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Surface platinum of sulfated zirconia has been characterized by
hydrogenation of toluene at 150°C and by carbon monoxide ad-
sorption on a series of catalysts containing 0.025-0.8 wt% Pt. The
variation of the hydrogenation rate with the Pt content showed
two linear domains with a sharp increase at 0.15 wt% Pt. A very
good correlation between hydrogenation activity and CO adsorp-
tion indicates that the low activity at low loading results from a
lack of accessible platinum. We suggest that part of the platinum
migrated to the subsurface of the zirconia matrix. After the satu-
ration of the subsurface platinum sites, additional platinum is lo-
cated on the surface with a constant particle size of about 1 nm.
Combination of these results with those of the isomerization of n-
hexane at 150°C indicates that very active surface platinum does
not play the key role in isomerization. The influence of hydrogen
on the isomerization activity nicely correlates with the estimated
amount of platinum inserted in the subsurface of zirconia. Reduc-
tion of the catalysts at higher temperatures (up to 250°C) diminishes
strongly the toluene hydrogenation activity of the samples, while n-
hexane isomerization is hardly affected. This is further proof of the
importance of subsurface platinum in isomerization and supports
the kinetic model based on Lewis acid sites, where desorption of
the isocarbenium ion is assisted by hydrides formed on subsurface
platinum.  © 2002 Elsevier Science (USA)
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INTRODUCTION

Pt supported sulfated zirconia catalysts are known to iso-
merize linear alkanes at low temperatures (1, 2). Their im-
portance will further grow with the strong demand for the
production of isoparaffin molecules from the C5-C6 cut
(high octane number). They comply with the environmen-
tal regulations for clean processes and therefore are good
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candidates to substitute the corrosive halogenated alumina
catalysts and the lower activity zeolitic catalysts. Active and
stable catalysts require the presence of a noble metal, gen-
erally platinum, and the presence of hydrogen to prevent
“coke” formation (2-4).

The vast literature on sulfated zirconias reports a strong
influence of hydrogen on the isomerization activity. Most of
the publications deal with n-butane at atmospheric pressure
and temperatures higher than 200°C. Positive (5, 6) or neg-
ative (6,7) hydrogen orders are observed, depending on the
hydrogen/hydrocarbon ratio and temperature. A maximum
in activity is observed when working over a wide range of
H,/C4 ratio (8, 9). Under pressure, the order changes from
zero to negative, depending on temperature (10, 11).

Higher alkanes (C5 to C7, methylcyclohexane) are gen-
erally isomerized under pressure and at lower tempera-
tures (100-200°C) than butane. Typical catalysts containing
0.5 wt% Pt show a positive (5, 12-14) or zero order with re-
spect to hydrogen (10). A maximum is found for n-hexane
isomerization at atmospheric pressure and much higher
temperatures (270-330°C) on a catalyst highly loaded (3%)
with platinum (15). Most authors explain their results qual-
itatively: hydrogen is activated on platinum and is a source
of protons and hydride species. The positive effect of hy-
drogen at low pressure is due to increased concentrations of
either Brgnsted acid sites (5, 16) or hydride species assisting
the desorption of the isocarbenium ions (12, 16). In turn, ex-
cess hydrogen inhibits the reaction by competing with the
intermediates on the active sites. These studies, however,
deal with catalysts loaded with only one, relatively high,
platinum concentration.

We recently reported a systematic study on the influence
of the hydrogen partial pressure (5-45 bars) independently
of the hexane pressure (1-5 bars) in a series of platinum-
loaded catalysts (as low as 0.025 wt% and as high as 0.8 wt%
platinum) (17). In all cases, the rate first increased with hy-
drogen pressure, reached a maximum, and finally decreased
slowly. The reaction conditions used in this latter study
were in the range used in the commercial practice of these
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catalysts. Changing the platinum loading considerably af-
fected the influence of hydrogen on the isomerization rate:
below 0.15 wt%, the rate increase with hydrogen slowed
progressively, and the position of the maximum shifted to-
ward higher hydrogen pressure as the loading decreased.
There was no influence of platinum content on the shape of
the curves above 0.15 wt%.

Kinetic modeling gave valuable insight into the isomer-
ization mechanism, especially on the roles of hydrogen and
platinum. The model was based on an acid mechanism in
which a Lewis acid-base pair of sites promotes carbenium
ion formation. The presence of strong Lewis acid sites was
shown by FT-IR spectroscopy of adsorbed carbon monox-
ide. Desorption of the isomerized carbocation is assisted by
hydrides associated with the platinum-hydrogen pair. The
parameters of the rate equation («, related to the platinum-—
hydrogen couple, and g, related to the acid strength of the
sulfated zirconia) fitting the whole range of data quanti-
fied modifications of the catalyst functions: while the Lewis
acidity remained constant in the series, the efficiency of the
platinum-hydrogen couple first increased with loading and
then leveled at 0.15 wt%. Such a plateau is intriguing and
prompts us to characterize the surface platinum by means
of its activity in toluene hydrogenation.

The first goal of the present paper is to determine if hy-
drogen species involved in n-hexane isomerization need
platinum with a high hydrogenation activity. This was ex-
amined on the whole series of catalysts loaded with 0.025-
0.8 wt% Pt. Furthermore, in the presence of sulfates, the
state of platinum may be strongly affected by the tem-
perature of reduction. Reduction generally occurs in the
presence of hydrogen at the reaction temperature used
for isomerization. At 150°C, platinum oxide is reduced
to metal, as shown by carbon monoxide adsorption (17).
Higher temperatures may affect the activity of platinum and
the sulfated zirconia as well. Changes occurring in #n-hexane
isomerization upon reduction between 150°C and 250°C
were studied on two samples containing 0.1 and 0.3 wt% Pt.
The platinum loadings were chosen to be substantially be-
low and above 0.15 wt% Pt, the breakpoint in isomerization
behavior as found earlier (17). Results will be interpreted
using the same kinetic parameters of the rate equation pro-
posed earlier.

EXPERIMENTAL

Catalysts

Zirconium hydroxide was precipitated from an aque-
ous solution of zirconium oxychloride by ammonium hy-
droxide. The powder was sulfated with 0.5 M H,SO4 and
then shaped as extrudates with an alumina binder (20 wt%
Al,O3), followed by calcination at 650°C. The zirconia crys-
tallized in the cubic form, with a small fraction of monoclinic
phase. The sulfur content amounted to 2.0 wt%. Platinum
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was loaded at 0.025, 0.05, 0.1, 0.15, 0.3, 0.5, and 0.8 wt% by
incipient wetness impregnation with an H,PtCls solution.
The final catalyst was calcined at 480°C. Further details on
the preparation are described elsewhere (17).

Activity Measurements

The catalyst (0.3 g of extrudates) was activated in the re-
actor at 400°C for 2 h in a flow of dry air, then purged by
passing a dry helium flow while cooling down, and subse-
quently reduced with flowing hydrogen at 150°C (standard
conditions) or 175-250°C during 2 h. Dry n-hexane (3 and
5 bars) was vaporized in the dry hydrogen—helium mixture
at 50 bars total pressure and 150°C. The hydrogen partial
pressure was varied from 5 to 45 bars. Conversions were
kept low (<30%) to calculate initial rates, assuming first-
order kinetics. Great care was taken to work with a very
low (<0.15 ppm) moisture level. Under these conditions,
the catalyst was stable for more than one week. Toluene
hydrogenation rates were measured in a differential reac-
tor under atmospheric pressure (0.026 bar of toluene) at
150°C on catalysts (about 50 mg) activated according to
the same procedure as that used for n-hexane isomeriza-
tion. Steady-state activity was achieved after 2 h.

Infrared Characterization

Infrared spectra were recorded on a Nicolet Magma 550
spectrometer equipped with a DTGS detector. The catalyst
extrudates were crushed and pressed into self-supported
wafers. The pellet was activated in situ in a flow cell under
air at 400°C for 2 h cooled down to 150°C under nitro-
gen, and contacted with flowing hydrogen for 1 h. The cell
was finally evacuated at room temperature before the FTIR
measurements were started. The metallic function was char-
acterized by stepwise adsorption of small doses of carbon
monoxide at room temperature.

RESULTS AND DISCUSSION

Toluene Hydrogenation and Carbon Monoxide
Adsorption: Platinum Accessibility

Hydrogenation of toluene at atmospheric pressure was
measured at 150°C on the series of Pt/SZ (0.025-0.8 wt % Pt)
catalysts reduced at 150°C. Under these experimental con-
ditions, at low conversion, the reaction was totally selective
into methylcyclohexane. Neither isomerization nor ring-
opening products were observed. Apparently, the acidic
function of the catalysts was not activated, probably due
to traces of moisture. Moreover, hydrogenolysis on the
metal was not observed. The variation of the hydrogena-
tion rate with platinum content is plotted in Fig. 1. Two lin-
ear domains are clearly distinguished: catalysts with a low
platinum loading are poorly active, while hydrogenation
develops in the second domain, above 0.15 wt% Pt. The
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FIG. 1. Influence of platinum loading on the toluene hydrogenation
rate at 150°C over the Pt-SO4-ZrO, catalysts.

observed straight lines indicate a constant dispersion within
each domain. The quasi-turnover frequency per atom of
platinum in the catalyst (QTOF) increases from 0.04 s~
for the 0.1 wt% Pt sample to 0.22 s~! for 0.3 wt% Pt. Such a
sharp change is remarkable for supported metals. Since the
catalysts are shaped as extrudates of sulfated zirconia pow-
der with an alumina binder, preferential location of plat-
inum on the alumina binder might occur. However, impreg-
nating the xerogel alumina calcined at 650°C with 0.15% Pt,
activation at 400°C in air and reduction at 150°C, showed
a negligible activity for toluene hydrogenation at 150°C.
In any case, preferential platinum location on the binder
should be a continuous phenomenon, without such a sharp
change. Also samples with 0.05-0.6% platinum supported
on pure nonsulfated zirconia powder crystallized at 500°C
before platinum impregnation showed the two domains in
hydrogenation. We conclude that platinum located on the
alumina binder (if any) plays a negligible role compared to
that supported on the zirconia. Therefore, the two platinum
domains, below and above 0.15 wt%, are characteristic of
the platinum-zirconia system, and we can exclude shielding
of the platinum by sulfates.

Infrared spectroscopy of adsorbed carbon monoxide is
often used to measure the dispersion of platinum (18). For
instance, Fig. 2a gathers the IR spectra recorded after ad-
sorption of incremental small doses of CO at room temper-
ature on the 0.3 wt% Pt sample reduced at 150°C. The band
at 2080 cm~! near saturation is characteristic of linear ad-
sorbed CO species on metallic platinum. At higher doses,
a band at 1863 cm™! appears, usually attributed to bridged
species. The other catalysts examined, containing 0.1, 0.5,
and 0.8 wt% Pt, showed the similar IR features of the fin-
gerprint of metallic platinum. Quantitative analysis of the
data by the saturation method allows us to determine the
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number of platinum adsorption sites. According to (18),
the breakpoint in the plot of the IR signal versus the quan-
tity of CO introduced (Fig. 2b) corresponds to the amount
of CO adsorbed at saturation, which is equal to the amount
of accessible platinum. For the four catalysts studied by
FT-IR, the results of the titration of accessible platinum
with CO are plotted in Fig. 3 against the toluene hydro-
genation activity. A very good correlation between these
two characterizations is obtained. This validates toluene
hydrogenation as a model reaction to probe the acces-
sible surface platinum of our sulfated zirconia catalysts.
Such a good correlation was already shown for the reverse
reaction over ceria—alumina supported Pt catalysts (19),
and for toluene hydrogenation over zeolite supported Pt
and Pd catalysts (20). From this figure, the real turnover
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FIG. 2. (a) Infrared spectra of incremental amounts (smallest dose
0.007 wmol up to about 0.7 umol) of adsorbed CO at room temperature
on the 0.3 wt% Pt catalyst. (b) Determination of the platinum dispersion
according to (18).
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FIG. 3. Relation between the amount of CO adsorbed at saturation
and the hydrogenation activity at 150°C for the catalysts containing 0.1,
0.3,0.5, and 0.8 wt% Pt.

frequency for toluene hydrogenation over Pt is calculated
to be 0.45 s71, a very reasonable value for a temperature
of 150°C. Both hydrogenation and CO characterizations
fully agree in that the mediocre activity of the low-loaded
catalysts in the first domain is the result of a lack of acces-
sible platinum. At first glance, this could result from a low
platinum dispersion. From CO adsorption, the dispersion
of platinum (D = number of accessible Pt atoms/number of
total Pt atoms in the catalyst) on the 0.1 wt% catalyst was
estimated to be 15%, a surprisingly poor result for such
a low loading. For the other samples containing 0.3, 0.5,
and 0.8 wt% Pt, falling in the second domain in hydrogena-
tion, the calculated dispersion increases but remains poor,
58, 57, and 71%, respectively. This change in dispersion
would mean an unrealistic decrease in particle size from
6.1 to 1.2 nm with increasing platinum content from 0.1 to
0.8 wt%. This change contrasts with the linear variation
of the hydrogenation rate. A cause other than a particle
size effect must therefore account for the lack of accessible
platinum below 0.15 wt%.

We propose that a fraction of the platinum is embed-
ded in the subsurface of the zirconia, and not accessible to
either toluene or carbon monoxide. Zirconia is known to
accommodate various cations, such as yttrium, to stabilize
its cubic structure (21). Yamamoto et al. corroborated by
XAFS insertion of Fe ions in the zirconia bulk (22). Manoli
etal. (15) proposed this from XPS embedding of platinum in
the bulk of zirconia. However, in that study 3 wt% Pt was
loaded on an uncalcined sample. Upon calcination, large
particles of platinum were covered by zirconia. In our case,
platinum was impregnated on the already crystallized zirco-
nia. The calcination temperature of the platinum precursor
(480°C) was far below the crystallization temperature of the
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sulfated zirconia (650°C). So, any changes of the zirconia
can be excluded. The diffusion of metal ions into the zirco-
nia matrix is shown by EPR to be an equilibrated process
at high temperatures (23). Therefore, at a given calcination
temperature, the amount of inserted platinum should de-
pend on the total platinum content, reaching a limit when
the zirconia subsurface is saturated. This limit can be deter-
mined from the two branches of the toluene hydrogenation
ratesin Fig. 1. Indeed, at constant particle size, the observed
reaction rate is proportional to the amount of external (i.e.,
on the accessible surface) platinum, Ptgy. For catalysts be-
low the saturation level, a fraction x of total platinum, Ptry,
is inserted, and Ptgy = (1 — x) Ptyy. Saturation occurs at
Ptrot = Ptsat, and subsequent platinum will be external. So,
in the second domain, Ptgy = (1 — x) Ptsac + (Ptror — Ptsat).
Optimization of the unknowns reveals that the zirconia of
our samples accommodates as much as 82% of total plat-
inum at low loading and is saturated for a total loading of
0.15 wt% Pt.

Subsurface (cationic) platinum is not active for hydro-
genation, as in the case of nickel in y-alumina (spinel).
Accordingly, the QTOF is very low for catalysts with plat-
inum content below 0.15 wt%, due to the very low levels
of Ptgy. We verified that even after reduction under 10-bar
hydrogen, the 0.1 wt% Pt sample remained poorly active
for toluene hydrogenation.

It is worth mentioning that the occurrence of such
“buried” platinum species explains why hydrogen, or car-
bon monoxide, hardly adsorbs on low-loaded samples
(24-27), while adsorption is substantial at higher loading.
This phenomenon is very frequently ascribed to the SMSI
effect. However, the calculation of meaningful particle sizes
from adsorption measurements are erroneous if part of the
platinum is not located on the surface but migrates to the
subsurface of the support. The good correlation between
toluene hydrogenation and CO adsorption in this study al-
lows us to determine the particle size of surface platinum.
For all samples studied, we found a constant particle size of
1.0 nm. This value is much more realistic than the very high
values obtained when all platinum was considered as sur-
face Pt. So, the sharp change in hydrogenation at 0.15 wt%
Pt is not the result of sintering or SMSI effects.

Efficiency of Platinum: n-Hexane Isomerization
versus Toluene Hydrogenation

We can now compare the efficiency of platinum sup-
ported on the sulfated zirconia for toluene hydrogenation
and n-hexane isomerization. As far as isomerization is con-
cerned, the general features of the influence of platinum at
various hydrogen and hexane pressures and the proposed
mechanism have been recalled in the Introduction. More
details were reported in (17). We recall briefly, however, the
elementary steps of the reaction mechanism that allowed a
very satisfactory kinetic modeling of the data.
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We proposed to combine two reaction sequences: a se-
quence (a) involving Lewis acid-base sites, dealing with the
isomerization itself and a second sequence (b) relative to
the hydrogen—platinum couple.

(a) Isomerization sequence

Zr  + >O + RH —» Zr—H + >O—R* k;

>0—R+ —_— >o—m+ K

Zr—H" +>0_"R+ — >0 + i-RH k,
(b) Hydrogen—platinum sequence

Zr o+ >o + H, —_— Zr—H  + >0 H* o

Our results (17) showed that the closed isomerization se-
quence (a) does not operate without hydrogen; i.e., the hy-
dride species created from the hydrocarbon at the initiation
step were not as efficient as those produced in the platinum—
hydrogen sequence (b) to assist the desorption of the iso-
carbenium ions. Indeed, fitting the data in the whole range
of hydrogen and hexane pressures yielded a negligible con-
tribution of the hydrides generated in the isomerization
sequence itself. The resulting rate equation is (17)

k- Pru
r= 5
{1+a~PH2+§-%§}
where
k=L k (L =number of acid-base sites)

_ (O—H").(Zr—H")
~ (Zr)-(0)- p(Hy)

k; 1
p= (1)

In addition to the rate constant &, two independent parame-
ters characterize the catalyst: « is related to the efficiency of
the platinum-hydrogen couple, and § is representative of
the acid strength of the sulfated zirconia sites in the isomer-
ization sequence. This equation accurately modeled all the
features of the influence of hydrogen (positive and negative
orders, shift of the maximum with increasing hexane pres-
sure) on the isomerization rate for the series of catalysts
with various platinum loadings (17).

The variation of the kinetic parameters with platinum
content was informative about the changes in the functions
of the isomerization catalyst. As expected, the parameter
B, associated with acidity, remained constant in the series,
indicating that the strength of the Lewis acid-base sites was
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not influenced by platinum. Only the number of sites, rep-
resented by the rate constant k, was slightly decreased with
platinum loading. Most significant was the variation of the
parameter « in the series: it showed that the hydrogen in-
fluence on the isomerization rate was remarkably governed
by the efficiency of the platinum-hydrogen couple.

Figure 4a recalls the variation of parameter « in the n-
hexane isomerization with platinum loading (17). Compar-
ing the variation of o with that of toluene hydrogenation
(Fig. 1), it is clear that both sets of experiments highlight
an abrupt change in catalytic activity at about 0.15 wt% Pt.
Strikingly, o increases only for low-loaded catalysts. Be-
yond 0.15 wt% Pt, « reaches a plateau, while toluene hydro-
genation activity increases rapidly with the concentration
of accessible platinum. This implies that platinum located
on the accessible surface, Ptgy, does not play a key role
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for n-hexane isomerization. The most important platinum
species are those inserted into the zirconia matrix. This is
suggested by the strong correlation with the kinetic parame-
ter « (Fig. 4b). In our previous paper (17), we hypothesized,
on the basis of kinetic arguments, that only some specific
platinum species were involved in n-hexane isomerization.
The present comparison with the activity of platinum in hy-
drogenation strongly suggests that these species are related
to subsurface platinum. The major role of hydride species
originating from the platinum-hydrogen sequence in the
mechanism is thus confirmed.

Unfortunately, direct spectroscopic or TEM evidence for
subsurface platinum is not presently available. However,
this hypothesis can be validated indirectly by measuring
the reactivity of catalysts where the level of accessible plat-
inum, Ptgy, has been modified by reduction at higher tem-
peratures. Such results are reported in the following section.

Influence of the Reduction Temperature on the Catalytic
Properties of Pt/Sulfated Zirconia

Two samples, containing 0.1 and 0.3 wt% Pt were chosen
as representative of the two domains observed in n-hexane
isomerization and toluene hydrogenation.

Characterization of accessible platinum: hydrogenation of
toluene, adsorption of CO. The variation of the toluene
hydrogenation rate at 150°C on catalysts reduced at var-
ious temperatures is shown in Fig. 5. The hydrogenation
activity of the 0.3 wt% Pt sample strongly decreases with
the reduction temperature in the range of 150-200°C and
then stabilizes at a very low level. The effect appears so
dramatic that it cannot be attributed to a loss in dispersion
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FIG. 5. Influence of the reduction temperature on the toluene hydro-
genation rate at 150°C over Pt-SO4—ZrO, catalysts. The catalysts were
reduced at atmospheric pressure. Open symbols: 0.3 wt% Pt; filled sym-
bols: 0.1 wt% Pt.
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of the metallic particles. More plausible is the sensitivity
of metallic platinum to sulfur (28). At a reduction tem-
perature of 150°C, the external platinum is present in the
metallic state, as shown by the IR band of adsorbed CO
at 2080 cm~!. According to the literature (2), a fraction of
the metal can be formed already during the calcination of
the platinum precursor. The remaining PtO; is readily re-
duced. At high reduction temperature (above 200°C), hy-
drogen sulfide was detected by mass spectrometry analysis
of the exit gas, indicating sulfate reduction. Hence, it is quite
likely that the low hydrogenation activity is due to sulfur
poisoning of the metal, in agreement with the literature
(29-31). Poisoning of platinum by sulfur is fully supported
by the infrared spectra of adsorbed CO. After reduction
at 250°C, the band is now located at 2093 cm™!. No signal
at 2080 cm~! observed for metallic platinum in the case of
reduction at 150°C is further detected. This shift of 13 cm™!
is comparable to that observed on sulfur-poisoned Pt/Al, O3
(32). This is in line with the known effect of sulfur cover-
age of the platinum surface on the binding energy of ad-
sorbates. In the case of carbon monoxide (and hydrogen),
the decrease is attributed to repulsion with adsorbed sul-
fur (28). Moreover, the adsorption capacity is lowered on
the sulfided metal and depends on the sulfur coverage. This
hampers a correct determination of the particle size.

The main conclusion is that at 250°C hydrogen reduces
some sulfates. Consequently, the Ptgy; has been poisoned
and lost its metallic properties. This may also occur
during the isomerization conditions, under high hydrogen
pressure.

The influence of the reduction temperature on the sam-
ple containing 0.1 wt% Pt is much more limited (Fig. 5).
In fact, the sample contains a small amount of Ptgy and is
therefore poorly active in toluene hydrogenation, even at
the low reduction temperature of 150°C. It follows that poi-
soning by sulfur upon reduction at higher temperatures is
not pronounced. Nevertheless, a decrease in hydrogenation
activity can be measured upon reduction at 220°C.

Isomerization of n-hexane. Isomerization rates were
measured at 150°C for 3- and 5-bar n-hexane at various hy-
drogen pressures on the 0.1 and 0.3 wt % Pt catalyst reduced
in situ at a temperature in the range of 150-250°C. The ac-
tivity of the two catalysts reduced at 150°C is compared in
Fig. 6, showing the influence of the platinum content on the
evolution of the reaction rate with hydrogen pressure. The
position of the maximum is clearly dependent on the plat-
inum loading, while both catalysts have the same maximum
activity. At 10 bars of hydrogen, the 0.1 wt % sample appears
more active than its 0.3% counterpart. It should be noted,
however, that the response to hydrogen after standard re-
duction at 150°Cis slightly different from that obtained one
year earlier on the same catalyst (17): the catalyst lost 20%
of its activity, and the maximum shifted to lower hydro-
gen pressures. We can discard any irreproducibility of the



SUBSURFACE PLATINUM IN ISOMERIZATION

100

'en
4 80 0.1 wt% Pt
<

s

E 60

Q

S

& 40

§ 0.3 wt% Pt
b5

g 20

2

0
0 10 20 30 40 50

Hydrogen pressure (bar)

FIG. 6. Comparison of the isomerization rates at 150°C and 3-bar n-
hexane over the two catalysts containing 0.1 (open symbols) and 0.3 wt%
Pt (filled symbols). Reduction temperature is 150°C.

measurements. The sample did not lose sulfur, as checked
by chemical analysis. We may suspect some structural
change of the zirconia that would have spontaneously oc-
curred during the period separating the two studies. How-
ever, XRD failed to detect such a modification. So, the rea-
son for the catalyst change remains unclear but is not very
relevant with respect to the main topic of this paper. Indeed,
we studied the influence of the reduction temperature on
these samples between 150°C and 250°C, so the internal
comparison is correct.

Figure 7 gathers some of the isomerization results for
3-bar n-hexane measured at 150°C on the catalyst contain-
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ing 0.3 wt% Pt, reduced in situ at the specified tempera-
tures. Reduction at 220°C or 250°C is detrimental to the
isomerization activity, whatever the hydrogen pressure. In
all cases, the curves display the typical maximum reported
earlier for sulfated zirconia catalysts.

The isomerization rates measured at 10-bar H, and 3-bar
hexane are plotted in Fig. 8 against reduction temperatures.
An increase in the reduction temperature leads to a de-
crease in the isomerization activity. The effect is minor for
the 0.3 wt% Pt sample reduced between 150°C and 205°C,
but it is more dramatic at higher temperature. Reduction
at 250°C results in a decrease of about 30% of the cata-
lyst activity compared to that reduced at 150°C. However,
the maximum rate is found at the same hydrogen pressure
( Py, =6 bars). If our hypothesis about inserted platinum
is correct, the activity in isomerization for the catalyst con-
taining 0.1 wt% platinum should be almost insensitive to
reduction, because most of its platinum is located in the
subsurface, i.e., incorporated into the zirconia. This is in
fact the case, as shown in Fig. 8 for 3-bar hexane and 10-bar
hydrogen. A slight loss in activity is observed for reduc-
tion at 250°C, amounting to no more than 8%, and con-
trasts with the 30% encountered on the 0.3 wt% catalyst.
This confirms that very active surface platinum can dimin-
ish the isomerization activity of the catalyst much more
by sulfate reduction. Moreover, the selectivity among
isomers is not affected by reduction. The product distribu-
tion in Fig. 9 shows that methyl-2-pentane (2MP), methyl-
3-pentane (3MP), and dimethyl-2,3-butane (23DMB) were
formed in their internal thermodynamic ratios. In any case,
these isomerization steps are very fast and all three isomers,
even 23DMB, appear as primary products. Dimethyl-2,2-
butane (22DMB) is formed consecutively. Such a behavior
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is typical of the Pt-sulfated zirconia catalysts (17). Similar
features are observed at 5-bar n-hexane. Then, the reduc-
tion temperature only affects the activity of the catalyst, but
not the shape of the curve (response to hydrogen) nor the
selectivity.

All the data at 3- and 5-bar hexane for the catalyst re-
duced at various temperatures could be fitted by the kinetic
rate equation already presented (17). The change in behav-
ior with reduction temperature may then be quantified by
the kinetic parameters.

The isomerization rate constant k is significantly de-
creased upon reduction of the 0.3 wt% sample: from 33 mol
h~!'kg! bar! at 150°C to 23 mol h~! kg~! bar~! at 250°C.
This reflects a loss in the number of acidic sites. It is a fur-
ther proof that platinum easily catalyzes the reduction of
sulfate species in the presence of hydrogen. However, un-
der our conditions, about two thirds of the active sites are
preserved even after a hydrogen treatment at 250°C. Most
probably, platinum becomes rapidly inactive for reduction
due to strong poisoning by sulfur. This is in full agreement
with the results of the toluene hydrogenation and CO ad-
sorption.

The parameter g is almost constant at a value 0.002 bar~!
for both catalysts. Therefore, the acid strength is not influ-
enced by reduction. Only the number of sites is decreased.
This is in line with the internal isomer distribution, inde-
pendent of the reduction temperature (Fig. 9).

Again, the most significant parameter is «, associated
with the platinum-hydrogen efficiency in supplying hydride
species to the Lewis acid sites. The parameter « remains
remarkably constant (« =0.012 bar~! for the 0.3 wt% Pt
sample) whatever the reduction temperature. Hence, the
activity of platinum for isomerization remains high, while
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the toluene hydrogenation rate decreases dramatically. The
already lower value of « for the catalyst containing 0.1 wt%
Pt (@ =0.005 bar~!) is also unaffected by the reduction tem-
perature. This study of platinum reduction shows evidence
that the active isomerization catalyst is not as “demanding”
on the platinum-hydrogen couple as is hydrogenation.
Therefore, platinum plays a different role in n-hexane iso-
merization than in toluene hydrogenation. This supports
the proposal that subsurface platinum plays a major role in
isomerization.

It is thus demonstrated that isomerization over sulfated
zirconia may proceed even in the absence of metallic Ptgyt,
very active in toluene hydrogenation. The hydride species
involved in isomerization require specific platinum enti-
ties. We propose to associate these specific entities to the
fraction of platinum located in the subsurface of the zirco-
nia structure. Given the low loading of our catalysts, it is
highly improbable that this embedded platinum is present
as large particles. Such large particles have been evidenced
in highly loaded samples, prepared by impregnation of the
amorphous zirconia followed by calcination at high temper-
atures (15, 33). In our case, platinum is deposited after crys-
tallization of the sulfated zirconia further calcined at mod-
erate temperatures. Under these conditions, migration into
the zirconia matrix should yield isolated ionic species and
not sintered particles. Platinum ions would thus strongly
interact with the zirconia matrix and remain in close prox-
imity of the acid-base pair. We believe that a minimum
efficiency of metallic external platinum is necessary to dis-
sociate the hydrogen molecule, while the specific cationic
platinum species associated with the acid-base pairs play an
essential role in the generation of hydrides. Direct identifi-
cation of these specific platinum species is most difficult due
to their very low concentration and accessibility to probe
molecules bulkier than H,. The relation between the kinetic
parameter « and toluene hydrogenation rate proves here
to be most informative.

CONCLUSION

This study reports on the activity of platinum (0.025—
0.8 wt% Pt) supported on sulfated zirconia in the iso-
merization of n-hexane and the hydrogenation of toluene,
both at 150°C. Both reactions show a characteristic break-
point at 0.15 wt% Pt. For isomerization, the efficiency of
the platinum-hydrogen couple increases strongly with plat-
inum content, reaching a plateau above 0.15 wt% Pt. The
hydrogenation activity of these catalysts shows an opposite
trend: a low QTOF below 0.15 wt% and a strong increase
above 0.15 wt% Pt. Characterization of the platinum by
CO adsorption followed by FTIR indicates metallic Pt on
all catalysts; in addition, the amount of adsorbed CO nicely
correlates with toluene hydrogenation at 150°C. We con-
clude that the low QTOF at low loading results from a lack
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of accessible platinum, due to migration of platinum into the
subsurface of the zirconia support. The good correlation be-
tween the estimated amount of inserted platinum ions and
the kinetic parameter representing the platinum-hydrogen
couple proves the involvement of subsurface platinum in
the isomerization mechanism. Surface (metallic) platinum
is necessary only for the dissociation of molecular hydro-
gen, but a very low hydrogenation activity is sufficient. This
is further demonstrated by applying a higher reduction tem-
perature of the catalyst: surface platinum is poisoned by
sulfur, while the isomerization activity is hardly affected.

This study further highlights the potential of kinetic mod-
eling as a tool for an in-depth understanding of the working
catalyst as well as a method to a rational design of improved
catalysts.
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