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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/O
adsorption produced different nitrate species due to the presence of terminal and briéfgedHCgroups. These nitrates evolved intpahd
N,O in small amounts once the NO catalytic cycle was finished. It can be concluded thafth@©8Lgroups reacted with the nitro group,
thus forming nitrates. §Hg adsorption was higher and stronger than NO adsorption on the active sites of the catilysedtted in the
active site producing hydrocarbon intermediates (an organic nitro compound and acetate), which were responsible for the NO reduction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Ni, Cu, Nb, etc.) and doped catalysts, as well as zeolite-type
catalysts have been found active in this reaction.

Much research related to the selective catalytic reduction  Earlier studies were mainly focused on the developing
of NOy by hydrocarbons was undertaken and reported in the catalysts with ZSM-5 as the porous supf®6—20] Shimizu
literature due to its potential for the effective control of NO et al.[19,20] recently reported that Cu-aluminate catalysts,
emissions in oxidative environmefit-12). This reactionhas  containing highly dispersed €tiions in the aluminate phase,
been described as a method to remove M@m natural-gas-  showed high de-NQactivity comparable to the Cu-ZSM-
fuelled engines, such as lean-burn gas engines in cogeneras and higher hydrothermal stability. On the other hand, Cu
tion systemg13] and lean-burn gasoline and diesel engines ion-exchanged Ti-PILCs demonstrated the best performance
where the noble-metal three-way catalysts are not effective inwhen using ethylene and propylene as reductdufs Thus,
the presence of excess oxydé#d]. Hydrocarbons would be  the catalytic performance of a Cu ion-exchanged Ti-PILC
the preferred reducing agents over Nb¢cause of the practi-  catalyst was found to be higher than that of Cu-ZS-H.
cal problems associated with the ammonia use: handlingand Recently, we have reported several studies based on the

leakage through the reactor. use of Ti-PILC-based catalysts for the selective catalytic re-
In 1986, Iwamoto et al[15] reported the activity of  duction of NG using propene as the reducing ag@2-25]

Cu-ZSM-5 for the catalytic decomposition of NOFol- It was demonstrated that Ti-PILCs ion-exchanged with Cu

lowing this finding, many catalysts such agQ®-WOg3 (or were the most effective catalysts for selective catalytic re-

MoQ3)/TiO2, other transitions metal oxides (e.g. Fe, Cr, Co, duction (SCR) of NQ, as compared to those ion-exchanged
with Ni and Fe. Likewise, it was observed that the presence
* Corresponding author. Tel.: +34 926 295300; fax: +34 926 205318, Of 10% water in the feed inhibited the activity of the catalysts
E-mail addressPradoBelen.Garcia@uclm.es (P.B. Ga)c [21-23]

1381-1169/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2004.12.009



24

TPR measurements showed the presence &f®as and
CuO aggregates over this catal{A2].

Many studies have also been reported about reactivity of
the adsorbates and their dynamic behavi@é~33] which
is thought to be the basis for the development of a compre-
hensive mechanism for the SCR of N®ith hydrocarbons.

The reaction mechanismiis 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 N@hrough 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 nitrogerj31,34] Sirilumpen et al[28] proposed a
reaction pathway for NO decomposition on®exchanged
AlI-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 mechanisny &&n 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 NOf@nd NO/Q/CzHg adsorp-
tion on Cu-Ti-PILC by applying in situ Fourier transformed
infrared (FTIR) spectroscopy.

2. Experimental
2.1. Synthesis of Ti-PILCs

The starting clay was a purified grade bentonite (Fisher
Company), with a particle size gé4m and a cation exchange
capacity of 97 meq@! dry clay. Ti-PILCs were prepared as
follows [22—24] A pillaring solution was formed dissolving
titanium metoxide in 5M HCI until obtaining a molar rela-
tion HCl/metoxide of 2.5. This mixture was stirred at room
temperature for 3 h. The pillaring solution was then dropped
to an aqueous clay suspension until obtaining 15 mmole Ti/g
clay. The mixture was kept under vigorous stirring for 12 h
at room temperature. Finally, the product was washed, dried
and calcined for 2 h at 40@. The Cu ion-exchanged sam-
ple was obtained by adding 1 g of a sample into 200 ml of
0.05M Cu acetate solution, under stirring it for 15 h at room

temperature. The ion-exchanged product was collected by

centrifugation and washed several times with deionized wa-
ter. The resulting catalyst was calcined for 2 h at 400The
sample was denoted as Cu-Ti-PILC.

2.2. Catalyst characterization

In order to quantify the total amount of metals incor-
porated into the catalyst, atomic absorption (AA) measure-
ments, with an error of1%, were made by using a SPEC-
TRAA 220FS analyzer with simple beam and background
correction. The samples were previously dissolved in hy-
drofluoric acid and diluted to the interval of measurement.
The Cu loading on the catalyst was 6.0 wt.%.
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The temperature-programmed desorption of NO g
was carried out using a Micromeritics TPD/TPR 2900 ana-
lyzer. The samples were housed in a quartz tubular reactor
and pretreated in flowing heliunx09.9990% purity), while
heating at 13C min—1 up to the calcination temperature of
the sample. After a period of 30 min at this temperature, the
samples were cooled to 3C and saturated for about 30 min
in a 4% NO/He or 4% @Hg/He stream. The catalyst was
then allowed to equilibrate in a helium flow at 30 for 1 h.
Next, the NO or GHg was desorbed by using a linear heating
rate of 15°C min~! 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,JNO
N20, CO; and GHs.

2.4. In situ FTIR measurements

Insitu IR spectrawere collected with a FTIR Perkin-Elmer
Spectrum GX spectrometer, by accumulating 100 scans at a
resolution of 4cm?. The focused wavenumber range was
4000-1000 cm!. The sample was placed in the center of
a high temperature reaction chamber with KBr windows
(HARRICK). The temperature was measured with a K-type
thermocouple and controlled with an automatic temperature
controller (HARRICK).

Prior to each experiment, 0.05g of catalyst was heated
at a rate of 10C min—! from room temperature to 40C.
After a period of 30 min at this temperature, the sample was
later cooled down to 200C at 10°C min~t in a He flow of
60 mImin1. After pretreatment, the background spectrum
of a He flow of 25 mI mirr! was collected at 20TC. Then, a
flow of a gas mixture was switched to the reaction chamber
at a flow rate of 25 ml mint, GHSV = 15,000 ht.

3. Results and discussion

Fig. 1 shows the IR spectra of Ti-PILC and Cu-Ti-
PILC at 200°C after pre-treatment previously described.
Cu-Ti-PILC spectrum will be the background spectrum
in all in situ IR runs carried out in this study. A broad
band at 3700-3620 cnt is observed in both spectra, which
is usually assigned to the oxygen—hydrogen stretching
[26,28,35] The intensity of this band is higher for Cu-Ti-
PILC than for Ti-PILC; this fact can be attributed to the
presence of C&f ions over the Cu-Ti-PILC samplg2],
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Fig. 1. IR spectra of Ti-PILC and Cu-Ti-PILC at 20G. Wavenumber (cm™)

Fig. 3. IR spectra of adsorbed species over Cu-Ti-PILC in flowing N9-O
which can be like terminal and bridged €4OH groups at 235°C for (a) 2.5 min, (b) 15 min, (c) 30 min, (d) 60 min and (e) 120 min.
28].
[ l]:ig. 2 shows the catalytic performance of Cu-Ti-PILC thatterminal and bridged Gt-OH groups are either affected
for the NO—-SCR reaction. It is important to highlight that by the nearby NQspecies or involved in the formation of the
the most effective temperature, defined as the temperaturghitrate species as proposed for copja8] and titanig[36].
of the maximum NO conversion todNwas around 235C. The region between 1625 and 1200¢his usually asso-
At this temperature the conversion was 55%. At higher tem- ciated with NQ™ species coordinated to the titania surface
peratures, the NO conversion t@ Mecreases. Accordingto  [37]. All the adsorption bands observed can be attributed to
Yang et al[14] this decrease was due to the combustion of bridged nitrates at 1602 cmh (v(N=0)) [28], monodentate
propene. For this reason, all in situ IR runs were carried out at nitrate at 1579 and 1540 cth (va{NO5)) and at 1268 crm*
235°C. (vs(NOo)) [36].

Fig. 3shows IR spectra of the adsorbed species on Cu-Ti-  Bands at 2900-2700 ch may be originated by bridged
PILC at235°C in flowing NO—Q as a function of the time of ~ nitrate  ((N=0) +va(NO)) [38], while the band at
exposure. Strong bands can be observed at 1602, 1579, 154®586 cnt? may be the consequence of bidentate nitrate
1268 cnt! and weak bands at 3700, 2971, 2887, 2586, 2191, (v(N=0) +vs(NO2)). The band observed at 2191this
1753, and 1368 cm'. The band at 1368 cnt disappears  attributed to NO [28]. The band at 1753 cnt can be re-
at longer times. The intensity of the other bands increaseslated to C&*(NO), with vibration modesis(NO), (aNO))
with increasing times until the saturation of the catalyst after [26,38,39]

120 min of exposure. The spectrum inFig. 4a) was measured after pre-

An increase in the intensity of the negative band at treatment in flowing NO-@for 120 min followed by a He
3700 cnt?! after the admission of NO—Qwhich is due to  purge for 20 min. The change in the flowing gas -0

v(OH)-stretching of the H-bonded OH grou@8], suggests
1.4
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Fig. 4. IR spectra of adsorbed species over Cu-Ti-PILC afZ3F he cata-
lyst was treated in flowing NO—for 120 min. The spectra were measured
(a) after He purge for 20 min, followed by switching to flowinghs—0,

for (b) 30 min, (c) 120 min and (d) 240 min.

Fig. 2. NO conversion to N Catalyst: Cu-Ti-PILC. Operation conditions:
[C3He]=1000 ppm, [Q] =5%, [He] = balance. Flow rate = 125 ml mih,
GHSV =15,000 ht.
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Fig. 6. IR spectra of adsorbed species over Cu-Ti-PILC at°23f) in
flowing NO—G,—C3Hg—He for 120 min, followed by He purge for (b) 20 min
(c) 40 min.

Fig. 5. IR spectra of adsorbed species over Cu-Ti-PILC atZ3F he cata-
lyst was treated in flowing §Hg (a) for 60 min. The spectra were measured
(b) after He purge for 20 min, followed by switching to flowing NG-@r

10 min, (d) 30 min, (e) 60 min and (f) 120 min. ) o
(¢) 10min, (c) 30 min, (e) 60 min and (7) 120 min Fig. 6shows the in situ IR spectra of adsorbates produced

from flow of NO—O—CzHg—He over Cu-Ti-PILC at 235C
gave the other spectra (b—d), which are dependent on the timdor 120 min. While He purging, two different measurements

of exposure (from 30 to 240 min). were taken at 20 and 40 min intervalEable 1shows the
A negative band at 3700 cm that increased with time ~ assignment of bands. _
appeared and bands at 2979, 2934 and 2866-¢hat grad- The broad bands observedHig. 6 result from the over-

ually grow until the catalyst saturates after 240 min were also |apping of multiple bands. Although most of these bands can-
observed. The band at 3700thcorresponds to the OH  Not be unambiguously assigned, the bands in the regions of
stretching. Bands at around 2979, 2934 and 2866'gan  1600-1200 and 29002700 chobserved irFigs. 3-5can
be assigned to-cH asymmetric stretchin{p6,28,36,40,41] be attributed to different nitrate species or to the different
The bands in the region 1650-1300chincreased with ~ Vibrations modes of €C and C-H stretching. _
a longer time of exposure to thess—O, stream. Chi and In orderto correctly assign the bands observédgn6and
Chuang[26] assigned the bands at 1580 and at 1358cm  understand the SCR reaction pathway, a study of the effect of
to an organic nitro compound §B7—NO), and the band  NO concentration on the NO reduction angHg combustion
at 1661 cn? to an organic nitrito compound ¢El7—ONO). at different reaction temperatures over the Cu-Ti-PILC sam-
The band at 1448 cnt was assigned to acetd®9]. Table 1
Fig. 5shows IR spectra of adsorbed spgmes 9"er Cu-Ti- Assignment of the infrared bands over Cu-Ti-PILC treated in flowing
PILC at 235°C. The catalyst was treated in flowing!ds NO—-Oy—CsHg—He for 120 min at 235C
(a) for 60 min. The spectra were registered after He purge

. oL . Wavenumber (cmt) Assignment References
for 20 min (b), followed by switching to flowing NO—Cfor - “on o 5
(c) 10 min, (d) 30 min, (e) 60 min, (f) 120 min. Spectrum (a) 2622 _8H zﬁztgh::g %22]28 -
shows bands at 3000—2800Ch?hat were assigned to-€ 2952 C-H asymmetric [26.28.36,40,41]
stret 0—1200 cm! that were assigned to both=C stretching stretching bridged nitrate
and G-H bending[26]. 2879 C-H asymmetric [26,28,36,40,41]
Bands at 3000—2800 ch decreased after the flowing stretching bridged nitrate
; ; 2726 >Cc=0 [40,42,43]
gas was switched to NO-OThe assignment of bands at
1. X 2371 CQ gas [26]
1650-1200 cm- in spectrum (f) was carried out as follows: ,;4; NO [28]
1601 cnt! to NO3~ bridged, 1579 and 1540 cth to biden- 1735 Cé*(NO), [38]
tate NQ~, 1448 cnt! to monodentate N§ [26,36], 1337 1661 organic nitrito compound  [26]
and 1283 cm? to bridging bidentate nitrate (N)2 [33]. (CsH7-ONO)
Like in Fig. 3 the band at 1735 crt grows with time of 1573 Bidentate nitrate [36]
. . 1551 Bidentate nitrate [36]
expgsure to Fhe NO—@tream. This band is also related to ;45 CHCOO- [26,36,39]
Cu?*(NO)2 with vibration modesifs(NO), vagNO)) [26,38] 1358 Organic nitro compound ~ [26]
Besides, a shoulder, which was attributed by Chi and CsH7-NO,
Chuang to an organic nitrito compound¢&—ONO)[26], is 1268 Bidentate nitrate (39]

observed at 1661 cni. This band is also observedfiig. 4. Measurements were taken while He purging for 20 and 40 min.



J.L. Valverde et al. / Journal of Molecular Catalysis A: Chemical 230 (2005) 23-28 27

70 250
60 4 —#— 500 ppm NO .
—— 1000 ppm NO £ Lm0
= —&— |500 ppm NO g -
B 50 —&— 2500 ppm NO <
Z. 2
S 40 5 1504
s 3
‘B30 A =
S = 1004
= 53
S 20 = NO
% % 50
10 4 —
0 T T T T T T T T T 0 : /\' : T T T T
175 200 225 250 275 300 325 350 375 400 50 75 100 125 150 175 200 235 250 275
(a) Temperature (°C) Desorption temperature (°C)
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g o PILC of the species Gi(NO3 ™), (Fig. 4. When the flowing
= o 1 gas is GHg—0Op, C3Hg would remove the adsorbed (NO),
= ) 4 . . .
g ° from CLZ* species, and lead to reduction into ClP/Cut.
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‘w504 . . .
E i —Q—S({:Jp;]pm NO Itis clear that GHe competes Wlt.h NQ—@for the active
£ . —x— :g:::; ppm :3 sites of the catalyst, keeping Cu in either®Gr Cu" state.
< ﬂ 2500 1o NO This induces the formation of¢Bt;~NO, and acetate as po-
o tential intermediates, allowing that (NO), turns into N
v [18,26,31,44-48]
0 T T T T T T T T T H
Ar G55 BE B 6% W0 G5 46 BE o On thel other ha.nd,_the presence o.f thg negguve band at
) 3700 cn* (shown inFigs. 3 and B which is attributed to
(b) Temperature (°C)

O—H stretching, is an evidence that the nitro group reacts with
Fig. 7. Influence of the NO concentration on (a) NO conversiorntamd (b) the hydroxyl _group, thus fqrming nitra{67’38]'_ This step
C3Hs conversion to C@at different reaction temperatures. Catalyst: Cu-Ti- Was the one in the mechanism proposed by Sirilumpen et al.
PILC. Operation conditions: [§Hs] = 1000 ppm, [Q] = 5%, [He] = balance. [28]. In this research, a small amount of® was detected
Flow rate =125 mImin‘, GHSV = 15,000 . (Figs. 3 and & The presence of 0 might be generated
from the decomposition of the nitrate species: this process

ple was carried out. According fg. 7(a), it can be deduced ~ may take place on the CICLC sites[26,28,46,49]
that higher NO concentrations in the feed have a negative ef-  The presence of Ctiions and CuO aggregates on Cu-Ti-
fect on the NO reduction to NHowever, when NO concen- PILC [22,49]and the presence of a broad band in the region
trationis increased, thesBlg oxidation to CQ is not affected 3700-2900 cm?, due to the occurrence of free OH hydroxyl
since, as shown ikig. 7(b), all the curves are identical. groups on the surface of this catalyBtd. 1), would justify

It could be possible to assume that NO anttghave dif- the presence of the reaction intermediates proposed for Cu-
ferent affinity over the catalyst active sites. According to this, Ti-PILC catalysts.
CsHg adsorption over them would be higher and stronger than
NO one. Thereby, gHg would react in the active sites pro-
ducing hydrocarbon intermediates, which would be respon- 4. Conclusions
sible for the NO reduction. An increase in NO concentration
would not affect the number of4Elg species adsorbed on the Adsorbed species on Ti—-Cu—PILC inflowing NO>@ere
active sites, as they could not be displaced by NO. Thus, thetested using in situ FTIR spectroscopy. The NQ€@adsorp-
proportion of NO species not converted would increase, sotion produced different nitrates species, formed due to the
the NO conversion would decrease. presence of terminal and bridged ©&4OH groups. These

To verify this hypothesis, NO andsBlg TPD experiments  nitrates evolved into Bland a small amount of D once the
were carried outKig. 8). It can be observed that both the NO catalytic cycle was finished.
desorbed amount and the temperature to which the maximum The experiment, where the catalyst was firstly pre-
desorption is obtained were clearly higher fgHg than for treated in flowing NO—@, and then later treated in flow-
NO, confirming that the former has a stronger affinity to the ing CsHg—O, suggests the formation of the following reac-
catalyst active sites than the latter. tion intermediates: §H7—NO,, acetate and different NO

According to Chi and Chuarig@6], these results could ex-  species. These reaction intermediates appeared when propy-
plain the appearance in the NO>-Coadsorption on Cu-Ti-  lene and NO, in excess of oxygen, interacted with the active
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sites of the catalyst. 8 not only removed the adsorbed
NOs~ from the C#* species, but also led to the reduction of
CU?* to CWP/CLA, allowing CG» and N> formation.

In situ IR study of SCR of NO by propene showed that re-
action intermediates were mainly NOspecies, gH7—NO,
and acetate. Cii—-OH groups reacted with the nitro group,
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C3Hg on the catalyst active sites was higher and stronger than

that of NO and allowed the formation of hydrocarbon inter-
mediates (gH7;—NO, and acetate), which were responsible
for the NO reduction.
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