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Abstract

Sodium and barium forms of X (Si:Ak 1.3) and Y (Si:Al= 3.5) zeolites were studied by IR spectroscopy of adsorbed
CO (at low temperature) and GQat room temperature). In BaY, Baions substitute almost completely theNanes at sites
S, and new, stronger Lewis acid sites are formed. In the supercages of X zeolite in sodium form? ttemdare present
at both § and S sites. After exchange with Ba almost all alkali ions in the supercages are substituted by alkaline-earth
ions, which occupy sites;Sonly. Also, in this case, B4 ions behave as stronger Lewis acid centres thahiNas at such
sites. However, their Lewis acidity is weaker than fo?Bapecies at sites;9n Y zeolite, because of the lower Si:Al ratio.

IR spectra of adsorbed G@evealed that the Lewis basicity of the framework oxygen atoms of NaX, put in evidence by the
formation of carbonate-like species, is strongly decreased by exchangtngiNeBa®", as in BaX CQ is linearly polarised
on the cations only. Calculation of the partial negative charge on the framework oxygens (carried out on the basis of the
Sanderson'’s electronegativity equalisation method) confirmed this effect for X systems, and indicated that the exchange of
Na' with Ba?* resulted in a decrease in basicity in the case of Y zeolite also, (which even in the sodium form was unable to
give rise to carbonate-like species by interaction with, 2@ 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Such a broad spectrum of uses results from the pos-
sibility to tune the structure of these materials to
Zeolites and related microporous materials have each particular application by choosing zeolites with
found a widespread use in several technological fields. cavities and/or channels of due shape and dimen-
They act as efficient heterogeneous catalysts, as ad-sion, and by introducing appropriate active centres
sorbents, and as molecular sieves in gas separatiorwithin the pores. Indeed, isomorphic substitution
processes, to name only a few major applications. of tetrahedrally coordinated silicon with aluminium
atoms generates a negative charge on the oxygens of
mpondmg author. Tels39-11-670-7538: the framework. The compensation of these charges
fax: +39-11-670-7855. requires the presence of countercations. These last
E-mail address: martra@ch.unito.it (G. Martra). species can be easily exchanged, which enables the
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introduction of the most useful centres for the envis- in selective NQ recirculation (SNR) proposed for

aged application. the abatement of such pollutants in lean exhaust
As for heterogeneous catalysis, the exchange with gases [13].

ammonium ions and subsequent calcination results in  The rationalisation of the behaviour of these ma-

the production of Brgnsted acid materials. These are terials, which is the basis for the design of new sys-

the most widely investigated zeolitic systems by far, as tems, needs a detailed understanding of the nature and

they are employed in the petrochemical industry, and structure, and consequently of the physico-chemical

a number of review articles and monographs dealing properties of the sites within their cavities.

with this subject have been published [1-5]. In this work, a study of the Lewis acid and base cen-
Zeolites containing transition metal ions, as coun- tres and cation site occupation in barium-exchanged

tercations or even in the framework, represent another faujasites, carried out by infrared spectroscopy

class of widely studied microporous materials [6], of adsorbed CO and COas probe molecules, is

owing to their actual or potential use as catalysts in reported.

environmentally benign processes (e.g. selective oxi- Two different types of faujasites were investigated,

dations producing a lower amount of waste, pollutant viz. zeolites X and Y, in order to evaluate the influence

abatement). of the Si:Al ratio. The parent sodium forms of both
On the other hand, there is less information on basic zeolites was studied as well, to elucidate the effect of

sites in zeolites, recently reviewed by Barthomeuf [7]. the exchange of Naby B&* ions.

Typically, basic properties exist in zeolites with alkali

metal cations compensating for the negative charge on

the framework [8,9]. The presence of the alkali cations o Experimental

enhances the electron density of the framework oxy-

gen, which can act as basic sites. The strength of these Commercial NaY (Linde, Si:Al= 3.5) and NaX

ceqf[reshdepenlds on thi. structgre otLthe Zrame\;v:)hrk, (Union Carbide, Si:Al= 1.3) zeolites were employed.
on |stc e{_nlca (;ompos' lon and on the hature ot the .,y these samples, barium containing forms were
countercations [7]. prepared via ion exchange, by stirring in a solution of

Synthetic .Zeg"tes elx‘:hanged. ""“hTha.'ka””e‘beagh Ba(CH,COOY, at 343K for 8h, followed by filtering
cations received even less attention. This may be due g washing with distilled water. This procedure was

LO tze ;a(;t thgt durmhg t::e act|vat|?n of tg'ese ma.te”al‘?’ repeated twice more, resulting in the attainment of the
y dehydration at high temperature, dissociation of 5y m jevel of exchange of Nawith Ba2™ de-

water r?_ﬁl_ecules adsorbel(;l on ttue (f:ountet_rcatlofnks) (t:sntermined by atomic absorption spectroscopy. Indeed,
occur. This process results in the formation ot both 3 44 found that a further repetition of the procedure
Brgnsted acid and base sites [10], and their simulta- did not result in an increase of the BaNa" ratio

neous presence can then result in a loss of selectivity.l.he exchanged samples were then dried at 383.K for

n |<_:|atalyt|c aplplzh(l:.atlons.th h d lites. | 3 h and calcined at 823K for 3h in air. The compo-
owever, alkaline-earth exchanged 2€olltes, In par qiqng of the samples and their codes are listed in

ticular BaY, have recently been reported as constrained Table 1. Although the exchange of Nawith Ba2+

media for photoas&ste(_j sel_e cyve o?<|dat.|o.n of _hydro- was not complete, for the sake of simplicity the sam-
carbons with @ under irradiation with visible light

(instead of UV) [11,12]. Alkaline-earth exchanged ze-
olites were found to be more efficient in this pro- Taple 1
cess than alkali exchanged zeolites, and this fact wasCodes and composition of the zeolite samples
attributed to the higher positive field of the divalent g Composition
cations, resulting in a higher stabilisation of the po- oy N
Igr. charge?transfer states of hydrocarbon—oxygen col- Bay BoyeNs oAl sSivaqOsas
lisional pairs.

Furthermore, BaY zeolites have been reported to
exhibit interesting properties as adsorbing materials

NaX Nag3Al g3Si1090384
BapoNaggAl g3Si1090384
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Table 2

Electronegativity datag) of the elements in the zeolite samples
used for the calculation of the partial charge on framework oxygen
atoms at sites 5 (from [14])

Element S

(@] 5.21
Na 0.70
Si 2.84
Al 2.22
Ba 0.78

ples containing barium will be referred to as BaY
and BaX.

In Table 2 the electronegativity data (from [14])
used for the calculation of the partial negative
charge of framework oxygen atoms aj Sites are
reported.

For the IR measurements, powders were pressed
into self-supporting pellets of 10-15mgcf and
placed inside an IR cell which allowed in situ
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3. Results and discussion

3.1. Monitoring acid sites: IR spectra of CO
adsorbed at low temperature on NaY and BaY

As recently reviewed by Kndzinger and Huber
[16], IR spectroscopy of adsorbed CO is a useful tool
to obtain information on the Lewis acid strength of
charge-balancing metal cations in zeolites. Indeed, the
CO frequency shift induced by adsorption is highly
sensitive to the electric field strength produced by
these cations, which depends on the sites where they
are located and on their charge/size ratio. For the sake
of clarity, the different extra-framework sites which
may allocate cations in a faujasite-type structure are
indicated in Scheme 1 by different symbols and by
conventional lettering.

3.1.1. CO on NaYy

The spectra of CO adsorbed under decreasing equi-
librium pressure on NaY at 100-110K are shown in
Fig. 1. At high coverage a very intense band in the

high-temperature treatments, gas dosage, room and2180-2160 cm! range (maximum out of scale in the

low-temperature measurements to be made, per-
manently connected to a conventional vacuum line
(residual pressure, .33 x 10~%Pa). The zeolite
pellets were heated under vacuum up to 623K
(LKmin~1), and then outgassed at this tempera-
ture for 1h. The slow heating rate prevented the
dissociation of the water molecules adsorbed on di-
valent cations. IR spectra of adsorbed Nfhot re-
ported) indicated that no Brgnsted acid centres were
present in BaY, while BaX contained the same small
amount of protons already present in the parent NaX
zeolite [15].

For the low temperature measurements, although
the IR cell was permanently cooled with liquid nitro-
gen, the actual sample temperature was likely to be
ca. 100-110K.

The IR spectra (resolution, 2 crh) were recorded
on a IFS48 Bruker Fourier transform spectrometer,
equipped with a MCT detector. All spectra are re-
ported in absorbance, the background spectrum of the
samples before gas adsorption being subtracted.

High purity CO (UCAR) and CQ (Praxair) were
employed. CO was used without any further purifica-
tion, except liquid nitrogen trapping, while GQvas
used after several freeze-pump-thaw cycles.

figure) and a peak at 2140 crh with a shoulder on the
low frequency side, were present (Fig. 1, curve a). By
progressively decreasing the CO equilibrium pressure,
all these components decreased in intensity (Fig. 1,
curves b-v), but differences in their behaviour in de-
pendence on the CO coverage were observed. In fact,
the main band at 2180-2160 chunderwent a pro-
gressive narrowing towards high frequency, resulting

Scheme 1.
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formed at high CO coverage, as commented on in the
following.

At very low coverage a very weak component at
2182 cnr! was revealed. This signal is assigned to CO
adsorbed on N&ions hosted in a minor fraction of;S
sites constituted by hexagonal ringssQOs; T = Si,

Al) containing one Al atoms, while the most common
ones, hosting N& ions on which are adsorbed CO
molecules responsible for the main band at 2174%m
contain two Al atoms [16]. It can be assumed that the
higher the number of Al atoms in g, 3ing, the larger
the negative charge density on the oxygen atoms in
it, which decreases the positive electric field of the
; . . . hosted N& ion. This results in a lower frequency of
2200 2150 2100 2050 the band due to adsorbed CO.
wavenumber (cm™) As for the minor component at 2123cf its
behaviour suggests that it is due to species which
Fig. 1. IR spectra of CO adsorbed at low temperature (100-110K) yndergo some transformation in dependence of the
on Nay preoutgassed at 623K for 1h. Curves a-u are spectra 504 nt of CO adsorbed in the zeolite cavities. For
taken at decreasing CO equilibrium pressure, from (65 & 10° L.
to (u) 0.66 Pa CO. the sake of clarity, it is better to analyse the spectral
features observed from low to high CO coverage. At
low CO coverage, two ill resolved components at
in a defined peak at 2174 crh(Fig. 1, curve i), while ca. 2126 and 2117 cni are present. On the basis of
the peak at 2140 cnit vanished for intermediate CO  the ratio between the reduced masses-%fO and
coverage, allowing the low frequency component to be 13CO oscillators and the naturfC/13C distribution,
observed as a well defined peak at 2123 ér¢Fig. 1, the high frequency component should correspond to
curve f). This component initially appeared as a nar- the 13CO counterpart of the peak observed for these
row peak, but by decreasing the amount of adsorbed levels of CO coverage at 2174 cr while, on the
CO it shifted to lower frequency and became broader, basis of recent experimental results [18] and quantum
finally appearing as the superposition of two compo- chemical calculations [19,20], the band at 2117¢m
nents located at 2126 and 2117¢h can be assigned to NaO'C adducts, where the CO

On the basis of well established literature on the molecules are coordinated on the'Nian through the
IR spectroscopy of probe molecules adsorbed in ze- oxygen end. As reported for similar spectral features
olites, recently reviewed by Knodzinger and Huber observed for a Na-ETS-10 system [21], the evolution
[16] and Coluccia et al. [17], the band at 2140¢m of these two components by increasing the amount
is assigned to CO in a liquid-like phase formed at of adsorbed CO can be ascribed to the formation
relatively high equilibrium pressure inside the zeo- of Na™(*3C0)(*2C0O) and Na (0'2C)(*2CO) dicar-
lite cavities, while the peak in the 2180-2160th bonylic species, both contributing to the 2123¢m
range, shifted to higher frequency as compared to band. In fact, a Na*3Cc0)(*2C0O) dicarbonyl is
free CO (2143 cm?), corresponds to CO polarised expected to absorb at lower frequency with re-
through the C-end on Nacations in § sites. These  spect to a N&(*3CO) monocarbonyl, while a
are the only sites populated in the supercages andNa'(0'C)(*2CO) adduct should absorb at higher
then accessible to CO, which, in contrast, cannot frequency than a N&aO'2C) one. Thus, the analysis
enter sodalite cages and hexagonal prisms, whereof these minor features allowed to recognise the for-
the § and § sites, respectively, are located. The mation of dicarbonylic adducts on Naons at high
progressive narrowing and shift to higher frequency CO coverage. Of course, the same conversion between
exhibited by this band upon decreasing the amount of mono- and dicarbonylic adducts on Naons should
adsorbed CO suggests that more complex species areccur for 2CO molecules C-end coordinated to the

Absorbance

Absorbance
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Na' ions, which are responsible for the main band
at 2180-2160cm'. In this case, the addition on a
second?CO molecule to a N&-2CO species (pro-
ducing the narrow peak at 2174 ch) should result

in a decrease of the frequency of the CO stretching
absorption. Owing to the outstanding intensity of the
band at 2180-2160 cm, exceeding the high detec-
tion limit of the spectrometer, it was not possible to
observe the spectral features related to this process
which should be responsible for the shift broadening
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a stronger positive electric field, and this should re-
sult in a higher stretching frequency of adsorbed CO
[22—24]. On this basis, the 2181 chband can be as-
signed to B&™—(12CO) species, and the shoulder at
ca. 2172cm? to CO adsorbed on unexchangedNa
ions still present in the supercages. The low intensity
of this component indicates that almost all'Ni&ns

in site §;, accessible to CO, have been substituted by

Ba2t species.

As in the case of the NaY sample, the band due

towards low frequency exhibited by the detectable to CO C-end adsorbed on cations exhibited a mi-
part of this absorption upon increasing CO coverage. nor counterpart at lower frequency. However, for

the BaY zeolite it appeared significantly less intense
3.1.2. CO on BaY than for the NaY system, simply producing, at high

The same CO adsorption experiment was performed CO coverage, a weak and ill resolved shoulder at
on the BaY sample, recording IR spectra at decreasingca. 2121 cm?, which is converted in components
CO coverage. Spectral features similar to those ob- at 2129 and 2103cnt at low CO coverage. The
tained for the NaY system were observed, with some weaker intensity of this signal can be easily ratio-
significant differences in position and relative inten- nalised taking into account that each®8&don substi-
sity. In particular, the main band due to CO adsorbed tuted two N& ions, thus the BaY sample contains a
on cations appeared shifted to higher frequency (Fig. 2, significant lower amount of cations (one half, theoret-
curve a), and at medium-low level of CO coverage ically). Nevertheless, the amount of Baions in su-

a peak at 2181 cnt, with a weak shoulder at ca. percages must be large enough to produce the intense
2172 cmr! was observed (Fig. 2, curve p). Baions, band at 2180-2160cm due to C-end carbonylic
having a charge (Z") to radius () ratio (Z'*/r = adducts adsorbed on such sites. The conversion of the
1.48) higher than N& ions (Z**/r = 1.05), produce 2121 cnt! component in the two signals at 2129 and
2103 cmr! by decreasing the CO coverage parallels
that exhibited by the 2123 cm component in the
NaY sample. Also in this case, under decreasing CO
coverage the conversion of Ba13C0)(*2C0O) and
Ba?t (0'2C)(12CO) species (shoulder at 2121 ch)

to B&t(13C0O) (component at 2129cm}) and
Ba2t (O'2C) (component at 2103 cnt) occurred.

In conclusion, the comparison between the spectra
of CO adsorbed at low temperature on NaY and BaY
zeolites evidences that the extensive exchange of Na
with Ba?+ions resulted in a significant decrease of the
number of cations exposed in the supercages, which,
on the other hand, behave as stronger Lewis acid
centres.

Absorbance

3.2. Monitoring acid sites: IR spectra of CO

2250 215021002050 adsorbed at low temperature on NaX and BaX

wavenumber (cm)
3.2.1. CO on NaX

A similar investigation was carried out on high Al
content zeolites. The spectrum of NaX recorded at
high CO coverage exhibited a main component at

Fig. 2. IR spectra of CO adsorbed at low temperature (100-110 K)
on BaY pre-outgassed at 623K for 1h. Curves a—z are spectra
taken at decreasing CO equilibrium pressure, from (&5 & 103

to (z) 0.66 Pa CO.
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that, besides |5 sites, a fraction of § sites is also
occupied by cations in NaX zeolites [25], as a higher
number of countercations is needed to compensate
for the larger negative charge generated by a higher
level of substitution of silicon with aluminium atoms.
In sites &, located slightly about four-membered
rings, cations are surrounded by four oxygen atoms,
while, as reported above, in siteg Biey are hosted in
hexagonal rings, where six oxygen atoms are present.
Na' ions in the two extraframework positions exhibit
a different electric field, decreasing as the number of
4 AR neighbouring oxygen atoms, providing a compensat-
0.0 : = ing negative charge, increases. The CO stretching fre-
2177 2167 . guency of molecules adsorbed on positively charged
2250 2200 2150 2100 2050 sites with the carbon pointing towards the cation in-
wavenumber (cm’') creases with respect to free CO (hypsochromic shift)
as the strength of the positive field increases. Ac-
Fig. 3. IR spectra of CO adsorbed at low temperature (100-110 K) cording to a previous study [26], the absorption at
on NaX pre-outgassed at 623K for 1h. Curves a-z are spectra 2164 cnrl can be assigned to CO molecules coordi-
taken at decreasing CO equilibrium pressure, from (65 & 10° . . .
to (z) 0.66 Pa CO. nated to N& ions at § sites, while the component at
2175cnT?, weaker in intensity and shifted to higher
frequency, can be ascribed to CO adsorbed or Na
2160-2145cm?, so strong in intensity that it com- ions at G sites. The lower intensity of the latter in-
pletely absorbs the IR light in that region. However, dicates that §§ positions are less populated thap. S
two shoulders at 2140 and 2114 thcan be recog- The influence of the neighbouring oxygen atoms can
nised (Fig. 3, curve a). account also for the difference between the stretch-
By decreasing the CO coverage, the main band ing frequency of CO adsorbed on Naons at § in
at 2160-2145cm! decreased in intensity and un- NaY (2172 cntl) and NaX (2165 cm?) zeolites. In
derwent a narrowing toward high frequency (Fig. 3, both cases cations are surrounded by the same number
curves b—g), so that a peak at 2165¢nbecame de-  of framework oxygen, but in NaX these atoms bear
tectable (Fig. 3, curve h). Noticeably, a new shoulder a higher electron density, due to the lower Si:Al ra-
at 2174cm?! appeared. By further decreasing the tio [27,28]. This results in a larger shielding of the
amount of adsorbed CO, these two components pro- positive electric field in the proximity of the cation,
gressively decreased in intensity, with a slight change and, consequently, in a lower hypsochromic shift of
in their relative intensity, in favour of the absorption the stretching vibration of CO molecules coordinated
at 2174cm?! (Fig. 3, curves i—z). As in the cases of to Na" ions.
Na- and BaY zeolites, the dominant band, located ata Interestingly, the component at 2140th due to
frequency higher than the absorption of free CO, must CO weakly adsorbed in a liquid-like phase at relatively
be assigned to CO polarised through the C-end on high equilibrium pressure, appeared significantly less
cations exposed in the supercages. By analogy with intense with respect to the main cation-specific band at
the case of Na- and Bay, at high CO coverage this higher frequency if compared with the corresponding
band is associated with dicarbonylic adducts, which, spectra obtained for the NaY sample (Fig. 1). This
by decreasing the amount of adsorbed CO, are trans-could be another consequence of the higher population
formed in monocarbonylic ones, responsible for the of cationic sites in the supercages of the NaX systems,
two components at 2165 and 2174ch The pres- leaving a reduced volume available to CO in such
ence of two monocarbonylic bands indicates that two weakly physisorbed form.
types of Na ions able to polarise CO are exposed  The minor feature at 2114 cm exhibited a depen-
in the supercages. Indeed, structural data evidenceddence on the CO coverage similar to that observed

Absorbance
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for the Na- and BaY samples, and then it can be sample at low CO coverage (Fig. 3, curves 0-z), and
ascribed to CO molecules coordinated to the cations can be assigned to CO molecules C-end coordinated to
through their O atom, passing from dicarbonylic to Na' ions at §; sites. However, its very weak intensity
monocarbonylic species as the amount of adsorbedindicates that only few Naions are left in such posi-
CO decreases. Noticeably, the relative intensity of tions by exchange with Ba ions. In contrast, the peak
this component appeared lower for the NaX zeolite at 2172 cnmlis specific for the BaX zeolite, and can be
than for the NaY one, suggesting that the higher pop- ascribed to CO molecules C-end coordinated té'Ba
ulation of cationic sites in the supercages affected ions exposed in the supercages. As reported above, the
also the equilibrium between the adsorption of CO charge to radius ratio is higher for Bathan for Na';

molecules through their C- or O-end. thus, the stretching mode of CO molecules polarised
through the C-end on the alkaline-earth cations should
3.2.2. CO on BaX absorb at higher frequency with respect to those inter-

As for the BaX sample, the overall spectral pat- acting with the alkali ones, located in the same type
tern observed at high CO coverage is characterisedof site in the supercages, as resulted from the compar-
by a quite narrow main band in the 2170-2155¢ém ison of the spectra of CO adsorbed on NaY and BaY
range of intensity exceeding the high detection limit, also. On this basis, it can be proposed that the peak at
and by two well-resolved components at 2140 and 2172cnt?, higher in frequency than the component
2114cntl, the last with an evident shoulder at observed at 2165cnt in the case of the NaX sam-
2117 cm?® (Fig. 4, curve a). These two components ple, is assigned to CO molecules C-end coordinated
exhibited a higher relative intensity than in the case to B&" ions at § sites. No traces of the 2165 crh
of the NaX system (Fig. 3, curve a). band, due to analogous CO adducts on"Nans at

When the CO coverage was decreased enough tothis type of sites, were observed, indicating that all
allow the intensity of the main band to fall below the Nat ions present in sites;9n the parent sodium form
high detection limit, the peak was at 2172 chwith were exchanged with B4 ions.

a weak shoulder at 2177 crh (Fig. 4, curve p). This Furthermore, it can be noticed that the 2172¢m
minor feature corresponds to the high frequency com- peak appears located at lower frequency with respect
ponent observed in the spectrum of the parent NaX to the band due to CO adsorbed or’Badons at §
sites in BaY, observed at 2181 ci(Fig. 3). As com-
mented above for CO adsorbed on*Nins at this
type of sites in Y and X matrices, this difference re-
sults from the higher compensating negative charge
provided by the oxygen atoms of the framework of the
X zeolite.

Sites § are not populated by Ba ions, as ab-
sorptions higher in frequency then the weak shoulder
at 2177 cmrl, due to CO molecules polarised onNa
at such sites, were not observed. This fact can be ra-
tionalised by taking into consideration that eacifBa
ion replaced two N& ions, and then a lower number
of cationic sites must be populated to counterbalance
the negative charge of the frame. Apparently,sBes
are in a number higher enough to host alPBaex-

1 posed in the supercages, and then these ions prefer-
wavenumber (cm ) entially populate this type of sites, where they can be

. stabilised by six framework oxygen atoms.
Fig. 4. IR spectra of CO adsorbed at low temperature (100-110 K) The decr f th mount of cations ex din
on BaX pre-outgassed at 623K for 1 h. Curves a-u are spectra € decrease o € amount or cations expose

taken at decreasing CO equilibrium pressure, from (&5 & 10° the supercages should be responsible of the higher
to (u) 0.66 Pa CO. relative intensity of the component at 2140¢cndue

1.51

1.01

Absorbance
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0.0

2119 2109
2250 2200 2150 2100 2050
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to CO in a liquid-like phase, as more space if left out, in order to evaluate the effect of the exchange of
available for the intake of CO in this form. Na® with Ba?* ions on the Lewis basic feature of the
The 2114 cm? component is associated with CO  framework of the systems considered.
stabilised through the O-end, as described for the In fact, CQ is frequently employed to probe the
other samples, and generates two distinct features atlLewis acid sites of both metal oxides [29,30] and ze-
2119 and 2109cmt by decreasing the CO cover- olites [31], as it can interact with cations in low co-
age. Based on the comments reported above, the firstordination. However, being amphoteric in nature, it is
absorption is the!3CO counterpart of the peak at sensitive to basic centres (oxygen anions) adjacent to
2181 cnt?, while the second one is assigned téBa  the cations.
(0'2C) adducts. Noticeably, this last component ap-  Fig. 5 shows the IR spectra in the 2400-1300¢m
peared at a frequency higher than the analogous signalrange of CQ adsorbed on NaX zeolite. A main band
observed for the BaY sample, located at 2103¢m  at 2355cm! is observed, while at lower frequency
as the bathochromic shift of the stretching mode two pairs of bands at 1710 and 1360chand at 1485
of CO molecules O-end coordinated to positively and 1430cm? are produced. As discussed in detail
charged sites decreases as the strength of the positivén previous work [15], the main peak at 2355th

field decreases [23]. is due to the asymmetric stretchings(mode) of
CO, molecules linearly coordinated to Nacations
3.3. Monitoring base sites: IR spectra of CO» (with a weak satellite at 2287 cmh due to the'3CO,
adsorbed at room temperature on Na™ and counterpart), while the two couples of bands at lower
Ba?t zeolites frequency are due to the symmetric and asymmetric

stretching modes of polydentate (species A, bands at
The variations of the Lewis acid properties upon 1485 and 1430cmt) and monodentate (species B,
cation exchange have been thoroughly described in bands at 1710 and 1360 c) carbonate-like groups.
the previous sections. However, cation exchange mod- The presence of such species clearly indicates that
ifies the properties of framework oxygen atoms also, the framework of the NaX zeolites contains oxygen
which can act as Lewis base sites [7]. Based on this atoms basic enough to develop a nucleophylic attack
fact, an IR study of the adsorption of G@vas carried to CO; molecules. However, the presence of linearly

Structure A

Absorbance

0-
2400 2300 1800 1700 1600 1500 1400 1300
Wavenumber [cm’']

Fig. 5. IR spectra of C®adsorbed at room temperature under increasing pressure on NaX pre-outgassed at 623 K for éduil@ium
pressure varies from (a) 1.33 to (e)s@ x 10° Pa.
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adsorbed C@ suggests that not all Naions in the
supercages are surrounded by so basic oxygens.
Nevertheless, at low COcoverage these cationic
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supercages of X zeolites, already put in evidence by

the IR spectra of CO adsorbed at low temperature. The
very weak components at 1380 and 1270 ¢ran be

sites can be involved in the stabilisation of carbonate- attributed to the Fermi-resonant vibrations{2ver-
like species also, and polydentate species A prevail tone andv; symmetric stretching modes), which are

(Fig. 5, curve a). Competition for Nacations can

IR forbidden in gas phase, but become partly IR acti-

occur at higher C@coverage, and carbonate species vated for molecules polarised on cations [32].

are converted into less symmetric species B (Fig. 5,

The absence of bands due to carbonate-like groups

b—e), which accommodate a larger number of carbon- indicated that framework oxygen atoms surrounding

ate groups in the supercages.
Conversely, by adsorbing GObn BaX zeolite no

the cations in BaX behave as weaker basic centres.
Systematic studies on zeolites exchanged with differ-

traces of the pairs of bands due to mono- or poly- ent kind of cations, recently reviewed by Barthomeuf
dentate carbonate-like groups were observed, and the[7], indicated that the basicity of zeolites depends, for
spectrum appeared dominated by a peak at 2358cm  a given structure, on the electronegativity of the coun-

with a minor satellite at 2290cnt and two very
weak partners at 1380 and 1270¢hall components
progressively increasing in intensity by dosing fur-

tercations, which influences the amount of negative
charge on the framework oxygen atoms.
According to the electronegativity equivalence

ther CQ (Fig. 6). This spectral pattern corresponds to method (EEM) [34], the partial charge on the frame-
that observed for CO&molecules linearly coordinated  work oxygens can be calculated. Such calculation
to cations in faujasites [32]. The bands at 2258 and was carried out for the oxygen atoms at Sites in
2290cnt! can be assigned to the mode of12CO, the X faujasites, where both Baand N& ions were
and13CO, molecules adsorbed on Baions, respec-  supposed to be located on the basis of the IR spec-
tively. Noticeably, they are located at higher frequency tra of adsorbed CO, by using the formula proposed
with respect to the analogous components observed forfor this type of site by Huang and Kaliaguine [35].
the NaX sample. As the hypsochromic shift of the to By assuming the electronegativity values reported in
vz band of linearly adsorbed GOnolecules from the  Table 2, a partial negative charge of oxygen atoms at
2343 cnt! value corresponding to free G@olecules Sy sites,§o = —0.413 was obtained for NaX, while a
increases as the strength of the positive field of cationic valueso = —0.330 was calculated for BaX, in good
adsorbing sites increases [33], this feature provides aagreement with previous data reported in the litera-
confirmatory evidence of the higher strength of the ture [14,35]. These results well account for the lower
positive field of B&" with respect to N& ions in the basic strength of framework oxygen atoms adjacent
to B&?t ions at sites §in BaX zeolite.

CO, adsorption was carried out on NaY and BaY
also. In both cases, only bands due to,Gfiblecules
linearly polarised on cations were observed, whereas
no signals related to the formation of carbonate species
were detected (spectra not reported for the sake of
brevity). In Y zeolite a lower amount of silicon is iso-
morphically substituted with aluminium atoms, and
138 170 then a lower negative charge is generated on the frame-

\ < work oxygens. The Lewis basic character of these
* A . .

atoms is then quite weak, and they cannot act as nu-
2250 1500 1650 1500 1350 cleophylic agents_ t_owards Qcmolgcules. Due to this

absence of reactivity, COwvas a “silent” probe to test
possible differences in the basic features of frame-
work oxygens of NaY and BaY. However, the partial
negative charge on oxygen atoms gtsftes was cal-
culated in the two cases. Valuég = —0.340 and

2.0 a

2290

Absorbance

a
2400

2550
wavenumber (cm'l)
Fig. 6. IR spectra of C® adsorbed at room temperature under

increasing pressure on BaX pre-outgassed at 623K for 1. CO
equilibrium pressure varies from (a) 1.33 to (ep@x 10° Pa.
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