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Abstract

This review article deals with a spectroscopic characterisation, including FTIR, UV-Vis-NIR and NMR, of acid and
redox microporous aluminophosphate catalysts with chabasite-related structure. These materials show high thermal and
hydrothermal stability, and for this reason are attractive catalysts for environmental application. An extended investigation
of acid SAPO-18 and SAPO-34, which are selective catalysts in methanol-to-olefins (MTO) and oxidative dehydrogenation
(ODH) of light alkanes processes, will be presented. These catalysts can also be used as supports for the preparation of
metal-containing molecular sieves for De-Nf@actions. Catalytic studies of NO oxidation to jl@nd N.O decomposition
performed on cobalt- and copper-containing materials will be illustrated and correlated to spectroscopic results.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and structure of the reactive metal ion site is of con-
siderable importance for understanding the chemistry
Aluminophosphate (AIP@) and silicoalumino-  of such material$l].
phosphate (CO/NO adsorption; Spectroscopic char- Brgnsted acid sites in zeolites can be formally
acterisation) molecular sieves form a new class of represented as Si—-O(H)-£8-5] and similar centres
microporous crystalline materials comparable to well- are present in microporous SAP{-7]. The neu-
known zeolites. The structures of AIPOs and SAPOs tral framework of AIPOs is formed corner-sharing
molecular sieves cover a range of different structure AlO4 and PQ tetrahedral units, and the substitution
types; some are analogous to certain zeolites such agof Si(IV) for some P(V) produces negatively charged
SAPO-42 (structure similar to zeolite A) or SAPO-34 oxygens which are balanced by protoSgljeme L
(chabasite structure), but a large number of AIPOs, Brgnsted acidity may be also produced in metal-
such as AIPO-5 or VPI-5, have a unique structure aluminophosphates (MeAPO4]]. In fact, when
with no zeolite analogue. The incorporation of transi- divalent metal cations (Me: Co, Mg, Zn, Ni, etc.) sub-
tion metal ions into framework sites of the AIPOs and stitute for trivalent aluminium, again protons which
SAPOs molecular sieves is also of particular interest balance the negatively charged framework are needed.

for the design of novel catalysf4,2]. The location  In this case, hydroxyls which are bridged between
phosphorous and the divalent catid8s-11] are ob-
* Corresponding author. tained Scheme L However, when cobalt ions (or
E-mail address: leonardo.marchese@unito.it (L. Marchese). other transition metal ions including®ti, V>t, Cr3,
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Mn?t, etc.) are introduced into the AIPO framework, conditions seems to be an unavoidable limitation

even more interesting redox molecular sieves are [23-25]

obtained[1,4,5]. In this context, some metal-containing AIPOs and
A variety of spectroscopic techniques, including SAPOs with redox properties have been found attrac-

FTIR, UV-Vis-NIR, NMR and ESR, have been used, tive for their resistance to the presence of water vapour

even with the aid of molecular probes, for monitor- [26,27] although they have not been extensively stud-

ing the local structure of active centres in SAPOs and ied for DeNQ, reactions. Good catalytic performances

MeAPOs microporous catalysts. Though NO has been of Cu-SAPO-34 in SCR of NO with propern8],

frequently used as molecular probe of transition metal Cu—Me-AlPO-11 (Me: Mg+ and Zrf™) in NO de-

ions in zeoliteg§12,13], studies of NO dissociation on  composition[29] and CoAPO-34 in NO oxidation to

metal ion-exchanged ZSM-5 have opened more attrac- NO, [30] were reported.

tive prospective. It was found, in fact, that Cu-ZSM-5 Some selected examples of acid and redox Al-

has high activity towards the decomposition of NO di- POs with high hydrothermal stability will be pre-

rectly to Nb and G and this property was attributed sented in this review article. Particular emphasis

to the presence of redox CICU?t couples[14—16] will be given to spectroscopic studies on catalysts
More recently, many efforts have also been fo- with chabasite-related structure, such as Si-, Co-,

cused on cobalt ion-exchanged zeolites (CoZSM-5, Cu-containing AIPO-34 and Co-containing AIPO-18.

Co-mordenite, Co-Y, Co-X, Co-ferrierite) as they

revealed an high activity in the selective catalytic re-

duction (SCR) of NQ by ethene and methane in the 2. Synthesis and structural characterisation

presence of oxygefll7—22] However, zeolite-based

systems are of growing interest for their high per-  The synthesis of AIPOs, SAPOs or MeAPOs molec-

formances under clean laboratory conditions, al- ular sieves typically uses an aqueous reaction mixture

though their lack of stability under real operating formed by an alumina source (e.g. pseudo-boehmite or
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Table 1

Molar composition of gels used for the molecular sieve crystallisation

Samples Me Al P Si Morpholine HF 10

AIPO-34 - 1.00 1.00 - 1.25 0.35 50
SAPO-34 - 1.00 0.90 0.25 1.25 - 50
CuAPO-34 X 1—x 1.00 - 1.25 0.35 50

CuAPSO-34 X 1—x 0.90 0.25 1.25 - 50

CoAPO-34 X 1—x 1.00 - 1.25 0.35 50

CoAPSO-34 X 1—x 0.90 0.25 1.25 - 50

aMe: Co or Cu;x may vary from 0.04 to 0.2.

aluminium isopropoxide) and the diluted orthophos- shows some examples of gel composition used for
phoric acid, then the template, an amine or quater- the crystallisation.

nary ammonium hydroxide, is addggil]. Amorphous Some of these samples showed an high thermal sta-
SiO; is normally used as silica source for the synthe- bility as found by in situ X-ray diffraction (XRD) at in-

sis of SAPO-34, and solutions of metal ions are used creasing temperaturesig. 1 shows the XRD patterns
for MeAPOs. These gels are crystallised in autoclaves of SAPO-34, CUAPSO-34 and CoAPSO-34 recorded
at temperatures between 353 and 473 K under auto-at 900°C, and suggests that in all cases the chabasite
genous pressure for times varying from few hours to structure was essentially retained at this temperature
several days. [33].

Co-containing AIPOs were prepared by adding  However, only the sample which did not contain
cobalt acetate at the synthesis gel whereas sampletransition metal ions, kept a nearly pure chabasite
with copper by adding CuO to the orthophosphoric phase. Additionally, there were significant differences
acid for a complete dissolution of the sgR]. Table 1 between the spectra of cobalt and copper-containing

*
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Fig. 1. XRD patterns of SAPO-34, CuAPSO-34 and CoAPSO-34 at'@08fter template removal:) reflection due to tridimite dense
phase (reproduced from RgB4]).
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MeAPSO-34 samples. In fact, CUAPSO-34 showed a occur within the chabasite cages of as-synthesised
behaviour similar to SAPO-34, indicating a high ther- SAPO-34 where morpholine and water molecules
mal resistance of the framework, only a small fraction are present. Evidences of the morpholine—framework
of the material is transformed to tridimite dense phase (host—guest) and morpholine—morpholine and morpho-
(reflection at 2 = 21.3° value). CoOAPSO-34 instead, line—water (guest—guest) interactions were reported
showed a higher loss of the initial crystallinity and the [31]. Raman spectra of as-synthesised SAPO-34 is
appearance of a higher fraction of tridimite phase. As a very similar to that of a solution of protonated mor-
consequence, Cu-containing systems seem to be morepholine obtained by addition of hydrochloric acid
stable than the corresponding Co-containing ¢8ék to pure morpholine and differ substantially from
Noteworthy, these studies showed that CuUAPSO-34 that of neutral morpholing35]. This suggested that
catalysts have also a high hydrothermal stability after morpholine molecules in protonic form48gONH,*
mild steam ageing treatmen®6,34] and this makes  (morpholinium), are entrapped inside the cages of
these materials very attractive for practical applica- SAPO-34. Evidences of the confinement of the proto-
tions in environmental catalysis. nated morpholine were obtained by comparing the Ra-
man spectrum of the synthesis gel recorded before the
crystallisation and the final, well-crystallised, SAPO-

3. Spectroscopic characterisation 34 [31]. A very recent single crystal XRD and FTIR
combined study showed that MiHH,O—-H,O—MH*
3.1. Host—guest interaction in SAPO-34 chains are embedded within the chabasite network of

as-synthesised SAPO-3Eig. 2) [36].
Molecular complexes or aggregates of templating
molecules may play a decisive role in the formation 3.2. S-incorporation in chabasite-related SAPOs
of desired materials and remain embedded inside the
inorganic network in the final produckig. 2). SAPO-18 and SAPO-34 are acid catalysts for
A combination of FTIR and Raman spectroscopy methanol-to-olefins (MTO)37] and oxidative dehy-
was used to monitor the molecular interactions which drogenation (ODH)38] processes. The incorporation

Fig. 2. Morpholinium (or morpholine)—water molecular complexes localised in a adjacent chabasite cages connected each other by hydrogen
bonds to symmetrically equivalent water molecules at the W1 sites to form-MpO—-H,O-MH* (or MHT—H,O—H,O—-M) chains.
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Fig. 3. (A) A ball and stick representation of the structure of dehydrated HSAPO-34; (B) HRTEM image of SAPO-18 taken down to the
[001] direction (adapted from Ref§7,39]).

of silicon via direct synthesis into AIPO-18 (AEI and TPD of ammonia were used to examine the
structure code), which has a framework structure re- Brgnsted acid sites in SAPO-18 samp[&8].

lated to, but crystallographically distinct from, that of The different silicon-substitution mechanism for
the well-known solid acid catalyst SAPO-34 (CHA SAPO-18 and SAPO-34 was confirmed by FTIR
structure code)Kig. 3), was investigated by a range spectroscopy. The infrared spectra of template-free
of techniques. AIPO-18 and SAPO-18 samples within the hydroxyl

295i MAS NMR spectroscopy revealed that silicon stretching absorption region are showrFiig. 4A.

substitutes for both phosphorous and aluminium in  AIPO-18 has one main absorption band at
SAPO-18, whereas in SAPO-34, substitutes only for 3676 cnt?, attributable to P-OH groups and these
phosphorous and leads to a larger number of Bronstedwere observed for almost all AIPO-based molecu-
acid sites. Infrared antH MAS NMR spectroscopies  lar sieves. For AIPO-18, besides the main P-OH
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3 assigned to Si—-OH groups. The 3600 and 3626tm
% 14 peaks were first observed for SAPO-B4D,41] In
a the case of SAPO-18, the overall intensity of the two

bridging hydroxyl peaks (as calculated from their

0 T . - r ]

0.00 0.02 004 006 008 010 0.2 areas) increased with the amount of silicon in the

(B) SU(Si+Al+P) structure Fig. 4B). SAPO-34 showed a much higher

concentration of bridging OH groups than all of the

Fig. 4. (A) Infrared spectra of: (a) AIPO-18; (b)—(e) SAPO-18 SAPO-18 samples.

Witg ggf;ofef;tjlamoupg of Si“g?g?t(f)d StA'IDOQf‘_‘- (Bh) zeaks| at3626  Fig. 5shows?Si MAS NMR spectra of two sam-

an C are tnose attriputea to bridgin roxyls versus : H : H

framework Sj(Si+ Al + P) for the SAPO-3’g4 gndythe gAPO-lB ple? of the. SAPO-18 with d_lfferen.t St amount in com-

samples (reproduced from Rd89)]). parison with a.S_APO—3A_r with ${Si+ Al +P) = 0.1. .
SAPO-34 exhibited a single resonance at a chemical
shift of —92 ppm, and this resonance was assigned to

absorption, there are two bands at 3768 and silicon surrounded by four Al@neighbours.

3793cnt!, attributed to Al-OH groups. In addi- The two similar SAPO-18 spectra each possessed

tion to the P-OH and AI-OH absorption observed two well-defined signals at92 and—111 ppm, re-

for AIPO-18, template-free SAPO-18 samples pos- spectively, as well as three less intense peaks between

sess two other distinct absorption peaks at 3600 andthem at chemical shifts 6£96, —100, and—105 ppm,

3626 cnT! due to bridging OH groups and one less respectively. The first signal was again attributed to

intense band at 3743 cth. The 3743 cm! band was isolated silicon atoms substituting for phosphorous.
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Fig. 6. FTIR spectra CoOAPO-18 catalyst after reduction indil 673 K (curve a) and after calcination inp @t 823K (curve b).

The other peaks were assigned to silicon surroundedband was related to the presence ofChewis acid

by (3Al04 and 1SiQ), (2Al04 and 2SiQ), (1AIO4 sites[11].

and 3SiQ), and (4SiQ), respectively, in a fashion To have a better understanding of the catalytic be-

similar to that for aluminosilicate zeolit¢42]. haviour of CoOAPO-18, it was important to define in
Altogether these results confirmed that silica is- quantitative terms the environment of the cobalt ion

lands are present in SAPO-18 catalysts and that thein the calcined and reduced states. This was achieved

chabasite-type framework of SAPO-34 is able to in- from a series of in situ measurements at increas-

corporate more isolated Siions responsible of the pres-ing temperatures using synchrotron radiation and

ence of Brgnsted acid sites. recording simultaneously EXAFS spectra and XRD
patterns. From 50 to 62%, there were no significant
3.3. CoAPO-18: an acid and redox catalyst changes in the diffraction patterns demonstrating that

the framework remained intact through the burn-out

The surface properties of CoAPO-18 catalysts have of the template and the subsequent activation of the
been studied by several spectroscopies tools, includingcatalyst. The shift in the cobalt K-edge of 1.2eV, an
FTIR, diffuse reflectance UV-Vis and X-ray absorp- increase in the pre-edge feature at 7710eV and a de-
tion spectroscopy (XAS3]. FTIR spectrakig. 6) crease in frequency of the EXAFS oscillations proved
revealed that the reduced template-free catalyst (curvethat during the calcinations b ions were oxidised
a) has bands at 3575 cthand 905 crmi® which were  to Co** [44].
assigned, respectively, to stretching and in-plane bend- DR UV-Vis-NIR and FTIR spectroscopic studies,
ing vibrations of hydroxyl groups bridging between supplemented by the use of probe molecules as selec-
Co?t and P ¢on andsop). tive adsorbates (N[9,10], CO[9,30], CoH4 [9] and

It was therefore proved that &b substituted iso- ~ H20 [11]), clarified the atomic environment of cobalt
morphously for APt in the lattice of the AIPO-18  centres in CoAPO-18 solid acid catalysts. The DR
structure, and this was also confirmed by UV-Vis UV-Vis-NIR spectra of the as-synthesised CoAPO-18
and EXAFS measurements. After calcination ia O material Eig. 7, curve a) have absorptions (triplet
at 823K (curve b) only peaks at 3680 and 955¢ém  bands) in the visible (20,000-15,000ch) and in the
assigned to the stretching vibration of P-OH groups near infrared (10,000-4000 ¢t regions attributable
in lattice defects (internal and external surface de- to 4T1(P) < *Ay(F) and*T1(F) « %Ax(F) ligand
fects) were preserftL1]. A very small absorption at  field transitions of tetrahedrally coordinated o
943cnt! was present both in calcined and reduced from which fact the substitution of cobalt(ll) ions
COoAPO-18 which was not found in AIPO-18. This for Al in framework positions was inferred. After
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of the spectrum after oxidation of the template was
lower than that of the as-prepared material due to a
partial oxidation of Cé" ions to CS* (EPR silent)
Co™ tetra [47].

Co™ tetra

4. MeAPO-34 materials with potential application
in environmental catalysis

Kubelka-Munk function

The bifunctional, redox and acid, behaviour of
MeAPOs and MeAPSOs (Me: Co and Cu) systems
was investigated by CO and NO adsorption using
- FTIR spectroscopy30,32,34,48]and some of these

. ) . . . L . L results will be summarised in the following sec-
25000 20000 15000 10000 5000 tions. Some correlations between spectroscopic and
Wavenumber (cm™) catalytic results will be also enlightened.

0_

Fig. 7. Diffuse reflectance UV-Vis-NIR spectra of as-synthesised 4.1. CoAPO-34
CoAPO-18 (curve a), after reduction (curve b) and after calcination

(curve c) (adapted from Ref9]). . )
CO adsorption at 298K on CoAPO-18 Fig. 8A)

and CoAPO-34Kig. 8B) materials in connection with
reduction in H at 400°C (Fig. 7, curve b), Cé* ions the OH evolution evidenced that only tetrahedraf€o
resulted in more distorted tetrahedral environments ions can be oxidised to 6 ions under thermal treat-
and a fraction was also present as Lewis acid centresments[9,30].

[9,11];, only a portion (nearly 50%) of tetrahedral CO molecules linearly adsorbed on oions,
Cc?t, in fact, generated Brgnsted acid sites (bridged mainly located in framework positions, were evi-
OH). denced both in CoAPO-18 and CoAPO-34 catalysts

Structural C8* ions, those associated with bridged by the presence of two absorptions at 2180 and
OH, could be oxidised to structural €oions (with 2185cnT!. The band at 2180 cmt was assigned to
tetrahedral coordination) and contemporaneously pro- Ce?t ions in tetrahedral coordination, those related
tons eliminatedKig. 6, curve b). After calcination in  to Brgnsted acid sites, whereas the absorption at
O, at 550°C (Fig. 7, curve c), nearly 50% of cobalt 2185 cnT! was assigned to tricoordinated &a_ewis
was still divalent and did not generate protoRgy( 6, acid sites in framework defects. After calcination in
curve b); they could either be in tetrahedral coordi- O, at 550°C, only the band at 2180 cm decreased
nation or in coordinatively unsaturated Lewis centres in intensity, and a new absorption at 2178 ¢nhwas

[9]. observed only for CoAPO-34. The decrease in in-
Moreover, a broad adsorption at 9000-8000¢m tensity of the band at 2180 cth after oxidation was
was presentKig. 7, curve c¢) and assigned > — associated to the fact that only the4<dons related

5E transition of tetrahedral Go ions in structural to Brgnsted acid sites could be oxidised te*Cins.
[CoOy] units [45,46] Ca?t/Co®t redox couples were The CO adsorption at 298 K on CoAPO-34 cata-
also found in CoAPO-34 catalyg20]. lysts with different Co loading allowed to calculate the
EPR studies performed at 77 K showed that cobalt fraction of C&+ ions which could be oxidised to €
ions in high spin state are present in framework posi- under thermal treatments. Three CoOAPO-34 catalysts
tions both in CoAPO-18 and CoAPO-34 systems. with different cobalt loading (C&4Co+ Al) = 0.04,
Both the as-prepared samples (which contain the or- 0.08 and 0.2 in the synthesis gel) were studi&a].
ganic template), the reduced and the calcined samplesThe concentration of oxidisable €0 ions (reported
exhibited a broad, asymmetric and unresolved spec-in Table 2 was determined by using the Beer’s law,
trum typical of d high spin C8* ions. The intensity A = e¢Np, whereA is the intensity of the band of
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Fig. 8. FTIR spectra of CO adsorbed at 298 K on CoAPO-18 (A) and CoAPO-34 (B). Curve a: reduced samples, curve b: oxidised samples.

adsorbed CO (cmt), ¢ the integrated extinction co-  adsorbed on Cd sites in framework positions associ-

efficient (cmumol~1), N the concentration of the ad-  ated with Brgnsted acid siteS¢heme 2structure A),

sorbed CO (mmolgl) andp the density of the pellet  and bands at 1898 and 1814 chnattributed to dini-

(mgcnt?) used for the FTIR analysis. The value of trosyl species on Co Lewis acid sites $cheme 2

¢ = 1.0 reported for CO adsorbed on cobalt exchanged structure B)[43,47,48]

zeolite Y [49] was used and the CO:&b=1:1 stoi- The intensity of the dinitrosylic bands was lower in

chiometry assumed. oxidised samples (curves b and d) respect to those ob-
NO adsorption at 298K (Fig. 9) on reduced (curves  served in reduced samples (curves a and c), because

a and c) and oxidised (curves b and d) CoAPO-18 following this thermal treatment a fraction of &b

and CoAPO-34 catalysts produced, though of different ions was oxidised to G0 ions. Moreover, a band at

amount, dinitrosyl complexes on €oions (bandsin 2160 cnT!inthe case of COAPO-18 and at 2151t

the range of 1950-1750 ch). in of CoOAPO-34 were also formed and were particu-
It was possible to distinguish two family of dinitro-  larly evident in the oxidised samples. This band was

syls: bands at 1910 and 1838 chdue to NO groups  assigned to N@like complexes for an absorption in

Table 2

Cobalt ions concentration used for the gel crystallisation and measured by CO adsorption on CoAPO-34 catalysts using FTIR spectroscopy
Cobalt concentration Adsorbed CO (cmt/mgcni?2)P Concentration of oxidable
mmol Co/ga)? Cc?t (mmol Col/gay)®
( Ga) Oxidised Reduced ( Ga)

CoAPO-34 (4) 0.32 0.16 0.37 0.21

CoAPO-34 (8) 0.65 0.36 0.73 0.37

CoAPO-34 (20) 1.56 0.24 0.40 0.16

aCobalt concentration used in the synthesis gel.
bIntegrated area (crt) normalised respect to the density of the pellets (mg®m
¢ Determined by assuming= 1.0 cmumol~1 [46].
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this position was found upon NGadsorption at 298 K
on Cct ions (Fig. 9, curve e). The mechanism of for-
mation of such complexes and their nature was not
clarified, however it was proposed that NO may inter-
act both with Cé* ions and framework oxygen form-
ing a NO-like species $cheme B[47-50]

On the reduced samples, the N€@omplexes were
formed slowly and the related bands less intense; this
behaviour suggested that NO can oxidise a fraction
of Co?t ions to CA* and this was confirmed by the
DR UV-Vis-NIR spectra (not reported?3,48] The
interaction of NO with these newly formed &osites
is represented iScheme 3

4.2. Catalytic tests

The redox behaviour of CoOAPO-34 catalysts was
first evaluated in the NO oxidation to NCand the
results are summarised Fig. 10

The AIPO-34 Co-unloaded sample was not active
at all in the experimental conditions investigated,
whereas CoAPO-34 reduced sample showed a very
high and stable activity (on 24 h run-time observa-
tion). The NO conversion reached the equilibrium
value at 350C, a similar behaviour was observed for
Cu-ZSM-5 zeolite, the most active catalyst in both
NO decomposition and NO reduction with hydrocar-
bons[51]. On the contrary, the oxidised CoAPO-34
showed a much lower activity, only above 43D,
in fact, a very low NO conversion was observed.
This result strongly supported the fact that only’€o
centres are the active sites in NO oxidation.

The comparison between the catalytic activity of
reduced CoAPO-34 (0.04), CoAPO-34 (0.08) and
CoAPO-34 (0.2) in the NO oxidation to NGs re-
ported in Fig. 10B. It was found that CoAPO-34

P
\ \ 5+ <3

Scheme 3.
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Fig. 10. (A) NO conversion to N®on both reduced®) and oxidised l) CoAPO-34 catalyst compared to AIPO-34). Dotted
line represents the equilibrium conversion. (B) NO conversion to, M® reduced CoAPO-34 catalysts with different cobalt loading.
() Co/(Co+ Al) = 0.08; (') Co/(Co+ Al) = 0.04; () Co/(Co+ Al) = 0.2 (adapted from Refd30,43).

(0.08) was the most active catalyst whereas the low- whose intensity decreased slightly upon increasing
est activity among the three samples was exhibited NO pressure (curves 1-$8,51,53] Mono-nitrosyls
by CoAPO-34 (0.2). The catalytic activity correlated adsorbed on different Gti sites in the region

very well with the concentration of G6/Co®t redox 1850-1950 cm! were also found, and their band
sites (the concentration of oxidisable sites reported in intensities increased upon increasing NO dosages.
Table 2 determined by CO adsorption. Similar absorptions were reported for Cu-ZSM-5 and

The activity of these catalysts in more interesting Cu-Y catalystd17,55-57]
SCR reactions of NO with HC or C(17,18,21,22]
was also provedb2] and they revealed lower perfor-
mances when compared to other Co-containing sys-
tems.

Cu*(CO),

4.3. CuUAPSO-34

4.3.1. CO adsorption

FTIR spectra of CO adsorbed on CuAPSO-34
(Fig. 11) suggested that CYCO), dicarbonyl species
formed at higher CO dosages (two sharp bands at
2175 and 2147cm, solid line) and that the di-
carbonyls transformed into monocarbonyl ‘GGO)
complexes at lower CO dosages (one sharp band at
2152 cnt!, dash line). Similar spectra were obtained
for Cu-ZSM-5[52-54]

This result evidenced the presence of Cu(l) species
probably in the extra-framework positions of chabasite

Absorbance [a.u]

structure and these species are active in the DeNO 2200 2175 2150 2125 2100 2075
processef28,29]

Wavenumber (cm")

4.3.2. NO adsorption _ Fig. 11. FTIR spectra of CO adsorbed at 298K on CuAPSO-34
The NO adsorption on CUAPSO-3Rig. 12) led to (100 Torr CO, solid line; after evacuation at RT for 20 min, dashed
mono-nitrosyls on Cti which absorb at 1805 cn, line) (adapted from Ref[34]).
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Cu*(NO)

N,O adsorbed

Absorbance [a.u.]

NO; adsorbed

| 1 1 1
2100 2000 1900 1800

Wavenumber (cm™)

L 1
2300 2200

Fig. 12. FTIR spectra of NO adsorbed at 298 K on CuAPSO-34. Spectra 1-5 were recorded after increasing gradually the pressure from

0.5 to 50 Torr. Spectrum 6 (dotted line) was recorded after 30 min of contact with 50 Torr of NO (adapted frofa4Ref.

Moreover, spectra recorded upon prolonged time of ried out on CUAPSO-34, CuUAPO-34 and Cu-ZSM-5
contact with higher NO dosages (curves 5 and 6) con- samples with a similar copper-loading. Cu-ZSM-5 was
firmed that a fraction of Ctiions could be transformed  used as reference catalyst beingder dry condi-
into CL2t, as generally found on Cu-ZSM-5. This re- tions, the most active catalysts for® decomposition
dox behaviour has been frequently correlated to the (closed symbols). CUAPSO-34 also exhibited good ac-
catalytic properties of Cu-ZSM-5 in both NO and® tivity in the range of temperatures from 400 to 6@)
decomposition reaction$8,59] Other bands which  even in excess of oxygen (1vol.%, as compared with
depended on both NO pressure and time of contact, NoO feed content of 600 ppm), which resulted in a
were found. Bands in the region 2200-2100¢m very weak depressing effect onp@ conversion (dot-
due to linearly adsorbed NGspecieg56], increased ted line).
constantly whereas the band at 2244 ¢pdue to ad- CUuAPO-34 catalyst is much less active than both
sorbed NO, increased with NO dosekif). 12, curves Cu-ZSM-5 and CuAPSO-34, even though its copper
1-5) and decreased with prolonged time of contact content is nearly twice the one of the two other cata-
(Fig. 12 curves 5 and 6). This behaviour supported lysts. This behaviour was in agreement with the spec-
the proposal that both these species are intermediatedroscopic results which showed that the number of
of the NO decomposition to Nand & [15,56]which Cut catalytic sites is less abundant in CuAPO-34.

was found to be active even on these catalysts. Although CuAPSO-34 has a lower catalytic activity
than Cu-ZSM-5, its activity level is sustained after a
4.3.3. Catalytic tests long treatment (80 h) at 60 in the presence of 4D

N2>O decomposition both in the presence and in the (Fig. 13. On the contrary, Cu-ZSM-5 was unable to
absence of @and water vapour in the feed was per- withstand an even milder treatment (60 h at 560,
formed on copper-containing SAPO-34 and AIPO-34, as a nearly complete loss of catalytic activity was ob-
with the aim of investigating not only activity proper- served. However, this very low hydrothermal resis-
ties of the different systems but also the stability of the tance of Cu-ZSM-5 was already known and represents
catalystsFig. 13shows the results of such tests car- the main limitation to its applicatiofB84].
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N,O conversion

300 350 400 450 500 550 600 650

Temperature, [°C]

Fig. 13. NO conversion as a function of temperature over Cu-ZSM@5and O), CUAPSO-34(1.23)M, ¢ and[J) and CuAPO-34 9).
Feed: NO (600 ppm), @ (1% in vol.) only for ) and balance HeW/F = 0.1gsNcn 3. Open symbols represent catalytic test after
ageing treatment (reproduced from RE¥4]).

5. Conclusions leading to the zeolite crystallisation, even more stable
redox molecular sieves may be obtained and this is a

A multi-technique approach has been described to necessary requirement when DeN@actions are run

understand structure and morphology of catalysts and in the presence of $O and/or at high temperatures.

coordination and redox-state of the catalytic sites.
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