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Abstract

Cerium exchanged SAPO-18 material showed adsorptivity for NO and CO molecules. In situ adsorption of nitric oxide
and carbon monoxide on cerium exchanged SAPO-18 materials was studied by FT-IR spectroscopy. The cerium exchanged
SAPO-18 samples were prepared using the highly crystalline and pure H-SAPO-18 material. The SAPO-18 and cerium
exchanged SAPO-18 materials were characterised by routine and sophisticated instrumental techniques. The presence of both
CeIII and CeIV species on the surface of the Ce-SAPO-18 catalyst were revealed by the XPS technique. The concentration of
cerium is higher on the surface of the material than in the bulk. The interaction of NO with Ce-SAPO-18 material led to the
formation of nitrous oxide, mono- and di-nitrosyl complexes of cerium, nitrogen dioxide and nitrate species. The formation
of mono-, di- and tri- carbonyl complexes of cerium and carbon dioxide species were observed after the carbon monoxide
adsorption on the Ce-SAPO-18. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The interaction of nitric oxide and carbon monoxide
with metal oxide surfaces has been extensively stud-
ied by the ways of adsorption and catalytic decom-
position methods on the noble metals and modified
zeolites. Cerium oxide, which is one of the important
components of automotive and industrial exhaust cat-
alyst, is active for NOx removal, oxidation of CO and
hydrocarbons and hydrogenation as well acts as oxy-
gen storage in the lattice of cerium oxide [1–6]. The
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surface area and the type of active sites/species are im-
portant factors in the deciding the catalytic activity of
material. Because, of the limitations in increasing the
surface area of cerium oxide, a high surface cerium
containing novel catalytic material using a cerium
compound and silico-aluminophosphate (SAPO-n)
type molecular sieve has been developed. SAPO-n are
new type of materials which exhibit mild to strong
acidity, catalytic activity, ion-exchange capacity,
framework flexibility and cation-exchange properties
as a result of the isomorphous substitution of P in
AlPO4 by Si [7–12]. The metal exchanged SAPO-n
material possesses excellent thermostable characteris-
tics and high surface area. Recently, similar materials
have been utilised for the decomposition of NOx
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[13,14]. The purpose of this study is to examine the
nature of active sites on the cerium exchanged SAPO
material. The nature of active metal sites is usually
studied with nitric oxide [14–17] or carbon monoxide
[16–19] probe molecules using the FT-IR technique.
In the present paper, the adsorption-interaction of NO
and CO molecules with the active cerium species on
the modified crystalline silico-aluminophosphate of
type 18 (SAPO-18) catalyst was investigated.

2. Experimental

Ce-SAPO-18 was prepared by the liquid ion-
exchange method [17,18]. The calcined SAPO-18
was ion-exchanged with Ce in 0.010 M cerium ni-
trate solution at 343 K for 2 h, then filtered, washed
and dried. The ion-exchange procedure was repeated
twice. The Ce-SAPO-18 was dried overnight at
373 K and then heated at 773 K for 5 h. SAPO-18
was obtained by calcination of the as-synthesised
SAPO-18. As-synthesised SAPO-18 was prepared by
hydrothermal crystallisation of gel (molar composi-
tion: 1.6 C8H19N; 1.0 Al2O3; 0.4 SiO2; 0.9 P2O5;
50 H2O) in a Teflon-lined stainless steel autoclave
at 443 K for 8 days [20]. The crystallisation prod-
uct was filtered, thoroughly washed and dried in air
at 343 K. The N,N-diisopropylethylamine template
was removed by calcination in a muffle furnace at
773 K for 16 h. The chemicals used for the synthe-
sis work were Catapal (aluminium oxyhydroxide),
o-phosphoric acid (85%, Merck), Aerosil (fumed sil-
ica) and N,N-diisopropylethylamine (99%, Aldrich).

The materials were characterized by elemental
analysis, XRD, SEM, BET and XPS techniques. The
X-ray powder diffraction pattern of the as-synthesized
SAPO-18 obtained with Philips PA2000 diffractome-
ter. The chemical composition of the samples was de-
termined by ICP-OES analysis (Perkin-Elmer Optima
3000 DV). The details of characterization techniques
and instrument utilized for the chemical analysis and
structure determination were reported earlier [8]. The
surface area and pore volume of the materials were
obtained by BET (N2-dynamic adsorption/desorption)
technique (p/po = 0.3) using a Micromeritics
ASAP2000 Instrument. The morphology and crystal
size of the materials were investigated using a JEOL
JSM 35MF scanning electron microscope.

XPS surface analysis were conducted for determin-
ing the surface concentration and binding energy of
O1s, Si2p, Al2p, P2p and Ce3d using a Fisons system
(operated in the constant pass energy mode of 20 eV).
All spectra were referenced to C1s (285 eV). An Mg
K� X-ray source (hν = 1253.7 eV) was operated at
20 mA and 15 mV. The base pressure of the instru-
ment was 10−9 Torr. The intensity of the XPS band
was determined using linear background subtraction
and integration of peak areas. FT-IR studies were per-
formed on self-supported wafers (ca. 20 mg, thick-
ness of 10.0 mg cm−2). A self-supported wafer was
fixed to a stainless steel holder located in the sample
holder of a Pyrex/quartz FT-IR cell. All samples were
first activated under vacuum (<10−4 Torr) at 573 K
for 16 h. A high purity mixture of nitrogen (95%) and
nitric oxide (5%) and carbon monoxide (99.95%) sup-
plied by Linde, Australia were used as the NO or CO
source. FT-IR spectra of the samples were obtained at
2 cm−1 resolution using a Perkin-Elmer System 2000
or 1725× FT-IR spectrometer. The spectrum of the de-
hydrated sample was used as a background from which
the adsorbed spectrum was subtracted and necessary
background subtractions were concluded for all the
spectra. The FT-IR spectra were collected at 297.5 K
and at different gas pressure (equilibrium depending
upon the experimental conditions).

3. Results and discussion

The Ce-SAPO-18 catalyst was prepared from the
highly crystalline and pure SAPO-18. The crystal-
lite size of the SAPO-18 varied from 5–7 �m. The
chemical composition and surface properties of the
Ce-SAPO-18 catalyst are presented in Table 1. The ob-
served surface area of the SAPO-18 was 653 m2 g−1.
After the cerium exchange SAPO-18 material, de-
crease in the total surface area (by 37% from 653
to 414 m2 g−1) and the micropore volume (by 44%
from 0.25 to 0.14 cm3 g−1) was observed. The de-
cline in the total surface area and pore volume is due
to pore blockage caused by cerium in the SAPO-18
structure [12]. Table 1 shows the surface concentra-
tion of the elements and the binding energy data for
the Ce-SAPO-18 catalyst. The results of bulk chemical
and XPS surface analysis of the Ce-SAPO-18 material
indicates the concentrations of aluminium, silicon and
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Table 1
Comparison of the physical and chemical properties of the SAPO-18 and Ce-SAPO-18

Product composition (mol%)

SAPO-18 (calcined) Si, 17.7; Al, 42.9; P, 39.4
Ce-SAPO-18 Ce, 5.5; Si, 16.7; Al, 40.6; P, 37.2

Surface area, micropore volume
SAPO-18 (m2 g−1) 653

SAPO-18 (cm3 g−1) 0.25
Ce-SAPO-18 (m2 g−1) 413
Ce-SAPO-18 (cm3 g−1) 0.14
Surface composition (at.%) Ce3d 6.8; Si2p 3.9; Al2p 10.1; P2p 14.5; O1s 60.5; C1s 4.2
Eb/eV (FWHM/eV)a CeIII 883; CeIV 886.3; Si2p 102.1; Al2p 75.1; P2p 134.4; O1s 532.2

a Referenced to C1s (285 eV).

phosphorous are lower on the surface than in the bulk.
The higher surface Ce/Al ratio (0.67) indicates that
most of the Ce metal ions are present on the surface
of the SAPO-18 molecular sieve. The observed bind-
ing energies 883 and 886 eV indicated the presence
of both the CeIII and CeIV species in the SAPO-18
catalyst. The binding energies (Table 1) of the other
elements (Al2p, Si2p and P2p) are close to those for
tetrahedrally coordinated elements in metal substituted
aluminophosphates [21] and low silica zeolites [22].

Figs. 1 and 2 show the NO adsorption on the
Ce exchanged SAPO-18. After dehydration of
Ce-SAPO-18 in vacuo at 573 K for 16 h, exposure
to NO produced up to four strong bands attributed
to the formation of nitrous oxide, nitrogen dioxide,
mono- and di-nitrosyl species. The NO adsorption
(at 12 Torr) produced strong bands at 1912, 1834,
1741, and 2250–2150 cm−1 are assigned to CeIII–NO,
CeIII–(NO)2 (symmetric), CeIII–(NO)2 (asymmetric)
and CeIV–N2O adsorbed species, and very weak band
at 1625 assigned to CeIV–NO2, respectively. These
band assignments are in good agreement with other
published data [14–18,23–27]. The nitrosyl cerium
complexes and intermediates resulting from surface
reaction between nitric oxide and Ce-SAPO-18 are
summarised in Table 2. NO adsorption experiments
at various pressures and temperatures were carried
out in order to study the influence of nitric oxide gas
pressure on the cerium–nitric oxide complexes. FT-IR
results pertaining to the pressure changes of NO on
the Ce-SAPO-18 are presented in Fig. 1. At a pres-
sure of 12 Torr NO gas shows the appearance of both
mononitrosyl and dinitrosyl bands. When 22 Torr of
NO gas is introduced into the cell, the intensity of

Table 2
Assignment of the type of species generated after the interaction
of NO and CO with the cerium exchanged SAPO-18 catalyst

Species Wavenumber (cm−1)

CeIII–NO 1912
CeIII–(NO)2 (symmetric) 1843
CeIII–(NO)2 (asymmetric) 1739
CeIV–NO2 1625
CeIV–N2O 2250–2150
CeIII–CO 2117
CeIII–(CO)2 (symmetric) 2174
CeIV–CO2 1620

the mononitrosyl increases and that of the dinitrosyl
decreases with large amount formation of CeIV–NO2
and CeIV–N2O. After 61 Torr of NO gas is added, it
appears that the dinitrosyl CeIII complex subsequently
is oxidized and converts to an unstable CeIV complex
with N2O and O− adsorbed species and a decrease in
presence of the CeIV–NO2 species. Further reaction
with NO at higher pressure (72 Torr) sees the con-
version of the unstable N2O and O− complex to the
CeIV–NO2 species, while the levels of CeIII–NO and
CeIII–(NO)2 remain more or less similar to that of
NO pressure at 61 Torr [15,28–30]. The above results
would indicate that some sort of dual mechanism
could be involved. The first mechanism proposed in-
volves the direct conversion of the CeIII–NO specie
to the CeIV–NO2 specie via the CeIII–(NO)2 specie.
This direct conversion is caused by the higher con-
centration of cerium on the surface of the material.
The second mechanism involves the well documented
conversion of CeIII–NO specie to the CeIV–NO2
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Fig. 1. FT-IR spectrum of NO adsorbed at 297.5 K and at various pressures over the dehydrated Ce-SAPO-18 catalyst: (A) 12; (B) 22;
(C) 61; and (D) 72 Torr.

specie via the CeIII–(NO)2 and unstable CeIV–N2O
species [14–18].

The decomposition of adsorbed NO species at dif-
ferent temperatures and constant pressure over the de-
hydrated Ce-SAPO-18 catalyst is shown in Fig. 2.
The investigation was undertaken at a NO pressure
of 32 Torr and temperatures of 303, 373 and 473 K
for 30 min. NO adsorption pressure of 32 Torr shows
the appearance of major bands at 1914, 1836, 1743,
1621 and 2250–2150 cm−1 are assigned to CeIII–NO,
CeIII–(NO)2 (symmetric), CeIII–(NO)2 (asymmetric),

CeIV–NO2and CeIV–N2O adsorbed species. At a tem-
perature of 373 K, the intensity of the CeIII–NO band
decreased while the intensity of the CeIV–NO2 band
remained the same but a new CeIV–NO3 complex
formed indicating the decomposition of CeIII–NO to
CeIV–NO2 and CeIV–NO3 (at 1564 cm−1). The con-
centration of CeIV–N2O species was increased at the
reaction temperature of 373 K. Further at 473 K, the
CeIV–NO3 complex formation was enhanced as ob-
served by the increase in the peak intensity at 1564
while the CeIV–NO2 complex diminished (1.5:1 ratio
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Fig. 2. FT-IR spectrum of NO adsorbed at constant pressure and different temperatures over the dehydrated Ce-SAPO-18 catalyst: (A)
32 Torr, 303 K; (B) 32 Torr, 373 K; (C) 32 Torr, 473 K.

of intensity). The significant increase in the forma-
tion of CeIV–N2O was observed at the higher reaction
temperature (473 K) and the intensities of other bands
were slightly increased. This indicates that at higher
reaction temperature, the CeIV–NO2 complex decom-
poses to a N2O and O− complex and to other species.

Figs. 3 and 4 show the CO adsorption on
Ce-SAPO-18. After dehydration of Ce-SAPO-18 in
vacuo at 573 K for 16 h, exposure to CO produced

up to three strong bands attributed to the formation
of carbon dioxide, mono-, di-carbonyl species.
The bands at 2174 (strong), 2117 (strong), 2075
(shoulder), and 1618 (week) cm−1 are assigned to
CeIII–(CO)2 (symmetric and asymmetric), CeIII–CO,
and CeIV–CO2 adsorbed species, respectively. The
band of CeIV–CO2 adsorbed species is clearly vis-
ible at high CO pressures. These band assignments
are in good agreement with other published data
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Fig. 3. FT-IR spectrum of CO adsorbed at 297.5 K and at various pressures and constant temperature over the dehydrated Ce-SAPO -18
catalyst: (A) 12; (B) 22; (C) 61; and (D) 72 Torr.

[16,18,19,27,31]. Table 2 shows the carbonyl cerium
complexes and intermediates resulting from surface
reaction between carbon monoxide and Ce-SAPO-18.
CO adsorption experiments at various pressures and
temperatures were carried out in order to study the
influence of carbon monoxide gas pressure on the
cerium–carbon monoxide complexes. FT-IR results
pertaining to the pressure changes of CO (at con-
stant temperature) on Ce-SAPO-18 are presented in
Fig. 3. A pressure of 12 Torr CO gas sees the appear-
ance of both mono- and di-carbonyl bands as well
as carbon dioxide. When 22 Torr of CO gas is in-

troduced into the cell, the intensity of the CeIII–CO,
CeIV–CO2 bands increases while that of CeIII–(CO)2
remains constant. The trend is similar for the CO
adsorption pressures at 61 and 72 Torr. This indi-
cates the cerium–carbonyl complexes are formed on
the active sites of the SAPO-18 catalyst. It appears
that the conversion of CeIII–CO to CeIV–CO2 would
also follow a direct conversion mechanism similar to
the one observed with CeIII–NO to CeIV–NO2. As
with the nitric oxide system this phenomena can be
attributed to the high cerium surface concentration.
Fig. 4 shows the behavior of adsorbed CO species
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Fig. 4. FT-IR spectrum of CO adsorbed at constant pressure and different temperatures over the dehydrated Ce-SAPO-18 catalyst: (A)
26 Torr, 303 K; (B) 26 Torr, 473 K.

at 303 and 473 K temperatures and constant pres-
sure over the dehydrated Ce-SAPO-18 catalyst. The
investigation was undertaken at CO pressure of
26 Torr and temperatures of 373 and 473 K for
30 min. The FTIR results show that the band in-
tensity of mono-carbonyl species decreases slightly
and the CeIV–CO2 band completely disappeared at
473 K temperature. This indicates that the CeIV–CO2
complex decomposed to form the CeIII–(CO)2 and
CeIII–CO complexes. The high temperature (≥473 K))

decomposition of adsorbed NO and CO over the dehy-
drated Ce-SAPO-18 catalyst shows that the concentra-
tions of CeIV–NO2 and CeIV–CO2 species decreases
as well as changes occur in the concentration of other
species. On Ce-SAPO-18, the NO and CO sites are
of similar type to those over the Cu-SAPO-34, Cu-
and Ce-ZSM-5 catalysts. However, the observed con-
centration of CeIII–NO and CeIII–CO species were
higher over the Ce-SAPO-18 than the Cu-SAPO-34
and Cu-ZSM-5 catalysts.
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4. Conclusions

The adsorption of NO on the Ce-SAPO-18 catalyst
resulted in the formation of CeIII–NO, CeIII–(NO)2
(symmetric), CeIII–(NO)2 (asymmetric), CeIII–N2O
and CeIV–NO2 species. High temperature decom-
posed the CeIV–NO2 complex to the CeIII–N2O,
CeIII–NO and CeIII–(NO)2 complexes. The adsorp-
tion of carbon monoxide on the Ce-SAPO-18 catalysts
resulted in the formation of CeIII–CO, CeIII–(CO)2,
and CeIV–CO2 species. The types of NO and CO
sites on the catalysts are similar to those observed
on the other metal exchanged microporous catalysts.
XPS analysis revealed the presence of CeIII and CeIV

surface species and the higher surface concentration
of Ce on the Ce-SAPO-18.
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