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Cubic sulfated zirconia (c-SZ) was prepared by sulfating phase-stabilised c-ZrO,, and its properties are compared with those of tetrag-
onal (t-SZ) and monoclinic (M-SZ) systems. ZrO, crystalline phases have been identified by XRD and, far more efficiently, by Raman
spectroscopy. €-SZ exhibits better catalytic activity (n-butane isomerization at 423 K) than t-SZ, whereas m-SZ is virtually inactive.
The better activity of ¢-SZ is not ascribable to changes of surface functionalities, but probably derives from a better stabilization of the
high symmetry crystaline form (i.e., from a more favourable distribution of surface sulfates among regular and defective crystal termina-

tions).
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1. Introduction

Sincetheir first discovery, catalytic systems based on sul-
fated zirconia (SZ) have attracted extensive attention, due to
their apparently unusual acidic properties and their high ac-
tivity in light n-alkanes conversionin mild conditions. In re-
cent years, much work has been devoted to studies of prepa-
ration, surface characterization, and possible applications of
these catalytic materials. In particular, it has been shown that
acidic and catalytic properties of SZ-based catalysts depend
on a very high number of preparative parameters, among
which particularly important are sulfation procedure[1], cal-
cination temperature, and activation conditions [2]. It has
been aso reported that, in general terms, a stable tetrago-
nal zirconia phase (t-ZrO2) seems to be a necessary struc-
tural condition to obtain SZ systems catalytically active in
the isomerisation reaction of light n-alkanes. Only in very
few caseswas it claimed that sulfation of the thermodynam-
ically more stable monoclinic zirconia phase (m-ZrOz) may
lead to catalytic performances comparable to those of sul-
fated t-ZrO, (e.g., see[3]). The more favourable condition
of tetragonal SZ (t-SZ) can be met by either calcining at
T > 750 K a pre-sulfated amorphous hydrous zirconia pre-
cursor [4], or by direct sulfation of a phase-stabilized crys-
talline t-ZrO, precursor [5]. Recently, Bedilo et al. [6] re-
ported the preparation of a monoclinic SZ (m-SZ) and of
cubic SZ (c-SZ) catalysts obtained by direct sulfation of a
crystalline m-ZrO2 and of several Ca-stabilised cubic zir-
conia (c-ZrOy) preparations, respectively. These catalysts
turned out to be moderately active in the isomerization of n-
alkanes, and the authors claimed that thiswas the first exam-
ple of active SZ catalysts obtained starting from crystalline
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ZrO; precursors; while this is not entirely true for m-Sz, it
is certainly true for the c-SZ systems.

It is known that, in ordinary temperature conditions, sta-
ble t- and c-ZrO, phases can be only obtained by incorpo-
rating in a zirconia matrix some metal oxides (e.g., Y203,
Ca0) to form solid solutions [7]. The present contribu-
tion aims to demonstrate that direct sulfation of a Y 2Os-
stabilised crystaline c-ZrO; phase leads to catalytically
active SZ systems, as in the case of phase-stabilised t-ZrO»
preparations. The very low activity, if any, of SZ systems
obtained by sulfation of phase-pure m-ZrO, systems will be
also confirmed.

2. Experimental
2.1. Catalysts preparation

Single-phase c-ZrO; was obtained by the incorporation
of 11 mol% of Y03 into ZrO,, to form a high-loading
solid solution. The sample was prepared by controlled co-
precipitation from agueous solutions of ZrOCl,-8H,0 and
Y Cl3-6H20, carried out at room temperature and at constant
pH (pH = 10). The precipitate was aged in the mother liquor
for 90 h, filtrated and washed from chloride ions. The par-
ent hydrogel (hereafter termed TO11) was then redispersed
in ethanol and dried in air at 383 K for 20 h. The dry
powdery material was then calcined in air at 923 K (lead-
ing to the crystalline system termed TO11g,3), sulfated with
(NH4)2S04 (8 wt% with respect to the oxide), and eventu-
aly calcined again at 923 K, yielding the catalytic system
termed TO119p3S-923.

Single-phase t-ZrO, (tetragonal) and m-ZrO, (mono-
clinic) systemswere also prepared for comparison purposes:
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(i) t-ZrO, was obtained by the same experimental procedure
reported above for the cubic modification, but using 3 mol%
Y203, and ageing the precipitate in the mother liquor for
65 h. The hydrogel (termed TO3) wasthen dried, calcinedin
air at 923 K, sulfated and calcined again (following the same
steps reported above for the TO11 sample). The second and
fourth operation lead to the formation of crystalline systems
termed TO3gz3 (phase-stabilised t-ZrO7) and TO3923S-923
(t-S2), respectively. (ii) m-ZrO, was obtained by the room
temperature hydrolysis of Zr-propoxide, followed by a cal-
cination in air at T > 730 K, as reported in [8]. Of the
various crystalline systems so obtained (termed ZRPr), the
oxidefirst fired at 923 K, and termed ZRPg»3, was then sul-
fated and calcined at 923 K, yielding a SZ system hereafter
referred to as ZRPg3S-923.

2.2. Sample analysis

The amount of sulfates was determined by ion chromato-
graphy [9].

Surface areaand pore size information was obtained from
N2 adsorption/desorption isotherms at 77 K, using a Mi-
cromeritics ASAP 2010 analyzer. Prior to measurement,
al samples were degassed to 1 x 103 Torr at 573 K for
4 h. Surface areas were calculated using the BET equa-
tion [10]. Mesopore size distributions were elaborated us-
ing the Barrett, Joyner and Halenda (BJH) method [10]. As
sessments of microporosity were made from ¢-plot construc-
tions, using the Harkins-Jura correlation [11] with 7 as a
function of p/ po.

FTIR spectra were obtained at 2 cm~1 resolution with a
Bruker IFS 113v spectrophotometer equipped with MCT de-
tector. The powdery samples were investigated in the form
of thin layer depositions (~10 mgcm~2) on apure Si wafer.
All sampleswere activated in situ at the chosen temperatures
in quartz cells, equipped with KBr windows, connected to a
conventional vacuum glass line capable of a residual pres-
sure <1 x 102 Torr.

XRD patterns were obtained using a Philips PW 1810
powder diffractometer operating in a Bragg—Brentano geom-
etry, equipped with a graphite crystal monochromator and
using Cu K, radiation.

Raman spectra were obtained at 4 cm~! resolution us-
ing a FRA 106/RFS 100 FT Bruker spectrophotometer,
equipped with a Nd/YAG laser (near-IR emission and vari-
able power in the 0—-300 mW range) and with a Ge detector
(D418-S).

Catalytic activity was studied in a quartz flow reactor op-
erating at atmospheric pressure and 423 K (n-butane: heli-
um=1:4) with a total space velocity = 720 h~1. Prior to
reaction, the catalysts (0.5 g) were activated in situ at 673 K
in a dry ar flow for 90 min, and then cooled to reaction
temperature. Reactants and products were analysed on line
by gas chromatography. Normalised activity is reported as
moles per hour per unit surface area (m?).
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Tablel
Sulfate concentration and specific surface area of some ZrO, and SZ sys-
tems.
Sample SOy nso, Surface area
(Wt%) (nm~2) (m?g™1)
TO3g23 - - 67
TO11gp3 — — 89
ZRPgo3 - - 47
T039235-923 3.0 2.9 65
TO119»35-923 4.0 39 75
ZRPgy3S-923 2.2 2.8 39

3. Resultsand discussion
3.1. Physical features and structural data

The first calcination at 923 K brings about the crystalli-
sation of the amorphous pure or mixed oxide precursors. As
for the physical texture, al ZrO, samples so obtained are
characterised by relatively high specific surface area (seeta-
ble 1), the absence of microporosity, and the presence of a
well-developed mesoporous texture (average pore sizes are
in the 5060 A range for the ¢-ZrO, system, and in the 90—
120 A range for the other systems).

Dataintable 1 also indicate that: (i) in non-sulfated sys-
tems, the incorporation of increasing amounts of yttrium cat-
ions to form solid solutions tends to increase the surface
areg; (ii) the sulfation/second-calcination process leaves al-
most unchanged the starting surface area of the t-ZrO, sam-
ple, whereasit reduces by some 16% the surface area of the
c-ZrO, modification and by some 13% the surface area of
the reference m-ZrO, sample.

The nature of the crystalline phases present both before
and after the sulfation/second-calcination process was as-
certained by X-ray diffraction (XRD) and by Raman spec-
troscopy.

3.1.1. XRD data

XRD patterns of some ZrO, and SZ systems are reported
infigure 1. Onthebasisof well-known literature data[12], it
can be stated that the TO3g23 specimen (curve (1) of figure 1)
presents a diffractogram that is characteristic of the t-ZrO,
modification, whereas the TO11gp3 specimen (curve (2) of
figure 1) presents a diffractogram that, as expected, is virtu-
ally indistinguishable from that of the t-ZrO, phase. In fact,
the line broadening brought about by the small particle size
of the present samples, preventsthe line-splitting(s) that can
sometimesindicate, in highly crystalline systems, the simul-
taneous presence of t- and ¢-ZrO» phases. In any event, the
absence in the XRD pattern of the TO11gp3 sample of atiny
reflection at 20 = 43.5°, characteristic of the t-ZrO, phase
(seetheinsetin figure 1), is at least compatible with the ab-
sence of any t-ZrO, component.

The m-ZrO, modification is known to possess a well
characteristic XRD pattern [12b]. By comparing it with the
XRD patterns of curves (1)—(4) of figure 1, it is possible
to state that: (i) in the bulk of both TO11g23 and TO3g23
preparations, no XRD-detectable amounts of the m-ZrO»
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Figure 1. XRD diffractograms in the 20°—67° 20 angles range of some

ZrOp and SZ samples. (1) TO3gp3, (2) TOllgys, (3) ZRPgp3 and

(4) ZRPgp35-923. Inset: ablown-up (50x) segment of two XRD diffrac-
tograms in the 41°—45° range: (1) TO3gp3 and (2) TO11gp3.

modification are present; (ii) calcination at 923 K is insuf-
ficient to eliminate completely a minor t-ZrO, component
from the ZRP preparation (in curve (3) of figure 1, the ratio
t:misl:25[13]), but the sulfation/second-calcination step
tends to decrease drastically the residual t-ZrO, component
present in the bulk of the ZRPgy3-S preparation (in curve (4)
of figurel,t:m=1:4).

3.1.2. Raman spectra

It is known that the XRD technique samples the bulk
of the examined materials, whereas the Raman technique,
being based on a scattering effect, samples preferentialy
the outermost layers of the examined materials. As we are
mainly interested in the surface features of ZrO»-based sys-
tems, Raman spectra were performed on pure and sulfated
ZrO7 powders. In particular both pure and sulfated systems
were examined, as the presence of sulfate species may in-
duce (surface) phase modifications. Some Raman spectra
arereportedin figure 2.

The t-ZrO, phase has been reported to possess several
Raman bands in the 100-800 cm~1 range (145, 260, 320,
460 and 640 cm~1) [14], among which the peaks at ~145
and ~260 cm~1 can be assumed as characteristic of the
t-ZrO; phase. The latter bands, sharp and well resolved,
are readily recognised in the pattern (1) of figure 2, due to
the TO3g23 system, and remain the major components also
on the corresponding sulfated/cal cined system TO3g23S-923
(curve (2) of figure 2), although other well resolved peaks
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Figure 2. Laser Raman spectra of some ZrO, and SZ samples: (1) TO3gp3,
(2) TO39235-923, (3) TOllgy3, (4) TO119p3S923, (5) ZRPgy3 and
(6) ZRPgp3S-923.

are observed on thelatter sample. Among them, a sharp dou-
blet centred at ~180 cm™1, ascribable to an m-ZrO, compo-
nent (see below).

In the analytical spectral range above ~100 cm1,
the spectrum relative to the TO1l1lgpz sample (reported as
curve (3) infigure 2) presentsone broad and ill-defined band,
centred at ~610 cm™1, that can be assumed as characteris-
tic of ¢c-ZrO, [14b,14c]. After sulfation/second-calcination,
the spectrum of TO11g23S (curve (4) of figure 2) is only
marginally modified with respect to the starting c-ZrO, sys-
tem: a shallow band is sometimes observed at ~470 cm~1
that could be possibly ascribed to very minor amounts of a
t-ZrO, component. But since no comparable (or stronger)
bands are observed at ~260 cm~1 (i.e., where there is the
strongest and most typical Raman peak of t-ZrO5), it seems
more probablethat changesin theregion around ~470 cm~1
are dueto changes of disorder in the oxygen sublattice of the
Y 20s-stabilised system. In fact, all the spectral featuresin
the 450-580 cm 1 range of ¢c-ZrO, have been demonstrated
to be due to disorder-induced scattering [14c].

Asfor the m-ZrO, modification, asharp doublet at ~178
and ~190 cm~! and a sharp peak at ~476 cm~! can be
assumed as highly sensitive analytical marks of the mono-
clinic phase (see [14]). The spectral patterns (5)—(6) of fig-
ure 2 present clear evidence of these spectral components,
characteristic of the m-ZrO, phase. Moreover, the system
ZRPgy3 (curve (5) of figure 2) exhibits appreciable spectral
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Figure 3. Normalised n-butane isomerisation activity at 423 K in Heas a
function of time on stream for different SZ systems: (1) TO11g>3S-923,
(2) TO39235-923 and (3) ZRPg3S-923.

components at ~150 and ~265 cm™1, ascribable to a non-
negligible fraction of t-ZrO,, whereas on the corresponding
sulfated/cal cined ZRPg3S-923 system (curve (6) of figure 2)
these spectral features have drastically decreased.

The data of figure 2 thus indicate that: (i) Raman spec-
troscopy is a highly sensitive technique in distinguishing, in
a given sample, the presence/absence of the various ZrO»
modifications; (ii) no spectroscopically detectable amounts
of m-ZrO, are contained in (the outer layers of) TO11gp3,
TO11923S5-923 and TO3g23 samples, whereas in (the outer
layers of) TO3923S-923 specimens an m-ZrO, component
is not negligible; (iii) a calcination temperature of 923 K
is not sufficient to eliminate some of the t-ZrO, phase from
the ZRPr preparations, confirming the XRD data mentioned
above, but the sulfation/second-cal cination process tends to
reduce drastically the residual t-ZrO, component.

3.2. Catalytic properties

Figure 3 reports the catalytic activity, as a function of
time on stream, in the isomerization of n-butane at 473 K
for the cubic, tetragonal, and monoclinic catalysts calcined,
after sulfation, at 923 K and activated in a dry air flow at
673 K.

During the reaction, a fast initial activity decay can be
observedin al systems, dueto a partial deactivation process
that is probably related to the formation of oligomeric
specieson the active sites. Thisinitial deactivation processis
not irreversible, and the activity can be completely restored
by reactivating the various catalystsin dry air at 673 K, as
previously reported for other SZ systems[15].

Among the samples calcined at 923 K, the ¢c-SZ sample
exhibitsthe best catalytic activity (see curve (1) in figure 3),
while the monoclinic one (m-SZ), becomes (almost) com-
pletely inactive after thefirst (~20 min) fast deactivation de-
cay mentioned above (curve (3) in figure 3). Thislast result
clearly contradicts the unusual findings reported by Stichert
et al. [3] and Bedilo et al. [6] and confirms that, in general
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terms, m-SZ systems are hardly active at all, as reported in
most literature data (e.g., see [5,16,17]).

Catalytic activity data not reported in figure 3 indicate
that c-SZ systems calcined, after sulfation, at temperatures
lower than 923 K are far less active and, if the second-
calcination temperature is as low as 673 K, are virtualy
completely inactive. This behaviour is very similar to that
exhibited, in similar conditions, by t-SZ catalysts[2]. Also
the explanation is the same as previously given for the
t-SZ systems. catalytic activity is induced by the second-
calcination step, in that the actua role played by the calci-
nation step is the selective elimination of sulfatesfrom some
specific (defective) terminations of the zirconia crystallites
belonging to (one of) the high-symmetry crystal phases.

3.3. IR spectroscopic features

The higher catalytic activity exhibited by c-SZ catalysts
is most interesting, and the next sections will be devoted to
understanding if this higher activity can be somehow related
to any observable difference of surface properties.

In order to test some of the surface properties(like, for in-
stance, surface functionalitiesand/or surface acidity) of c-SZ
and related systems, in situ FTIR spectroscopy of both pure
powdery catalysts and of probe molecules adsorbed thereon
has been resorted to.

3.3.1. Surface hydroxyls

It has been reported that the OH stretching (von) spec-
tral region of activated zirconia-based systems usually con-
tains two high-v bands ascribable to OH groups free from
H-bonding: a higher-v component (~3770 cm~1) is due to
the voq mode of terminal (mono-coordinated) OH species,
whereas a lower-v component (~3680 cm~1) is due to the
von mode of bridged (either bi- or tri-coordinated) OH
species (e.g., see[8,18]).

Figure 4(a) reports the spectral profile in the voy region
of some systems of interest, activated in vacuo at 673K, i.e.,
brought to a medium-high dehydration stage comparable to
that usually attained by working SZ catalysts, beforethe cat-
alytic tests. It is noted that OH groups are present at the sur-
face of all systems examined, although the actual OH spec-
tral profile varies appreciably. In the pure cubic TO11gy3
system (curve (1) of figure 4(a)) the high-v terminal OH
species is virtually absent, whereas in the case of the pure
tetragonal TO3g23 system (curve (3) of figure 4(a)) the high-
v terminal OH speciesis very scarce but not absent, and the
sulfate-free (mostly) monoclinic system ZRPgy3 (curve (4)
of figure 4(a)) exhibits at ~3775 cm~1 a strong OH compo-
nent (its intensity is comparable to that of the bridging OH
species, centred at ~3680 cm~1). Curve (2) of figure 4(a),
relative to the ¢-SZ system TO119p3S-923, indicates that
the sulfation—cal cination process brought about some appre-
ciable physical/chemical changes in the termination of the
Cc-ZrO, crystallites: a terminal OH component is now
present at ~3760 cm~1 (athough still very wesk in re-
spect to the pure m-ZrO, modification), and the band due
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Figure 4. (8) Absorbance FTIR spectrain the voy spectra region of some

ZrO, and SZ samples, after activation in vacuo at 673 K. (1) TO11g3,

(2) TO11gp3S-923, (3) TO3g23, (4) ZRPgp3 and (5) ZRPgy3S-923. (b) Ab-

sorbance FTIR spectra in the sulfate stretchings spectral region of some

SZ samples, after activation in vacuo a 673 K. (1) TO1llgy3S-923,
(2) TO39235-923 and (3) ZRPgp3S-923.

117

to bridging OH speciesis now definitely weaker and located
at a somewhat lower wavenumber (~3660 cm—1). The lat-
ter effect is thought to be a consequence of surface induc-
tive effects, i.e., of the presence at the surface of charge-
withdrawing sulfate groups. Upon sulfation, the behaviour
of thet-ZrO, modification (not shown) is quite similar to that
of the cubic one: there is moderate increase of the high-v
terminal OH component, and a downwards shift of the com-
ponent due to bridging OH species.

Upon sulfation, the behaviour of the m-ZrO, modifica-
tion turns out to be very different. On ZRPg23S-923, after
sulfation the high-v OH component (terminal OH groups)
is completely absent indicating that, in m-ZrO,, the termi-
nal OH species possess a definitely more basic character
(and are therefore completely eliminated by the acidic sul-
fate groups). Asfor the low-v OH band, due to bridging OH
species, also on m-SZ after sulfation the band isweaker (i.e.,
less OH groups of this type are present, due to the cover-
age of large fractions of the surface by sulfate groups), and
is located at lower wavenumbers, due to inductive effects
brought about by nearby sulfate species.

The spectra of surface OH species thus indicate a fairly
similar behaviour of the two high-symmetry crystal mod-
ifications, and a rather different behaviour of the low-
symmetry monaoclinic phase.

3.3.2. Surface sulfates

The spectral features of sulfate groups at the surface
of the TO119235-923 sample (c-SZ), activated in vacuo at
673 K, arereportedin curve (1) of figure 4(b). The spectrum
shows that the vs_o band is single (though rather asymmet-
ric on the low-v side) and located at very high wavenumber
(~1400 cm™1), and that the vs_o and vs—o modes present
alarge spectral separation. These spectral features are typ-
ical of highly covalent sulfates [19,20], and similar to what
has been observed in the case of organic sulfates. More-
over, these spectral features (and, in particular, the large
spectral separation between vs_o and vs—o modes) are typ-
icaly observed with all catalyticaly active SZ systems. In
fact, a very similar two-peaks spectral profile is observed
in the case of the catalytically active TO3932S-923 system
(t-SZ) activated in the same conditions (see curve (2) in fig-
ure 4(b)), whereas the spectral profile of the virtually (inac-
tive) monoclinic ZRPg23S-923 system, shown in curve (3)
of figure 4(b), is very different, as aready reported else-
where[5,9].

In the case of the TO11923S-923 system, strong absorp-
tions in the 1300-1100 cm~1 region, usually ascribed to
complex poly-sulfate surface species, are compatible with
the large S contents retained by this specimen after the cal-
cination step.

The spectra of surface sulfates confirm a close simi-
larity between cubic and tetragonal zirconia modifications,
and indicate that there is a large difference between the
two high-symmetry phases and the monoclinic one. More-
over, the spectral profile of surface sulfates, after a medium-
high temperature activation, confirmsto represent avaluable
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Figure 5. Absorbance FTIR spectra in the analytical ring-stretching re-
gion of py adsorbed on various SZ catalysts activated in vacuo at 673 K:
(1) TO119p3S-923, Ppy = ~5 Torr, (2) TO11gp3S-923, excess py evac-
uated for 15 min, (3) TO3gp35-923, Ppy = ~5 Torr, (4) TO3g235-923,
excess py evacuated for 15 min, (5) ZRPgp3S-923, Ppy = ~5 Torr and
(6) ZRPg23S-923, excess py evacuated for 15 min. The symbol [pyL] stands
for Lewis-coordinated py, [py-B] for (Brgnsted) pyridinium ions, and [py-
H] for H-bonded py species.

probe for the catalytic activity of SZ systems in the low-
temperature isomerisation of light n-alkanes.

3.3.3. The adsorption of pyridine

To find out if the differences of catalytic activity exhib-
ited by the various SZ materials can derive from their acidic
character, some pyridine (py) adsorption experiments were
carried out. Infact, it isknown that the presence of Brgnsted
and/or Lewis acidity can be easily evidenced by py adsorp-
tion/desorption at RT [21], in that well-resolved specific IR
bands ascribable either to Lewis acid sites (for instance, the
19b mode of [py-L] species, ~1445 cm™1) or to Bransted
acid sites (the 19b mode of [py-B] species, ~1540 cm—1)
may be singled out in the IR spectrum.

IR spectra of py adsorbed/desorbed at ambient tempera-
ture on sulfated-and-calcined TO11, TO3 and ZRP systems
activated in comparable conditions are reported in figure 5.
The spectra indicate that: (i) on all SZ preparations consid-
ered, both Lewis and Brgnsted acidic sites are present. This
isnot unexpected, asit isknown that surface sulfatesmay in-
duce Bransted acidity in oxidic systems that, otherwise, do
not possess any protonic acidic activity; (ii) when the spectra
are run in the presence of an excess py (see curves (1), (3)
and (5) in figure 5), several py species can be evidenced on
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Table 2
Lewis-to-Bransted ratio relative to py adsorption/evacuation
on SZ samples, activated at different temperatures.

Sample L/B ratio

Act. at ~300 K Act. a 673 K
TO3g23S-923 157 2.70
TO11gp3S5-923 1.60 3.01
ZRPg»3S-923 1.53 3.06

the basis of their analytical IR bands (symbols on the spec-
traand in the figure caption indicate the py species). In par-
ticular, a strong band centred at ~1597 cm~1 is ascribable
to the 8a mode of py H-bonded to some of the residual sur-
face OH species ([py-H]) and/or to py coordinated to surface
Lewis acid centres weaker than coordinatively unsaturated
(cus) Zr*+ cationic sites (the relevant 8a py mode absorbs
typicaly at ~1610 cm™1). In the case of TO11 specimens
and, to some minor extent, of TO3 specimens one can think
of the possible Lewis coordination of py to surface cus Y3+
sites. But the spectra run after prolonged evacuation of the
excesspy (seecurves(2), (4) and (6) in figure5) indicate that
very little of the 8a py band at ~1600 cm~1 remains on the
three samples and, more important, with virtually the same
intensity on the three samples. This definitely rules out the
possibility that cus Y3 sites contributeto an appreciable ex-
tent to the ~1600 cm~1 band, as no yttrium is contained in
the monoclinic ZRP specimens. It is so deduced that, even
in the presence of large amounts of the basic Y03 oxide,
the surface acidic properties of phase-stabilised SZ remain
virtually unchanged.

Finally, in order to understand if the widely different cat-
alytic properties of the three SZ systems examined may re-
side in a different distribution of the surface acidic prop-
erties, the Lewis-to-Brgnsted (L/B) sites ratio has been
evaluated from spectroscopic data relative to py adsorp-
tion/evacuation at ambient temperature. L/B ratios, some of
which are reported in table 2, are largely approximate (and
thus merely indicative) because: (i) it is assumed that the
Beer—Lambert law appliesto heterogeneoussystems and this
assumption is, most often, not so redistic (e.g., see [22,23]);
(i) the molar absorption coefficients of the analytical bands
of adsorbed py, first calculated for zeolitic systems[24], are
assumed to remain constant on passing from one oxidic sys-
tem to another; (iii) an appreciable overestimation of the
Lewis acidity content, typical of SZ systems and due to a
py/sulfates ligand displacement effect [22], is neglected (as
it isimpossible to express it in quantitative terms). Datain
table 2 indicate that the L/B ratios increase appreciably with
activation temperature, and thisis quite obvious as upon ac-
tivation more cus cationic sites (Lewis acid centres) are cre-
ated and less (Bransted) acidic OH groupsremain on/by sur-
face sulfates. The increase of L/B ratios with increasing ac-
tivation temperature is virtually the same on all SZ systems
examined. The data of table 2 also indicate that the L/B
ratio on the different catalysts vacuum activated at the high-
est temperature examined (and roughly corresponding to the
flux activation carried out on working catalysts) is virtually
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the same and, in particular, it is the same on the two systems
(m-SZ and c-SZ) representing the two extremes in terms of
catalytic performance. It is so deduced that the different cat-
alytic behaviour exhibited by different SZ systems does not
derive from a different distribution (in terms of aprotic and
protonic acid centres) of the surface acidic features, and that
a high L/B ratio (that is certainly a necessary condition for
agood isomerisation catalytic activity [2]) is not a sufficient
condition to give SZ catalysts a good catalytic activity.

4, Conclusions

(i) This work shows that catalytically active SZ systems
can be obtained also by direct sulfation of crystalline
ZrO; precursors, provided that the starting crystalline
phase is the right one, i.e., one of the high-symmetry
ZrO, modifications. Needless to say, the mere sulfa
tionisinsufficient to yield an active SZ catalyst, but the
sulfation step must be followed by a proper calcination
process and by an activation treatment, as reported in
the literature for SZ catalysts deriving from amorphous
precursors.

High amounts (11 mol%) of Y ;03 added to ZrO, have
been confirmed to stabilise a cubic ZrO; phase. The
cubic phase turns out to be quite pure, as shown by the
combined use of X-ray diffraction and, moreimportant,
of Raman spectroscopy. The large amounts of Y203
added, necessary to stabilise the cubic solid solution,
do not alter to an appreciable extent any of the main
surfacefeatures of the system, among which the surface
OH composition and the surface acidity/basicity.

(i)

(iii) The catalytic activity of the c-SZ system turns out to be
by far the highest one among those of the three ZrO,
phases examined. Thisincrease of activity isnot ascrib-
able to dramatic changes of surface functionalities like
OH groups and/or sulfate species (in particular, these
functionalities are fairly similar in the case of t-SZ and
¢-SZ), nor to a change of either the number or the dis-
tribution of protonic and aprotic surface acidic centres.
The enhanced catalytic activity ought to be sought for,
probably, in a better surface stabilisation of the high-
symmetry form(s) possibly leading to a sharper differ-
ence of distribution of surface sulfates between regu-
lar low-index crystal terminations (where sulfates re-
main after the calcination step, and carry the Bransted
acid functionality) and defective crystal terminations
(wherefrom sulfates are eliminated during the calcina-
tion step, and strong Lewis acidity can develop during
the catalyst activation step).
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