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Zirconium hydroxide was sulfated by aqueous H,SO; solutions of different normalities. The
presence of sulfur was observed to slow down the decrease of the surface area and the tetragonal-
to-monoclinic phase transformation of zirconia with increasing calcination temperature. Acidic
properties were studied by the Hammett indicator technique. Charge transfer complex formation
was studied by ESR using benzene as a probe to study strong ionizing properties of the samples,
since benzene has a high ionizing potential value (9.24 eV). The observed ESR signal was assigned
to biphenyl cation with hyperfine splittings equal to ay = 6.74, 3.37, and 0.52 G for 2,4, and 4
protons, respectively. Its intensity was observed to be maximum for a calcination temperature
equal to 600°C and a sulfur content equal to 1.5 to 3 wt%. This corresponds very probably to the
maximum of strong Lewis acidity. Catalytic properties were studied for the isomerization of n-
butane to i-butane in the 150 to 300°C range. The highest catalytic activity in flow reactor was
observed for the samples calcined at 600°C as for benzene ionization properties, which indicates
a close correlation. Hydrogen was observed to sharply decrease the deactivation rate suggesting
that the active sites do not correspond to a sulfur-reduced species and that Brgnsted acid sites are
probably necessary for the reaction. It is proposed that both strong Lewis and Brgnsted sites are
involved for n-butane isomerization. Zr’~ cations were also observed by ESR for sulfated zirconia
samples outgassed above 600°C with maximum intensity between 650 and 750°C. It is proposed
that they arise from the reduction of Zr** cations by SOi~ decomposition into SO, and O,. The

presence of such Zr'* species was not related to catalytic properties.

INTRODUCTION

Skeletal isomerization of normal paraffins
is an important reaction in petroleum chem-
istry and is usually performed using liquid
superacids or Pt on chlorinated alumina.
However, it results in large environmental
problems relfated to the recovery of aggres-
sive and corrosive acids or to the necessary
continuous supply of chlorinated compound
to the reactants in course of the reaction. In
order to overcome such problems, different
solid superacids have been proposed,
namely:
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(i) combination of inorganic saits as
AlICL-CuSO,,

(ii) liquid superacid deposited on a suit-
able support,

(iii) sulfated sample or mixed metallic ox-
ides as ZrO,, Fe,0;, TiO,, TiO,-Si0,, etc.,

(iv) metal-promoted superacid,

(v) superacid resins such as Nafion H or
Amberlyst,

(vi) strongly acidic zeolites such as de-
aluminated mordenite or more or less alumi-
nated H-MFI zeolites.

Recent review papers have been pub-
lished on this subject (/-7), particularly on
sulfated oxides thought to replace the Pt/
chlorinated alumina catalyst (8). Superacid-
ity which was first mentioned by Conant
and Hall in 1927 at the American Chemical
Society, was studied by Olah (9) in his works
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on carbonium ions in the 1960s and by Gil-
lespie in 1968 (/0). From the latter work,
the definition of superacid was arbitrarily
settled for Hammett’s function H, such as
H, < —11.9 which corresponds to pure sul-
furic acid. For characterizing such acid-
ity, several techniques were developed,
namely, physicochemical techniques, test
reactions, or theoretical calculations. How-
ever, none of them were really satisfactory,
for solids in contrast to liquids. As a matter
of fact, the concept of pH has no meaning
for solids and comparison with liquid prop-
erties is usually necessary.

ESR is known to be able to detect para-
magnetic carbocations formed by charge
transfer between surface sites and organic
molecules. With organic molecules difficult
to ionize, the technique allows one to detect
strong ionizing sites. For instance, we have
shown previously (13, /4) that benzene (ion-
ization potential equal to 9.24 ¢V) could only
be ionized by strong acid sites as in H-ZSM-
5 or H-mordenite zeolites and not by less
acidic zeolites as in H-Y. In the former
case, the C;H,* cation may even dimerize
in sandwich-like (C¢H¢),* dimers, if there
were a void volume large enough, as in
H-mordenite with respect to H-ZSM-5.

In the present work acidity characteriza-
tion was carried out mainly using ESR in
comparison with catalytic data. Studies us-
ing IR were published recently (/7), while
a conjoint IR-theoretical study will be pub-
lished shortly (/2).

EXPERIMENTAL
Sample Preparation

Zirconium hydroxide was prepared as fol-
lows: 64.4 g of ZrOCl, - 8H,0 were dis-
solved in 500 cm? of water (0.5 M) at room
temperature; 28 wt% aqueous NH,OH solu-
tion was added dropwise under vigorous
stirring at room temperature up to a pH of
8.4. The gel was then filtered and washed
with permuted water until there were no
detectable chlorine ions in the washing wa-
ter. The gel was dried at 120°C for 24 h.
The dry gel was introduced into an H,SO,
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solution of normality N for 20 min at room
temperature and then filtered without wash-
ing, dried at 120°C for 24 h, and calcined
under static air conditions or under air flow
at the desired temperature (400 up to 800°C)
with a heating rate of 4°C min~' for 3 h.
Samples are designated SO /ZrO,-N, in
the following.

Acidity Characterization

For Hammett’s indicator technique, 2.4
dinitro fluorobenzene with H, = —14.52
was placed into a small ampoule and evacu-
ated by a freeze—pump-thaw procedure.
After the samples were outgassed at S00°C
for 1 h, they were cooled down to room
temperature and then contacted with the
above indicator by breaking the ampoule in
situ.

The ESR analysis was carried out with a
Varian E9 spectrometer at room tempera-
ture in the X band. The samples were placed
in an ESR silica tube (4 mm i.d.), outgassed
at a desired temperature for 1 to 5 h. Ben-
zene at its vapor pressure at room tempera-
ture was contacted at room temperature
with the sample. Benzene was deoxygen-
ated previously by the freeze~pump-thaw
technique. Quantitative data were estimated
by integrating the derivative curves and
comparing the surface of the integrated peak
with that taken under the same conditions
with the Varian strong pitch (3 x 10" spins/
cm length).

Other Characterizations

Catalytic properties were studied for »-
butane isomerization using a differential mi-
croreactor and gas chromatographic detec-
tion on line. The flow rate was 2 dm* h™!
with 200 mg catalyst, Py = 9 X 10 Pa,
and N, as carrier gas.

XPS analysis was carried out in vacuo
with an HP5902 spectrometer for the differ-
ent samples as such, i.e., without any treat-
ment in the apparatus.

X-ray diffraction studies were performed
with a Siemens K710 X-ray source equipped
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TABLE |

Sulfur Content from Chemical Analysis and Surface
Area for Samples Calcined at 500°C under Air Flow

Samples S content Surface area
(Wt%) (m*g™)
Zr(OH), 0 288¢
ZrO, 0 54¢
S0;~/2r0,-0.04 N 1.0 108
SO; /Zr0,-0.08 N 1.9 107
S0;/Zr0,-0.2 N 2.2 i1
SO;~/Zr0,-0.28 N 2.6 113
SO; /Zr0,-0.4 N 3.1 106
SO; /ZrOyt N 4.1 115
S0} /Zr0-3 N 7.2 26
Zr(SO,), - 8H,0 15.0 4.6

4 200°C calcination for | h.

with a Cu anticathode and a Phillips PW
1710 goniometer.

BET surface area measurements were
carried out at liquid-nitrogen temperature in
an automated laboratory made equipment.

Chemical analysis of sulfur content was
performed at the Central Analysis Service
Laboratory of CNRS in Solaize, France.

RESULTS AND DISCUSSION

The sulfur content and surface area values
are reported in Table 1 for all the samples
calcined under air flow at S00°C. Anincrease
of the sulfur content is observed as a func-
tion of the normality of the H,SO, solutions.
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Fi1G. 1. Variations versus calcination under static

atmosphere of (a) surface area and (b) sulfur content
for the 8O3 /Zr0,-0.08 N sample.
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F1G. 2. Variations of surface area versus S content
and calcination temperature: (a) 500°C and (b) 600°C.
Numbers on the curves indicate the impregnation solu-
tion normality.

SO} /Zr0,-0.08 N sample was studied in
more detail than the other samples. The
variations of its sulfur content and surface
area values as a function of the calcination
temperature under static conditions are re-
ported in Fig. 1. It clearly appears that
calcination resulted in a departure of S par-
ticularly above 600°C and that the surface
area decreased in a parallel way.

In Fig. 2, the surface area values are plot-
ted as a function of the sulfur content, for a
same calcination temperature (500 or 600°C)
and for all the samples. It appears that after
calcination at 500°C, all the sulfated samples
had the same surface area (=110 m* g~ )
whatever the sulfur content was. Compari-
son with nonsulfated ZrO, (54 m> g~") led
to conclude that the presence of sulfur stabi-
lized high surface area, as observed for
many other cations or anions (/5). For sam-
ples calcined at 600°C, the surface area had
a maximum value for a sulfur content
around 2% and then decreased although re-
maining higher (=45 m’ g~') than for pure
ZrO, 34 m? g™ ).

XRD studies showed that all the samples
were amorphous below 400°C, crystallized
as tetragonal ZrQO, phase between 400 and
600°C, and changed into monoclinic ZrO,
phase above 700°C. In the same conditions,
pure ZrO, was monoclinic.
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Fi1G. 3. XRD peak intensity variations versus calci-
nation temperature under static air atmosphere for
SO;7/Zr0,-0.08 N: (a) tetragonal ZrQ, phase (20 =
30.240) and (b) monoclinic ZrO, phase (20 = 28.150).

The XRD intensities of the peaks at
260 = 30.240° (characteristic of tetragonal
ZrO,) and at 20 = 28.150° (characteristic
of monoclinic ZrQ,) are reported in Fig. 3
as a function of the calcination temperature
for the SO~ /Zr0,-0.08 N sample. It is ob-
served that the tetragonal phase was mainly
present at 600°C.

Comparison of the various samples cal-
cined at 600°C shows that a maximum of
crystallinity was obtained for sulfur con-
tents around 1-2%.

2,4 Dinitrofluorobenzene (H, = —14.52)
was used as a Hammett indicator. Its color
should change from light yellow to orange
when acidity moves from strong acid to su-
peracidic media.

However, the choice of a suitable solvent
for the method of the Hammett indicators
was unsuccessful because the solid samples
were immediately colored in many solvents
such as benzene or hexane, as it has already
been observed (/6). Thus, gaseous 2,4-dini-
trofluorobenzene has to be used. It was ad-
sorbed in our case on the outgassed samples
at its partial pressure at room temperature.

The yellow-orange color of the conjugate
acid form was observed for all the sulfated
samples and also, although to a smaller ex-
tent, for the nonsulfated ZrO,. A similar ob-
servation was mentioned by Mukaida er al.
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(17), who showed that ZrO, is already in the
superacid region beyond the border H, =
11.93 using the Hammett indicator tech-
nique.

As ZrO, was inactive for n-butane isomer-
ization while sulfated zirconia was active,
one can conclude that the Hammett indica-
tor technique using gaseous 2,4-dinitroflu-
orobenzene is not appropriate for our
purpose.

ESR turned out to be valuable for our
purpose. When pure zirconia was outgassed
at 400 or 500°C, no ESR spectrum was de-
tected unless a weak signal near g = 2.003.
At variance, sulfated zirconia samples ex-
hibited an axial-type spectrum with g, =
1.979and g, = 1.951 (Fig. 4) when outgassed
above 600°C, which corresponds to a ¢' ion,
very probably Zr** as observed by Morterra
et al. (18). Referred to the Varian strong
pitch (3 x 10“ species per cm height
of sample in the ESR tube), the number of
Zr** ions can be estimated to 15 x 10" ions
per g for the 650°C outgassed sample. When
oxygen was further introduced at increasing

b x 1.6 103
"WWLJ\/WW

x 6.3 10
F16. 4. Room temperature ESR spectrum of ZrG,
samples: (a) pure ZrO, reduced 1 h under H; at 500°C.
(h) SO; /ZrO,1 N sample outgassed at 650°C for 1.5
h, (c) b + O, (7.10! Pa) 5 min, (d) ¢ + O, (28.10° Pa)

20 min, and (e) d outgassed at room temperature 30
min.
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pressure, no signal of O, was detected but
the ESR signal of Zr** was broadened (Figs.
4b and 4c¢). This is typically due to the well
known effect of loosely bound oxygen
which is paramagnetic. This broadening was
reversible since the signal completely recov-
ered upon removing oxygen by outgassing
(Fig. 4e). This result indicates that the Zr**
species are located at the surface of the zir-
conia crystallites. The signal intensity var-
ied with outgassing temperature as shown
in Fig. 5. This intensity is expressed in arbi-
trary units per surface area, since as shown
above the Zr’" species are superficial.
These Zr** species clearly appeared only
for the sulfated zirconia and were formed
mainly for outgassing temperatures above
600°C. As it has been observed that this
range of temperature corresponds to the de-
composition of the sulfated species, one
may suggest the following reaction:

ZZI“H + 8057 el 2Zr3+ + SOZ + O:.

The formation of SO, by sulfate decomposi-
tion has indeed been detected for sulfated
ferric oxide (/9).

When benzene was adsorbed on pure zir-
conia as described in the Experimental sec-
tion no ESR spectrum was observed what-
ever the calcination temperature was, even
in the presence of oxygen known to greatly
enhance charge transfer complex intensity
(19). On the contrary, for sulfated samples

Intensity per m? {a.u.)

500 600 700 800
Calcination Temperature (°C)

FIG. 5. Variations of the Zr'* ESR signal intensity
as a function of outgassing temperature for the SO; "/
ZrOy-1 N sample.
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FiG. 6. ESR spectra of paramagnetic species as re-
corded after contacting the SO} /Zr0,-0.08 N sample
with benzene at room temperature under its partial
pressure at the same temperature (a) after 1 min and
(b) after 5 min.

a new ESR spectrum with nine hyperfine
lines was obtained for samples outgassed at
different temperatures with a slight de-
crease, if any, of the Zr** ion signal. The
new signal centered at g = 2.0022 was com-
posed of a nine-hyperfine-line spectrum and
a superimposed narrow peak at g = 2.0022
(QH,, = 1.5 G) (Fig. 6). The narrow peak
intensity decreased rapidly with contacting
time of benzene while the nine-hyperfine-
line spectrum decreased slowly, as shown
in Fig. 7. The latter signal had a hyperfine
splitting equal to 3.3 G.

The C,H¢™ and sandwich-like (C¢Hg),*
radical cations are known (/3, /4) to give a
hyperfine splitting equal to 4.4 and 2.2 G
with 7 and 13 hyperfine lines, respectively.
The hyperfine splitting as observed (3.3 G)
and the number of hyperfine lines (=9) led
us to suggest that the radical is different and
indeed corresponds to a biphenyl cation. As
a matter of fact such, a radical cation (20,
21) was shown to have the following cou-
plings: ag = 3.37 G for protons 2, 6, 8, and
12; 6.74 G for terminal protons 4 and 10;
and 0.52 G for protons 3, 5, 9, and 11 against
2.73, 5.46, and 0.43 G for the anion (22).
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Fi1G. 7. Variations of the nine-hyperfine-line spec-
trum due to biphenyl cation versus time at room tem-
perature for the following samples: (a) SO}~ /Zr0,-0.4
N. 500°C; (b) SO~ /Zr0,-0.4 N, 600°C; (¢} SO; /ZrO,-
0.4 N, 660°C; (d) SO; /ZrO+-0.28 N, 500°C. The tem-
perature is the outgassing temperature before cooling
to room temperature and introducing benzene.

This gives a nine-hyperfine line-spectrum
since one splitting for two protons (4 and 10)
(giving 2nf + 1 = 3 lines of 1:2: 1 relative
intensities) is double that for four other pro-
tons (2, 6, 8, and 12) (giving 2al + 1 = 5
lines of 1:4:6:4:1 relative intensities) and
the third one is relatively negligeable (=0.5
G). The hyperfine structure is described by
a bar representation in Fig. 8. The 3.37 G
splitting is close to the 3.3 G splitting ob-
served in our case. This biphenyl cation was
suggested (20, 21) to arise from a reaction
of benzene cation C¢H.* (ay = 4.4 G) with
neutral benzene molecule according to:
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The narrow central line (QOH,, = 1.5 G)
was observed to decrease rapidly in inten-
sity with time and presumably corresponds
to a free electron. Free radicals such as
charge transfer complexes are known to be
instable and to decompose or react between
themselves with time.

The biphenyl cation signal intensity was
followed as a function of time at room tem-
perature after contacting benzene vapor. It
decreased slowly with time (Fig. 7) certainly
because the biphenyl cation is bulkier than
the free electron species. Its decrease was
similar for all samples and one can thus rea-
sonably take the intensity value after 5 min
for all samples for comparison.

The variations of intensity of the hyper-
fine spectrum (assigned to biphenyl cation)
as a function of outgassing temperature and
sulfur content are shown in Fig. 9. It clearly
appears that the highest intensity was ob-
tained for outgassing at 600°C and with sul-
fur content in a range of 1.5 to 3 wt% with
an intensity value of roughly 6 x 10" spins
g~ !, i.e., of the order of 1072 umol g ',
assuming that such a quantification has a
meaning in ESR.

When the samples were further contacted
with oxygen (=1 kPa) or with air at room
temperature, the color turned from white to
grey while the nine-hyperfine-line spectrum
disappeared immediately and a huge signal
appeared (Fig. 10). This signal of an inten-
sity roughly 100 times higher than that of the
biphenyl cation is typical of a carbonaceous
residue with g = 2.0021 and QOH_, = 6.7
G, ionized by oxygen. As no hyperfine
structure was observed, the species could
not be identified more precisely. In addition,
a sublying spectrum with g.. = 2.027,
g, = 2.010, and g, = 2.002 of lower inten-
sity was appearing. This signal is typical
of O, species (23-25), with the g.. value
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Fia. 8. Schematic representation of the hyperfine structure with the relative intensities of the biphenyl
cation taking 6.74 G for protons 4 and 10 and 3.37 G for protons 2. 6, 8, and 12. The hyperfine structure
due to the last four protons, 3. 5. 9, and 11, is too small and thus unresolved.

corresponding to O, adsorbed on a tetra-
valent cation, certainly Zr**. This may pre-
sumably arise from the reaction

v + 0,—»Zr*" +0,.

Such a signal does not exist in the absence
of benzene.

XPS analysis was performed on all sam-
ples after calcination and catalytic reaction.
The main results are summarized in Fig. 11.
It turns out that the S/Zr atomic ratio value
was higher by about a factor two with re-

spect to chemical analysis value. This indi-
cates that S is not only dispersed on the
surface but also in the bulk since one should
expect a much higher ratio for impregnated
samples (one order of magnitude more at
least for a 0.1-um crystallite size) as could
be easily calculated if one considers that
XPS analyses only the top 5 nm depth of
the crystallites. Note also that the XPS tech-
nique showed by the binding energy values
and peak shapes that on the surface S and
Zr cations were mainly present in the +6

i -~ 2 4
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Fi1G. 9. Variations of ESR 9 hyperfine lines spectrum intensity (a) versus calcination temperature
under static air atmosphere for the SO; /Zr0»-0.08 N sample and (b) versus S content at 500 and
600°C calcination temperatures. The signal corresponds to biphenyl cations and is recorded after §
min contact with benzene vapor at room temperature.
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FiG. 10. RT ESR spectrum obtained after oxygen
was introduced in the SO; /Zr0O,-0.4 N sample out-
gassed at 500°C and contacted with benzene vapor: (a)
after 10 min contact with O, and (b) outgassed at room
temperature for 30 min.

and +4 oxidation state, respectively. Zr*~
cations were not detected, probably be-
cause of their low concentration. They
could be identified only by ESR spectros-
copy, which is a much more sensitive tech-
nique and which detects only paramagnetic
species, i.e., Zr'* and not Zr*" cations.
These results clearly show that the active
strongly acidic species are related to sulfate
species. Further studies (/2) using infrared

0.4 ’
g
; ® ///

2 0.3 7
E s
-} 4
- //
< 9.2 | 7
53
N Vd
S~ 4
n /
£ 0.1 4 il
x //
Vs
7
¥ L 1 L
1} 0.1 0.2 0.3 0.4

Chemical S/Zr Atomic Ratio

Fi1G. 1. S/Zr atomic ratio from XPS analysis versus
chemical analysis ratio measured after calcination at
600°C and catalytic reaction. The dashed line corres-
ponds to stoichiometric values.
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FiG. 12. Variations of the n-butane isomerization
intrinsic rate versus time on stream at 250°C for the
SO /Zr0,-0.8 N sample calcined at (a) 600°C. (b)
700°C, (¢) 800°C, and (d) sample a in the presence of
H,.

spectroscopy and theoretical calculation are
under way to describe more precisely the
acid site and to bring more insight to the
model proposed by Tanabe et al. (3).

Catalytic properties for n-butane isomer-
ization were studied as a function of reaction
temperature, precalcination temperature,
and consequently of sulfur content. The
main results are shown in Figs. 12 and 13
and Table 2. It is noteworthy that zirconium
sulfate and samples obtained by sulfatation
of zirconium oxide with the same sulfur con-
tent as those obtained starting from zirco-
nium hydroxyde and in the same activation
conditions were totally inactive.

It appears that at low temperatures and
thus low conversions isomerization was the
main reaction, while at higher temperatures
cracking also occured with very probably a
dimer (octyl) intermediate formation since
propane and pentane were detected (Table
2).

The catalytic activity was observed to
sharply decrease with time on stream as
shown in Fig. 12, but the shapes of the
curves are similar and therefore the results
shown in Fig. 13 correspond to experimental
values after 5 min on stream. Note that if
hydrogen was used as a carrier gas, no such
deactivation occured, although Pt was not
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F1G. 13. Variations of the n-butane isomerization intrinsic rate of 250°C versus S content (a) for the
SO;"/Zr0,-0.08 N at various calcination temperatures and (b) for all samples calcined at 500 and

600°C

added as it is usually the case. The same
observation was recently made by Garin et
al. (26).

The curves in Fig. 13 indicate that cata-
lytic activity depends strongly on calcina-
tion temperature and on sulfur content. It is
striking to observe that calcination between
400 and 500°C resulted in strong enhance-
ment in catalytic activity while the sulfur
content remained the same. This indicates
that the nature of the S species is important,
rather than the S content in itself.

Deactivation was observed to be very fast

TABLE 2

n-Butane Conversion with Flow Rate 2 dm' h™',
Piuane = 9.10° Pa, 200 mg Catalyst, with N, as a Carrier
Gas for the SO3~/Zr0,—0.08 N Sample

Reaction temperature
(O]
200 250 300
Conversion level (%) 3 25 35
Selectivity (%)
CH, — 0.4 1.2
C,H, 1.6 1.7 4.2
CyHy 0.9 2.8 13.5
i-CyHyq 97.5 95.1 74.9
CH,, 0 0 6.3

in the absence of Pt or H, and much slower
in their presence. A UV-vis study of the
samples after hours of time on stream was
carried out for SO} /Zr0,-0.08 N sample
without H, in the feed and for the sample
with 0.2 wt% Pt and H, in the feed. The
spectra shown in Fig. 14 clearly show that
only the highly deactivated sample exhib-
ited an intense band near 292 nm, which
may be assigned to an allylic species which
presumably neutralised the active sites.
Note also that without Pt but in the presence

-
o

Kubelka-Munk Function

400

T

l“ T
600
wavelength (nm}

Fic. 14. UV-vis spectra of the SO; /Zr0,-0.8 N
sample (a) before reaction, (b) after reaction at 250°C
for 40 min, and (c) after reaction at 250°C in the pres-
ence of 0.2 wt% Pt and hydrogen.
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of H, the deactivation was much slower
which indicates that the active species do
not correspond to some reduced forms of
S species since one could expect that H,
reduced the surface more easily than bu-
tane. Moreover, XPS has shown that S is
in the +6 oxidation state, and Sohn and
Kim (27) have shown that reduction of S¢*
species by hydrogen at 500°C decreased the
catalytic activity of sulfated zirconia in the
butene isomerization reaction.

It could also be possible that Brgnsted
acid sites were formed by action of H, on
Lewis sites as proposed by Ebatini et al.
(28) in the presence of Pt. This remains to be
proved, for instance, by IR spectroscopy.

CONCLUSIONS

Several conclusions may be drawn from
the above results.

Starting from freshly precipitated zirco-
nium hydroxide, a set of SO~ /ZrO, samples
was prepared with a sulfur content which
was observed to depend on the normality
of the H,SO, impregnation solutions and on
the calcination temperatures.

It was observed that the formation of sites
able to ionize benzene or to isomerise n-
butane was more dependent on the calcina-
tion temperature than on the sulfur content.
In particular, the samples calcined below
500°C, whatever the sulfur content was, ex-
hibited neither catalytic nor ionizing proper-
ties. Moreover, the sulfated samples ob-
tained from zirconium oxide rather than
from zirconium hydroxide were inactive
whatever the calcination temperature.
Then, it is suggested that the formation of
acid sites involves a two-step chemical reac-
tion between the superficial hydroxyl
groups of zirconium hydroxide and ad-
sorbed H,SO, that may be represented by
the following stoichiometrical equations:

Zr,(OH),, + xH,S0O, <
Zr,(OH),,_,(80y, + 2xH,0,

and above 400°C,
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Zrn(()l"l)m—I‘.Jr(sod)xw>
Zr,0,,_.(SO,), + 2n — x)H,0.

The presence of SO3~ anions in the zirco-
nia framework may explain the sintering re-
sistance and the stabilization of the tetrago-
nal phase.

The existence of an optimum for the cata-
lytic and ionizing properties as a function
of the sulfur content may be due to the maxi-
mum covering of the hydroxide surface. In-
deed, it is calculated that a monolayer of
SO; ™ anions (= 0.25 nm’ per species) on a
surface area equal to 100 m? g~ ! represents
2 wt% S.

The nature of the sulfur species, still un-
der study corresponds to a nonreduced sul-
fate-type species as evidenced by XPS (S in
the +6 oxidation state) and by IR spectros-
copy (/2). Their ionizing properties are cer-
tainly related to strong Lewis-type acidity.

The limitation of the deactivation in the
presence of hydrogen in the feed is certainly
due, as proposed by Garin et al. (25), to a
coking limitation by hydrogenating unsatu-
rated hydrocarbons. But hydrogen could
also intervene by the formation of Brgnsted
site, leading to a dual Brgnsted/Lewis site
which we propose to act as superacid site
(11). In this hypothesis, the activation and
dissociation of hydrogen should occur even
in the absence of Pt, and the mechanism of
formation of Brgnsted sites from Lewis sites
has still to be demonstrated.
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