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Abstract

The hydrothermal stability of CuAPSO-34 microporous silicoaluminophosphates with chabasite structures has been investi
compared to that of a copper-exchanged ZSM-5 zeolite by a combined XRD, FTIR, and catalytic study. CuAPSO-34 showed
hydrothermal structural stability (steaming 80 h at 600◦C), as found by XRD. Spectroscopic FTIR investigation of adsorbed CO rev
that upon this steaming procedure the concentration of monovalent copper ions in CuAPSO-34 was not significantly affected
even after a less severe steaming (60 h at 550◦C), these species dramatically decreased in CuZSM-5, and extraframework Al3+ ions were
simultaneously formed. Consequently, the high activity in N2O decomposition shown by fresh CuZSM-5 was essentially lost after stea
while CuAPSO-34 exhibited a significantly milder deactivation.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Nitrous oxide (N2O) is a gas with strong greenhou
effects due to its global warming strength, more than
times that of CO2 [1]. Moreover, N2O is one of the main
contributors to ozone depletion in the stratosphere accor
to the reaction:

(1)N2O+ 3O3 → 2NO2 + 3O2.

Anthropogenic nitrous oxide is released as a by-prod
from large-scale chemical processes, such as the pro
tion of nitric acid, caprolactam synthesis, the product
of adipic acid for the synthesis of Nylon 6-6 and 6-12 [
and fluidized bed coal combustion [3]. Other nonneglig
sources of nitrous oxide are the internal combustion eng
of cars, trucks, etc. [4]. As the lifetime of N2O is approx-
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E-mail address: leonardo.marchese@unito.it (L. Marchese).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00033-2
-

imately 150 years, in order to reduce its effects on the
mosphere it seems necessary to diminish all kinds of e
sions of this gas, as recently cited by the United Na
Framework on Climate Change (Kyoto, Japan, 1997).

The catalytic decomposition of N2O to N2 and O2 is very
attractive in principle as it does not require any reduc
agent and is strongly favored by thermodynamics. In re
years, many catalysts have been investigated for this r
tion, such as noble metals (Rh, Pd) [5,6], transition m
oxides, perovskites [7,8], hydrotalcites [9,10], and zeol
exchanged with noble and transition metal ions [11–
Among these, metal-exchanged ZSM-5 zeolites are of g
ing interest for their low cost and high performances
der clean laboratory conditions. Moreover, such catalysts
unique with regard to the properties of copper and the a
ity to decompose nitric oxide into N2 and O2. However, their
lack of stability under real operating conditions seems to
an unavoidable limitation [15,16], despite many attempt
stabilize the activity under hydrothermal conditions, us
various promoters (La, Ce, Ag) [17–19].
eserved.

http://www.elsevier.com/locate/jcat
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In this context, silicoaluminophosphate molecular sie
with chabasite-related structures, such as SAPO-34,
pear attractive because they exhibit a high thermal stab
with respect to zeolites. Their thermal resistance was ex
sively studied via multinuclear NMR [20] and XRD [20–22
which revealed an excellent stability of the framework
to 1000–1200◦C. A tridimitic dense phase appears only
1000◦C [22], but even at this temperature the zeolitic fram
work is present in appreciable amounts. Framework stab
was also observed for CoAPSO-34 and CuAPSO-34, a
cently shown by XRD investigations [23]. In fact, these m
terials are thermally stable up to 900◦C with the appearanc
of only a small fraction of the tridimite phase.

The preparation method appears to play a significant
in the hydrothermal stability, the materials prepared vi
one-pot procedure being more stable than the corresp
ing metal-exchanged analogues obtained via conventi
postsynthesis ion-exchange treatments. Crystallinity los
very significant even at 800◦C and complete at 900◦C over
copper-exchanged SAPO-34, as recently highlighted b
situ XRD studies [24].

Nevertheless, the interest in such materials has b
mainly focused on their applications as catalysts for pe
chemical processes (cracking and isomerization, M
ODH, etc.), as reported in two recent reviews by Hartm
and Kevan [25] and Stöcker [26]; while studies concern
the use of these new zeo-type materials in NOx reactions
have been limited [27–32].

Ishihara et al. [27,29,30] found a good activity of t
Cu-exchanged SAPO-34 system in the NO-SCR with pro
ne in the presence of oxygen. Their XRD27Al, 28Si, and
31P NMR analyses revealed high hydrothermal resistanc
up to 700◦C for 5 h in water stream (15% vol)—of bot
the framework and the copper phase. Dĕd̆ec̆ek et al. [31]
obtained promising results in the decomposition of NO o
CuMeAPO-11 (Me= Mg2+ and Zn2+) and found relevan
analogies between the copper features of these material
those of CuZSM-5 zeolite.

Spectroscopic studies of NO adsorption on CoAPO-
CoAPO-5 [33], CoAPO-34 [32], and CuSAPO-34 [34,3
highlighted the potential de-NOx properties of these cata
lysts. In addition, interesting results in the reduction of N
with CO in the absence of oxygen, decomposition of N2O,
and oxidation of NO with O2 have been recently show
over copper-alumino and copper-silicoaluminophosph
[36,37], tested in both the presence and the absence o
ter [24].

In this work, the catalytic activity and hydrothermal s
bility of CuAPSO-34 catalysts have been studied using
decomposition of N2O as a probe reaction. The mate
als were prepared via one-pot synthesis [24,36,37] by
rectly adding CuO to the synthesis gels. The results
tained have been compared to the catalytic performanc
copper-exchanged ZSM-5 zeolite under identical conditio

The higher hydrothermal stability of CuAPSO-34 and
consequent higher catalytic activity for N2O decomposition
-
l

d

-

f

in the presence of water, when compared to CuZSM-5,
be demonstrated.

2. Experimental

2.1. Materials syntheses

The CuAPSO-34 sample was synthesized as follows:
ter adding CuO to a diluted solution of orthophosphoric a
and stirring at 80◦C until complete dissolution, Al(OH)3
was added at room temperature, with vigorous stirring,
til a homogeneous gel was formed. Subsequently, SiO2 and
morpholine were added, again under stirring. The res
ing gel with molar composition 0.08 CuO:0.2 SiO2:0.46
Al2O3:0.45 P2O5:1.25 morpholine:50 H2O was crystallized
in Teflon-lined autoclaves under autogeneous pressu
190 ◦C for 7–10 days. The crystalline product was
tered, washed with water, and dried in air. The CuZSM
sample was prepared by ion exchange in aqueous
tion starting from a commercial H-ZSM-5 zeolite (Zeoly
CBU-5020) with a Si/Al ratio of 25 and a BET specific are
of 400 m2 g−1. Copper(II) acetate monohydrate (Aldric
purity 99.8%) was used as precursor salt. The parent
olite was exchanged at 50◦C for 60 min in a solution
20 mM of Cu2+ ions. After the ion exchange, the samp
was centrifuged, washed in doubly distilled water, and d
at 120◦C overnight. The copper loading in the final pro
ucts was determined by ICP-AE, which yielded 1.23 w
for CuAPSO-34 and 1.1 wt% for CuZSM-5.

2.2. Material characterization and catalysis

X-ray diffraction (XRD) patterns were obtained with
Shimadzu XRD 6000, with Cu-Kα radiation. The diffrac-
tograms were measured at 200◦C (using a Shimadzu hea
ing accessory Model HA1001) to remove adsorbed w
from the calcined samples exposed to air which, in
case of CuAPSO-34, causes an apparent loss of their
tallinity [22,38]. FTIR spectra of adsorbed CO on pelletiz
samples were recorded at room temperature with a M
son Research Series Spectrometer in specially designed
permanently connected to a vacuum line, thereby allowin
situ adsorption–desorption experiments. The as-synthes
CuAPSO-34 was calcined following the procedure repo
in Ref. [22]. The final calcination treatment was perform
at 550◦C under pure oxygen. Prior to spectroscopic m
surements, the samples were outgassed at 550◦C for 4 h
(herein namedfresh catalysts), a treatment which leads t
the formation of the catalytically active Cu+ species [37].

Catalytic activity tests of N2O decomposition under bot
dry and wet conditions were carried out with a fixed-b
flow microreactor heated by an electrical oven. The rea
temperature was monitored by a “K”-type thermocoup
placed in a quartz tube, coaxial and internal to the rea
The gas analysis was carried out with continuous analy
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measure the concentrations of N2O and O2. Brooks mass
flow controllers (5850S) were used to maintain the flow ra
of high-purity gases: N2O (1% vol) + He (He 99.998%)
thus allowing a gas mixture with controlled composition
be fed.

The standard conditions of activity tests were N2O (600
ppm), and balance He, catalyst mass (W ) to gas flow rate (F )
ratio W/F = 0.10 g s N cm−3. Wet gas feeds were obtaine
by saturating the helium stream at room temperature.
water concentration in the feed was 2.5 vol%. Before e
run, CuAPSO-34 was treated at 600◦C under He flow for
2 h, whereas Cu-ZSM-5 was treated at 550◦C in order to
obtain the reduced form of copper ions [39–43].

The effect produced by water vapor on the catalytic p
formances was determined by measuring the activity u
dry conditions after the following ageing cycle: (a) age
under reaction flow, heating the sample from 300 to 550◦C
(650 ◦C for CuAPSO-34) in the presence of water (2.
vol); (b) ageing in a wet helium flow (H2O 2.5% in vol)
at 550◦C (600◦C for CuAPSO-34) overnight; (c) repeat
step (a). The procedure (steps (a) to (c)) was repeated
times. The overall exposure of the catalysts to wet mixtu
was 60 h at 550◦C (600 ◦C for CuAPSO-34). The solid
so prepared are herein referred to asaged catalysts. A third
ageing cycle was run only for CuAPSO-34 (20 h at 600◦C).

3. Results and discussion

3.1. X-ray powder diffraction

The X-ray powder diffraction patterns of the samp
were recorded in order to have direct information on
stability of the zeolite structure after the ageing treatm
in H2O. Fig. 1A shows that, after the ageing treatme
Cu-ZSM-5 maintains a good crystallinity without a sign
icant loss in the intensity of the diffraction peaks. This
havior is in good agreement with BET data revealing t
Table 1
Specific BET area for fresh and aged CuZSM-5 and CuAPSO-34

Sample SBET [m2 g−1]

Fresh Aged

CuZSM-5 365 363
CuAPSO-34 346 198

the surface area is substantially retained (365 m2 g−1 of the
fresh sample in comparison with 363 m2 g−1 in the aged
sample; Table 1).

CuAPSO-34 undergoes a limited crystallinity loss up
hydrothermal treatment, correlated with the presence
reflections of smaller intensity (Fig. 1B). This result agr
with the BET data which revealed an approximately 4
decrease of the surface area upon application of the ag
treatment to the CuAPSO-34 sample (346 m2 g−1 versus
198 m2 g−1; Table 1).

3.2. IR spectroscopy of adsorbed CO

CO adsorption is a widely used tool for monitoring t
catalyst sites on ion-exchanged zeolites because it g
information about the oxidation state, coordination, a
concentration of metal cations. In order to elucidate
nature of catalytic active sites, CO adsorbed on CuAPSO
has been compared to that carried out on Cu-ZSM-5 wh
under dry conditions, represents one of the most ac
systems in N2O decomposition [11] and the most active
far for the decomposition of NO [12].

Fig. 2 shows the infrared spectra of the fresh CuZSM
catalyst under decreasing doses of CO adsorbed at
temperature. At higher pressures, the spectra consi
two intense bands at 2177 and 2151 cm−1 which decrease
progressively with decreasing CO dose, with concomi
formation of a new strong and symmetric band with
maximum at 2157 cm−1. This band is stable under vacuu
at room temperature. According to the literature, the ba
at 2177 and 2151 cm−1 are assigned to the symmetric a
nt.
A B

Fig. 1. X-ray powder diffraction recorded at 200◦C of Cu-ZSM-5 (A) and CuAPSO-34 (B): (a) fresh samples; (b) after hydrothermal ageing treatme
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Fig. 2. FTIR spectra of CO adsorbed at room temperature at
creasing equilibrium pressures on fresh Cu-ZSM-5 catalyst. Curv
pCO = 30 Torr; curve 16, under vacuum.

Fig. 3. FTIR spectra of CO adsorbed at room temperature at decre
equilibrium pressures on fresh CuAPSO-34 catalyst. Curve 1,pCO = 30
Torr; curve 14, under vacuum.

asymmetric stretching vibrations of Cu(I)(CO)2 dicarbonyl
species; and the band at 2157 cm−1 to the CO stretching o
Cu(I)CO monocarbonyl complexes [44–46].

CO adsorbed on fresh CuAPSO-34 (Fig. 3) leads to
formation of bands at 2149, 2178, and 2155 cm−1 which
show a pressure dependence very similar to that repo
for Cu-ZSM-5: they are consequently assigned to dicarbo
and monocarbonyl complexes formed on Cu(I) sites in
chabazite structure. This result strongly suggests that
traframework Cu+ ions are present in CuAPSO-34 after t
activation treatment [23,37]. Moreover a shoulder at 21
2125 cm−1 of the carbonyls band indicates the presenc
copper oxidic aggregates in CuAPSO-34 catalysts.

However, the bands of dicarbonyls and monocarbo
formed on the CuAPSO-34 catalyst are less intense (aro
5 times) and broader than in Cu-ZSM-5. This result in
cates that in CuAPSO-34 there is a lower concentratio
Scheme 1.

accessible Cu+ centers, which are located in a wider va
ety of sites. Three different cationic sites in dehydrated i
exchanged synthetic and natural chabasite have been f
by a photoluminescence study by Dĕd̆ec̆ek et al. [47]. As
far as zeolites with a low aluminum content are concern
Nachtigallova et al. [48] suggested that two type of sites
present in Cu-ZSM-5: Cu(I) ions located at the channel
tersection in more open coordination, and Cu(I) ions co
dinated to the six-membered ring in a more packed envi
ment. Lamberti et al. [44] also reported that two families
Cu(I) sites, which are characterized by different coordina
unsaturation, are present in CuZSM-5.

Moreover, the fact that the distribution of Cu(I)
CuAPSO-34 is more heterogeneous than in Cu-ZS
can be also explained by considering that exchange
sites of CuAPSO-34 may be produced either by subs
tion of phosphorous with silicon (Scheme 1, structure
or by isomorphous substitution of aluminum ions w
cupric ions in tetrahedral sites (Scheme 1, structure
In particular, the presence Cu2+ framework sites is typ
ical of Cu-aluminophosphates prepared by adding cop
salt directly to the synthesis gel [36,37]. The fact that
bands assigned to dicarbonyl and monocarbonyl compl
formed on Cu(I) sites in CuAPSO-34 are less intense t
Cu-ZSM-5, prepared via an ion-exchange procedure w
similar Cu loading, is an indication that part of the cop
ions are inserted in the aluminophosphate framework.

The comparison of the spectra of CO adsorbed at ro
temperature on fresh and aged Cu-ZSM-5 and CuAPSO
catalysts is reported in Figs. 4 and 5, respectively.

CO adsorbed on the aged Cu-ZSM-5 sample (Fig
bottom curves) leads to the formation of bands at sim
frequencies as found on the fresh catalyst. A new ba
however, is found at about 2190 cm−1 in the case of the
aged sample. It is relevant to point out that the concentra
of dicarbonyl and monocarbonyl complexes is drastic
reduced as a consequence of the hydrothermal treatm
The absorption at 2190 cm−1 is assigned to CO coordinate
to extraframework aluminum ions [46].

The comparison between fresh and aged CuAPSO
catalysts (Fig. 5) shows that the intensity of the bands
the carbonyls is not significantly affected by the hydroth
mal treatment. However, a slight broadening of the b
at 2155 cm−1 and an increase of the shoulder at 215
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Fig. 4. Comparison of FTIR spectra of CO adsorbed at room temper
between (A) fresh Cu-ZSM-5 and (B) aged Cu-ZSM-5. Solid lin
pCO = 30 Torr; dotted lines, under vacuum.

Fig. 5. Comparison of FTIR spectra of CO adsorbed at room temper
between (A) fresh CuAPSO-34 and (B) aged CuAPSO-34. Solid li
pCO = 30 Torr; dotted lines, under vacuum.

2125 cm−1 indicate that oxidic aggregates are more ab
dant after steam ageing.

3.3. N2O decomposition results

Fig. 6 shows the conversion of N2O as a function
of temperature of both fresh and aged CuZSM-5
CuAPSO-34 catalysts. The data clearly prove that des
the similar metal loading (1.10 and 1.23%, respectiv
for CuZSM-5 and CuAPSO-34), fresh CuAPSO-34 is l
active than fresh Cu-exchanged ZSM-5, reaching comp
conversion at 650◦C instead of 550◦C. The activity of
CuAPSO-34 is about one order of magnitude lower t
CuZSM-5, in agreement with the intensity of the bands
adsorbed CO (compare Figs. 2 and 3).

However, the catalytic performances of CuAPSO
catalyst appeared much less affected by hydrothermal ag
 g

Fig. 6. N2O conversion as a function of temperature over Cu-ZSM-5")
and CuAPSO-34 (2). Feed: N2O (600 ppm), H2O (2.5% vol only for
CuAPSO-34,P), and balance He.W/F = 0.10 g s N cm−3. Open symbols
represent the activity data obtained after the second ageing cycle.

than that of CuZSM-5. As a matter of fact, while fre
CuZSM-5 reached 98% conversion at 550◦C, after the
second ageing cycle its conversion reaches only 20%
the contrary, CuAPSO-34 achieves 45% of conversion a
same temperature.

These data revealed that the active sites, e.g., the+
ions, are more stabilized by the chabasite framework
SAPO-34, an observation also clearly revealed by IR exp
ments of adsorbed CO on aged and fresh catalysts (com
the results of Figs. 4 and 5). Thus, the activity loss du
the hydrothermal ageing should be related to the partial
of the CuAPSO-34 chabasite structure (as found by X
and BET measurements) rather than to the modificatio
the environment of the copper ions. It can be, therefore,
posed that copper ions in the chabasite structure are
strongly bound to the zeolitic framework than in ZSM-5, a
this effect might be related to the presence of structural C2+
ions (Scheme 1).

However, steam ageing treatments do not affect the
ZSM-5 structure, in agreement with previous results [49–
but strongly modify the environment of the copper ions. D
to the dealumination of the CuZSM-5 zeolite, revealed
the presence of Al+3 extraframework species, copper io
are forced to migrate to inactive positions probably se
gating in oxidic clusters [19,50].

The higher hydrothermal stability of CuAPSO-34 resu
in its ability to carry out the reaction even in the prese
of water in concentrations similar to those found in ind
trial applications [5], as reported in Fig. 6. The activity
CuAPSO-34, in fact, suffers only a slight inhibition in t
presence of water, most likely due to the competition
tween N2O and water molecules for copper sites especi
at lower temperature. This result is even more impor
considering that, under the same experimental conditi
CuZSM-5 did not show any appreciable or steady-state
tivity in wet mixtures.
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Fig. 7. Hydrothermal deactivation of Cu-ZSM-5 (black) and CuAPSO
(gray) expressed in terms of turnover frequency (TOF) in N2O decomposi-
tion at 450◦C. Feed: N2O (600 ppm), H2O (2.5% in vol when fed), and He
(balance).W/F = 0.10 g s N cm−3.

The high hydrothermal stability of CuAPSO-34 is furth
highlighted in Fig. 7 where the catalytic performanc
obtained after each ageing cycle are reported. It is c
that the continuous exposition to water streams result
the progressive and irreversible deactivation of CuZSM
which did not show any appreciable activity after the th
ageing cycle under neither dry nor wet conditions. On
contrary, CuAPSO-34 reaches a stable condition alre
after the first ageing cycle and its activity remains unaffec
by further cycles, the aged sample showing signific
performances even in the presence of water (about 19
fresh activity, which was measured in the absence of wa

4. Conclusions

The hydrothermal stability of copper silicoaluminopho
phates with chabasite-like structures has been extens
investigated in the catalytic decomposition of nitrous
ide, and compared with CuZSM-5. Measurements of
porosity properties proved that prolonged expositions to
streams at high temperature do not significantly affect
MFI framework of CuZSM-5, whereas CuAPSO-34 show
slight modifications of both crystallinity and BET speci
area.

FTIR investigation of adsorbed CO revealed the pr
ence of copper extraframework species (i.e., Cu+ ions)
in the CuAPSO-34 sample, which exhibit similar prop
ties to copper-exchanged ions in CuZSM-5. However, u
steaming, the concentration of monovalent copper ion
CuAPSO-34 was not significantly affected, whereas even
ter a less severe steaming (60 h at 550◦C), these specie
decreased dramatically in CuZSM-5. The dealumination
CuZSM-5 catalysts upon steaming (revealed by the pres
of extraframework Al3+ species) probably causes the loss
copper active species. Consequently, the higher initial a
ity in N2O decomposition showed by CuZSM-5 was nea
completely suppressed by steam ageing while CuAPSO
exhibited a limited deactivation, keeping a measurable a
ity even in the presence of water.
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