Ti-

Fig. 8. NO and C3H6-TPD profiles obtained for the Cu-Ti-PILC.

PILC of the species Cu2+(NO3
−)2 (Fig. 4). When the flowing

gas is C3H6–O2, C3H6 would remove the adsorbed (NO3
−)2

from Cu2+ species, and lead to reduction in Cu2+ to Cu0/Cu+.
It is clear that C3H6 competes with NO–O2 for the active
sites of the catalyst, keeping Cu in either Cu0 or Cu+ state.
This induces the formation of C3H7–NO2 and acetate as po-
tential intermediates, allowing that (NO3

−)2 turns into N2
[18,26,31,44–48].

On the other hand, the presence of the negative band at
3700 cm−1 (shown inFigs. 3 and 6), which is attributed to
O H stretching, is an evidence that the nitro group reacts with
the hydroxyl group, thus forming nitrate[37,38]. This step
was the one in the mechanism proposed by Sirilumpen et al.
[28]. In this research, a small amount of N2O was detected
(Figs. 3 and 6). The presence of N2O might be generated
from the decomposition of the nitrate species: this process
may take place on the Cu+/Cu0 sites[26,28,46,49].

The presence of Cu2+ ions and CuO aggregates on Cu-Ti-
PILC [22,49]and the presence of a broad band in the region
3700–2900 cm−1, due to the occurrence of free OH hydroxyl
groups on the surface of this catalyst (Fig. 1), would justify
the presence of the reaction intermediates proposed for Cu-
Ti-PILC catalysts.
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. Conclusions

Adsorbed species on Ti–Cu–PILC in flowing NO–O2 were
ested using in situ FTIR spectroscopy. The NO–O2 coadsorp
ion produced different nitrates species, formed due to
resence of terminal and bridged Cu2+–OH groups. Thes
itrates evolved into N2 and a small amount of N2O once the
O catalytic cycle was finished.
The experiment, where the catalyst was firstly

reated in flowing NO–O2, and then later treated in flow
ng C3H6–O2, suggests the formation of the following re
ion intermediates: C3H7–NO2, acetate and different NO3−
pecies. These reaction intermediates appeared when
ene and NO, in excess of oxygen, interacted with the a
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sites of the catalyst. C3H6 not only removed the adsorbed
NO3

− from the Cu2+ species, but also led to the reduction of
Cu2+ to Cu0/Cu2+, allowing CO2 and N2 formation.

In situ IR study of SCR of NO by propene showed that re-
action intermediates were mainly NO3

− species, C3H7–NO2
and acetate. Cu2+–OH groups reacted with the nitro group,
thus forming nitrate. The decomposition of nitrate species
generated N2 and a small amount of N2O. The adsorption of
C3H6 on the catalyst active sites was higher and stronger than
that of NO and allowed the formation of hydrocarbon inter-
mediates (C3H7–NO2 and acetate), which were responsible
for the NO reduction.
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