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Abstract

Toluene hydrogenation was studied over catalysts based on Pt supported on large pore
zeolites (HUSY and HBEA) with different metal/acid ratios. Acidity of zeolites was
assessed by pyridine adsorption followed by FTIR showing only small changes before
and after Pt introduction. Metal dispersion was determined by H,-O, titration and
verified by a linear correlation with the intensity of Pt°>-CO band obtained by in situ
FTIR. It was also observed that the electronic properties of Pt° clusters were similar for
the different catalysts. Catalytic tests showed rapid catalyst deactivation with an activity
loss of 80-95% after 60 min. of reaction. The turnover frequency of fresh catalysts
depended both on metal dispersion and the support. For the same support, it changed by
a 1.7-fold (HBEA) and 4.0-fold (HUSY) showing that toluene hydrogenation is
structure-sensitive, i.e. hydrogenating activity is not a unique function of accessible
metal. This was proposed to be due to the contribution to the overall activity of the
hydrogenation of adsorbed toluene on acid sites via hydrogen spillover. Taking into
account the role of zeolite acidity, the catalysts series were compared by the activity per
total adsorbing sites which was observed to increase steadily with npi/(npi+na). An
increase of the accessible Pt atoms leads to an increase on the amount of spilled over
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hydrogen available in acid sites therefore increasing the overall activity. Pt/HBEA
catalysts were found to be more active per total adsorbing site than Pt/HUSY which is
proposed to be due to an augmentation in the efficiency of spilled over hydrogen
diffusion related to the proximity between Pt clusters and acid sites. The intervention of
Lewis acid sites in a greater extent than that measured by pyridine adsorption may also
contribute to this higher activity of Pt/HBEA catalysts. These results reinforce the
importance of model reactions as a closer perspective to the relevant catalyst properties

in reaction conditions.
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1 Introduction

Zeolites have a prime role as catalysts in petroleum refining industry [1], due to their
interconnected channel systems or hierarchical structure combining micro and
mesopores and acid-basic properties which can be tuned through synthesis or post-
synthesis treatments [2, 3]. The ionic exchange capacity of zeolites has led to their use
as adsorbents and has also a key role in catalysis regarding the support characteristics

and dispersion of metal nanoparticles.

Most of the catalytic processes in the petroleum refining industry use bifunctional
catalysts comprising a combination of acid and hydrogenation-dehydrogenation
functions. From a chemical point of view, bifunctional catalysts ability to generate
carbenium ions at relatively low temperatures comparing to monofunctional acidic
catalysts [4] explains their key role in industry. The acidity can be provided by a zeolite,
while the hydrogenation—dehydrogenation activity is exerted by finely dispersed (noble
or transition) metals. Among all the bifunctional catalysts used, noble metals supported
on zeolites (usually mixed with alumina) have a great variety of applications. In
particular, hydroisomerization of Cs-Cg n-paraffins to produce high-octane gasoline as
(partial) substitute of MTBE and of long chain n-paraffins applied in the conversion of
these paraffins from heavy oils (catalytic dewaxing) to produce lubricating oils with
good cold-flow properties and hydroconversion of synthetic wax produced through the

Fischer-Tropsch process [5-8]. These catalysts can also be used in hydrocracking
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processes depending on the desired products, the type of feedstock and partial pressure
of sulphurated contaminants. Regarding the support, catalysts based on Y zeolite are the
most studied due to their unique importance in industrial catalysts [9]. Some other
zeolites, like BEA one, have been also considerably studied [10], including

advantageous performance comparatively to Y zeolite-based catalysts [11-14].

Most of the aspects that affect the performances of bifunctional catalysts have been
studied and are accessible in a series of papers published along last decades [15-20] and
more recently in two reviews published by Weitkamp [21] and Guisnet [22]. Special
attention has been dedicated to the metal-acid balance and its influence on the product
distribution, activity and stability of Pt/zeolite catalysts [20]. According to the literature,
in a general way, a good balance can be obtained with 0.4-0.6%Pt [10, 23]. For
hydrocracking, the concept of ideal hydrocracking catalyst was based on studies over
Pt/HUSY [15-17] that showed products distribution as a unique function of conversion
for bifunctional catalyst in which the acid function was limiting, in agreement with the
reaction mechanism proposed firstly by Weisz [24] and Coonradt and Garwood [25] for
n-alkane hydroconversion over bifunctional catalysts. Recently, the importance of the
degree of intimacy between both functions on the catalyst performance, as proposed by
Weisz [24], was reinforced by studies over Pt/HBEA catalysts [26, 27].

Taking into account the influence of metal and acid functions on the activity of
bifunctional catalysts, the characterization of these catalysts must be based in a precise
knowledge of the properties of the hydrogenating and the acid sites as well as their
relative activities. Classical characterization methods to evaluate both the hydrogenating
(e.g. H, chemisorption [28] or CO adsorption [29]) and the acid functions (e.g.
temperature-programmed desorption of ammoniac [30] or pyridine adsorption-
desorption followed by FT-IR [31]) take place under operating conditions very different
from those of the reactors either in laboratory or industry. The quantitative information
about surface properties are obtained indirectly by the use of probe molecules that are
very often much smaller than the reactants of interest. In this way, model reactions can
be crucial towards a comprehensive understanding of the fundamental phenomena
occurring in complex catalytic systems. In terms of metal activity, the hydrogenation of
one-ring aromatic compounds (as benzene or toluene) has been proved to be well suited

as it reproduces the accessibility and location of the metal sites and has only one



product of reaction [32, 33]. Confrontation of the performance observed in catalytic test
with concentrations sites (acidic and metallic sites) measured by conventional
spectroscopic methods are of great interest. It also explains why *“operando” coupling
techniques are nowadays gaining more and more attention for the understanding of the

developed catalysts.

The significant amount of work already published in literature on one-ring aromatics
hydrogenation results in a very diverse and contradictory range of conclusions [32]. A
major contribution for this field was given by Vannice and co-workers that showed that
Pt was 27 times more active than Pd and that support could also play a role, as activity
changed based on the support acidity (SiO,-Al,03 > TiO,; > n-Al,03 = SiO;) [34],
proposing that the enhanced activity between the supports was caused by spilled-over
hydrogen reaction with toluene adsorbed on the oxide surface at the metal-interfacial
region [34, 35]. Therefore, the overall activity could be separated into that from the
metal surface and that from the interfacial region [34]. On the other hand, results on
zeolite-based catalysts have been scarce as a consequence of their low applicability in
terms of industrial aromatics hydrogenation due to quick deactivation by coke
formation. Furthermore, the modest sum of studies published either compares a zeolite
with a lower acidic support or do not present a comprehensive characterization of both
metal and acid sites. The lack of exploitation of some published results in terms of
properties-activity relationships also restricts the practice of toluene hydrogenation as a
model reaction for metal-supported catalysts. For instance, the study of Chupin and co-
workers has some very relevant data on a series of Pt/HUSY catalysts [33], but the

focus was held on the deactivation mechanisms.

In summary, toluene hydrogenation can be very useful to characterize bifunctional
catalysts, but the literature is mostly based on weaker acid solids than zeolites and is
very limited in comparing different amounts of accessible metal on a same zeolite and
even scarcer in terms of comparing different zeolites and the influence of their
properties on the catalytic activity. Therefore, this work aims to enlighten the behavior
of Pt/zeolite catalysts that are quite relevant in petroleum refining industry on the
hydrogenation of toluene in terms of both support and metal properties thanks to their
comprehensive characterization and by covering a reasonable range of metal/acid ratios.

In this way, we intend that our results support the use of toluene hydrogenation as a



model reaction to get a more faithful idea about bifunctional catalysts than the classical

characterization techniques.

2 Experimental

2.1 Catalysts preparation

Commercial zeolites HUSY (CBV720) and NH4-BEA (CP814E) were supplied by
Zeolyst. NH4-BEA zeolite was calcined to obtain the protonic form using a protocol
published elsewhere [36]. The introduction of platinum in the supports was performed
by incipient wetness impregnation of [Pt(NH3)4NO3]-6H,O resulting in three Pt
contents: 0.1, 0.4 and 0.7 wt.%. The impregnated material was dried overnight at 110°C
and then calcined in an air flow of 4 L h™ g™, Three plateaux at 423, 523 and 623 K
over 1 h each and a final plateau at 773 K over 2 h were performed. A heating rate of 5
K min™ was used. Ex-situ reduction was performed to ensure a stable and consistent
platinum phase to all the catalytic tests and characterization techniques. Reduction
included two plateaux: 393 K over 1 h and 723 K over 2 h using a heating rate of 5 K

min™* and under a hydrogen flow of 4 L h* g%,
2.2 Catalysts Characterisation

Parent zeolites were characterized by x-Ray Fluorescence to determine the total Si/Al
ratio and by 2’Al magic angle spinning nuclear magnetic resonance (MAS-NMR) to
determine the percentage of aluminium that is in the framework. The experiments were
performed using a Bruker 400 Avance spectrometer equipped with a 4 mm CP MAS
probe head at room temperature. The MAS rate was 12 kHz for all experiments.
The 2’Al NMR spectra were obtained using exciting pulses of 1 us (w/12) and relaxation
delays of 0.5 s.

Nitrogen adsorption measurements were carried out at 77 K on a Micrometrics ASAP
2010 apparatus. Before adsorption, zeolite samples were degassed under vacuum at 90
°C for 1 h and then at 623 K for 4 h. The total porous volume (Vi) Was calculated
from the adsorbed volume of nitrogen for a relative pressure P/P, of 0.97 whereas the



microporous volume (Vmicro) and the external surface area (Sex:) were determined using
the t-plot method [37]. The mesoporous volume (Vmeso) Was obtained by the difference
between Vtota] and Vmicro.

Pyridine adsorption experiments were performed with a static experimental setup under
vacuum. A homemade IR cell equipped with KBr windows was used. The catalyst
powder was pressed into self-supporting wafers (20 mg, 10 mg cm ). The samples were
activated in static conditions under secondary vacuum at 723 K. After cooling at room
temperature, pressure of 4 mbar of pyridine was introduced in contact to the activated
sample. IR spectra of thermo desorbed sample at 423,523, 623 and 723 K were
recorded in order to get information on the acidic surface properties of the material

(concentration, strength and accessibility of acid sites).

Platinum dispersion was determined by hydrogen titration of chemisorbed oxygen in an
Autochem I1 2920 (Micromeritics) apparatus with a thermal conductivity detector: pre-
reduced saturated samples (200-300 mg) were pre-treated under H, (30 mL min™) at
473 K over 30 min and 723 K over 60 min using a heating rate of 5 K min™, cooled
under H, to room temperature and purged under Ar (20 mL min™) over the night. Two
cycles of oxygen titration of chemisorbed hydrogen (He as carrier at 25 mL min™) and
hydrogen titration of chemisorbed oxygen (Ar as carrier at 30 mL min™) were
consecutively performed to verify the repeatability of measures according to the
recommendations in literature [28]. Chemisorption was performed at 308 K using an
injection loop of 0.07 mL and pulses of H, (or O;) were injected every 3 min. The
results presented correspond to the average H, consumption in the two cycles, with a
maximum relative deviation between measures of 8%. The metal dispersion was
calculated by means of 1.5 H,:Pt stoichiometric coefficient [28, 38]. The average size of
Pt particles was estimated using a shape factor for a cube with one side non-exposed (F

=5) as recommended in literature for supported metal particles [39].

Transmission electron microscopy TEM and high-angle annular dark-field scanning
transmission electron microscopy HAADF-STEM observations were performed using a
JEOL JEM 2100F microscope operated at 200 kV. Samples were embedded in an epoxy
resin, and thin slices (about 70 nm) were cut by ultramicrotomy and transferred onto a

cooper grid covered by a carbon holey membrane.



CO chemisorption experiments were performed with a static experimental setup under
vacuum. A homemade IR cell equipped with KBr windows was used. The catalyst
powder was pressed into self-supporting wafers (20 mg, 10 mg cm ). The samples were
activated in static conditions under H, at 723 K followed by evacuation (repeated
twice). After cooling at room temperature, doses of CO were progressively added in
contact to the reduced sample, leading to an increase in the intensity of carbonyls IR
bands of CO chemisorbed on Pt surface atoms until saturation.

2.3 Catalytic Tests

The toluene hydrogenation was performed at 383 K under atmospheric pressure using a
pyrex glass down-flow reactor designed with a minimum volume so the residence time
is small enough to have distinct products compositions in small intervals of reaction
time. Reactor effluent was recovered at each 30 s, from 1 min to 3 min of reaction, and
at 5, 10, 15, 30 and 60 min thanks to a multiposition Valco valve and analysed in a gas
chromatograph (GC) equipped with a 50 m HP-PONA capillary column from Agilent
Technologies and a flame ionization detector (FID). The entire downstream from the
reactor exit until the GC (including the multiposition valve) was heated at about 423 K
to prevent products condensation. Before reaction, catalysts were pre-treated under H,
(16 NL h™g™) at 473 K over 30 min and 723 K over 60 min using a heating rate of 5 K
min™*. Operating conditions are based on those used by Chupin and co-workers [33], but
with some adaptations. Thus, the hydrogen to toluene molar ratio of 45 was maintained,
but the toluene to n-hexane molar ratio was 4.0. Toluene weight hour space velocity
(WHSV) was chosen in order to keep initial conversion lower than 15% for each
catalyst. Total pressure of the reactor was kept constant as changes in WHSV (17-54 h°
1) were achieved by reduction of catalyst weight by dilution with quartz (both with a
particle size of 0.20-0.35 mm). In that way, the H, flow was 5.55 NL h™ and liquid
feed flow (n-hexane + toluene) was 3.5 mL h™. The catalytic activity at each time was
calculated as the toluene consumption per catalyst gram. Turnover frequencies were
calculated as the ratio of catalytic activity to the (molar) amount of accessible Pt per
catalyst gram measured by H,-O, titration. Activity per total adsorbing sites was
calculated as the ratio of catalytic activity to the sum of the (molar) amount of
accessible Pt per catalyst gram and the total acid sites (molar) per catalyst gram
measured by pyridine adsorption at 423 K followed by FTIR. The deactivation rate was



calculated as ratio of the loss of activity from t=1 min to t=60 min to the activity at t=1

min.

3 Results

3.1 Physico-chemical and acidic properties of catalysts

The structural and textural properties of parent zeolites are depicted on Table 1. HBEA
zeolite has higher mesoporous and total porous volumes than HUSY, as well as higher
external surface, but lower microporous volume. Framework Si/Al (determined by %’Al
NMR and XRF results) is similar for both zeolites resulting in an analogous H*
concentration obtained through the estimated unit cell formula. On the contrary, extra-
framework aluminium (EFAL) species were estimated to be around three times higher
for HBEA zeolite than for HUSY. It is worthy to note that NH4-BEA zeolite was
calcined to the protonic form to obtain consistent HBEA samples as it is known to be
unusually sensitive to calcination and ion-exchange conditions [40-42]. In this way, all

the results presented are for calcined BEA zeolite.

IR spectra of Pt/HUSY and Pt/HBEA and corresponding supports (HUSY and HBEA)
after activation at 723 K are reported in Figure 1 and Figure 2 respectively. HUSY
series exhibits at least six OH stretching modes centred at 3744, 3672, 3630, 3602, 3566
and 3525 cm™, due to different crystallographic positions of OH groups attached to the
framework and to EFAL species. The intense band observed at 3745 cm™ is assigned to
non-acidic silanol (SiOH) groups. The IR components at 3630 and 3566 cm™ are due to
hydroxyl groups within the supercages and small cavities, denoted HF and LF
respectively. These two sites correspond to Brgnsted acid centers and are able to react
with pyridine (vide infra). The two shoulders observed at 3602 and 3525 cm™ originated
from the two later hydroxyl groups (HF and LF), exhibit a superacidity after
perturbation by EFAL silicoaluminous debris [43]. The weak band at 3672 cm™,
generally attributed to OH groups located into the large cavities for non dealuminated
HUSY zeolite, is here ascribed to hydroxyls attached to EFAL (AIOH) species, or to
proton compensating AlO, tetrahedra, where Al atom is still partly bonded to the zeolite

framework.



HBEA series (Figure 2) displays in the hydroxyl region four components centered at
3781, 3744 — 3737, 3665 and 3610 cm™, due to different OH groups attached to the
framework and to EFAL species [44]. As for HUSY zeolite, the intense band observed
at 3744 cm™ and shoulder at 3737 cm™ are assigned to non-acidic silanol (SiOH)
groups. The band at 3665 cm™ originated from OH groups attached to EFAL species or
to Al bound only by one or two bonds to the framework. This component is relatively
intense when compared to data reported in the literature [45]. The component at 3610
cm™ is due to Si(OH)AI groups and exhibit Brensted acidity. The well defined
contribution at 3782 cm™ corresponds to terminal OH groups of aluminol in transient

state species (leaving the framework) [46].

The wavenumbers and intensities of the bands at 3665 cm™ and 3610 cm™ were
represented as function of Pt content for HBEA and Pt/HBEA catalysts (Figure 3). After
introduction of Pt atoms in the porosity and on the external surface of HBEA zeolite,
short modifications of the hydroxyl can be observed. The contribution at 3606 cm’
! related with Brensted acidity is affected by Pt introduction, which could indicate ion
exchange process by Pt atoms and/or perturbation by Pt clusters in the close vicinity of
the OH. On the other hand, the intensity of the contribution at 3665 cm™ assigned to OH
groups on EFAL species is almost constant. Both OH contributions are slightly shifted
to high wavenumbers for increased Pt loadings which may confirm the proximity
between Pt nanoparticles and OH groups. Concerning HUSY series, similar analysis of
the IR spectra before and after Pt introduction does not show significant trends (Figure
4).

Pyridine adsorption on Pt free and 0.7 wt.% Pt HBEA and HUSY zeolites and
consecutive thermodesorption have been followed by in situ FTIR in order to determine
the acidic surface properties of the initial supports and to evaluate the effect of Pt
introduction. For the four different materials, the interaction of pyridine results in i)
total consumption of hydroxyl groups from Brgnsted acid sites which indicate that all
sites are accessible to pyridine, ii) perturbations of SiOH silanols and AIOH aluminols,
concomitantly with appearance of IR components in the range 1650-1440 cm™ (for
brevity, IR spectra of the vVOH and vCN regions are not reported). The band around
1540 cm™ characteristic for pyridinium ions (Brgnsted acid sites, BAS) is linearly

correlated with the corresponding contribution observed in the OH region at 3610 and



3630 — 3530 cm™ for HBEA and HUSY respectively; while bands between 1445 and
1460 cm™ are attributed to coordinatively adsorbed pyridine (Lewis acid sites, LAS)
[47]. Quantification of the total number of acid sites BAS and LAS was calculated from

the molar extinction coefficients reported in the literature elsewhere [31].

When comparing acidic properties of Pt free samples (Figure 5), HBEA zeolite exhibits
two times the acid sites of HUSY zeolite (570 vs. 290 umol/g), due to the 4-fold higher
LAS concentration (350 vs. 90 umol/g). This much higher LAS concentration in HBEA
zeolite is in line with the EFAL quantification obtained by 2’Al NMR (see Table 1).
Moreover, about 50 to 69 % of initial LAS are still in interaction with pyridine probe
after thermodesorption at 723 K which implies the presence of relatively strong acid
sites. Both materials report similar concentration of BAS (200 — 220 pmol/g). Since all
the hydroxyl groups are accessible to pyridine, the lower amount found by FTIR could
be due to the presence of relatively weak BAS which are not probed anymore by
pyridine after thermodesorption at 423 K.

In order to understand the impact of Pt introduction on the acidic properties, pyridine
adsorption has also been performed on 0.7 wt% Pt/HBEA and Pt/HUSY samples and
the results have been compared to Pt free samples in Figure 5 that shows the evolution
of concentration of BAS and LAS sites as a function of pyridine desorption
temperature. After Pt introduction, total acidity (BAS + LAS) slightly decreased by 8%
in the 0.7Pt/HBEA and increased by 9% in the 0.7Pt/HUSY sample resulting in a 1.7-
fold higher acidity for the HBEA-based catalyst. For both catalysts, about 10 % of BAS
have been lost possibly due to Pt stabilisation on the zeolitic support via a small amount
of cationic Pt?* in exchange positions. These similar results for both zeolites series
contrast with the distinct observations in the OH region. Therefore, the intensity
decrease observed in the OH region for BAS contribution (Figure 3) of ca. 45 % for
HBEA sample with 0.7 wt.% Pt could not be completely explained by Pt exchange. The
proximity between Pt nanoparticles and OH groups seems to be the main cause for these
features. When regarding the effect of Pt introduction on Lewis acidity of HBEA
(Figure 5 d), the concentration of LAS does not seem very affected, but the acidic
strength seems nevertheless weakened compared to those reported on HBEA. For
HUSY catalyst, a higher concentration in LAS is found after Pt incorporation (Figure 5
b). It could income from the ripening mechanism of Pt particles on HUSY microcrystals
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surface which could disrupt Si-O-Al links, yielding to an increase of EFAI species [48]
and decreasing the overall Brgnsted acidity of the zeolitic support.

In summary, few modifications are observed about the acidic strength but the initial
concentrations in BAS and LAS are almost kept after Pt impregnation. It can be
explained by the relatively low Pt content introduced and the preparation method
(incipient wetness impregnation followed by calcination at 773 K and reduction at 723
K).

3.2 Metal properties

The Pt content of all solids was determined by X-Ray Fluorescence spectroscopy
showing a maximum deviation to the nominal value of 5 %. Results of hydrogen
titration of chemisorbed oxygen are presented in Table 2. Results of Pt dispersion
obtained are comprised between 30% and 50% meaning that these two acidic supports
evidenced a medium capacity to stabilise small Pt particles (with the chosen
impregnation protocol). In HBEA-based catalysts, dispersion decreases with increasing
Pt content being that effect more visible from 0.4%Pt to 0.7%Pt. On the contrary, in
HUSY-based catalysts dispersion is rather similar for 0.4%Pt and 0.7%Pt, but
significantly lower for 0.1%Pt which is unexpected as a lower Pt load should enable a
larger dispersion of Pt on the support. Pt particle size calculated with H,-O, titration
results is between 1.8 and 3.0 nm. This short range of particle size was rather expected
according to literature: 3.0 nm is the mean size for Pt particles on zeolites up to 2%
metal load [49].

Regarding adsorption of CO followed by FTIR (Figure 6 and Figure 7), IR components
observed in the spectral region 2150 — 2000 cm™ are typical from CO stretching mode
when carbon monoxide is linearly adsorbed onto reduced Pt° surface atoms species [29].
Short contributions can be nevertheless observed at lower wavenumbers ca. 1980 cm™,
due to the adsorption of one CO molecule on n surface Pt atoms (n > 1; bridged
species). It is worthy to note that, irrespectively of the zeolite, for 0.4 and 0.7 wt.% Pt
samples, a short contribution due to CO adsorbed on Pt atoms located in exchange
position is observed in the spectra at 2150 cm™ (in agreement with the 10% loss of
initial BAS observed after 0.7% Pt introduction on both zeolites, see Figure 5). This fact
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reinforces once more the argument that the significant changes in the OH region
spectral features of Pt/HBEA samples must be mostly due to the proximity between Pt
and hydroxyl groups of HBEA zeolite.

For Pt/HBEA and Pt/HUSY samples, IR maxima appear at ca. 2097 +/- 1 cm™. IR
characterization by the means of CO probe technique is known to be sensitive to the
particle size and metal support interactions, since it is affected by the electronic
properties of Pt surface atoms [50]. Hence, strong metal support interactions may
drastically shift the maxima to low wavenumbers. In the present case of study the
dispersions and the particle size of the different catalysts are quite close (Table 2) and
no significant difference in the position of the vco maxima is observed. It could be
consequently supposed that metal support interactions are almost alike for the whole set

of Pt catalysts.

Additional spectroscopic features can be observed at 2228 cm™ and 2189 cm™ (the latter
only for HBEA series). These species are observed on initial supports and could
therefore not be assigned to oxidized Pt surface species. Pyridine adsorption
measurements done on supports have highlighted the presence of very strong LAS, a
possible attribution of the IR components at 2230 — 2180 cm™ could be CO sorption on

LAS (even at room temperature) [51].

Particle sizes have not been calculated from FTIR CO data [50]. Since the IR spectra of
the reduced samples in contact with CO exhibit a symmetrical profile and in order to
only consider the contribution of Pt° surface atoms of the nanoparticles, the intensity of
the maxima at 2097 cm™ has been used for the quantitative aspects. The intensity of the
maxima measured at 2097 cm™ for the different catalysts (Table 2) is indicative about
the number of total Pt surface atoms of clusters accessible for CO chemisorption (the
small contribution of Pt atoms present in exchange position at 2150 cm™ is not taken
into account). A linear correlation was found between the intensity of Pt°CO species
and number of Pt atoms measured with H--O titration technique with R?=0.997 (see
Figure 8). The noteworthy goodness of fit relationship sustains the mutual consistency
of the H,-O,, titration and CO chemisorption results. From these results, a correlation

was obtained np=269Ap.co for a 2 cm? wafer with 17 mg of solid.
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TEM analysis were performed on all samples and due to the low content of Pt and to the
number of micrographs available no representative statistical distribution of particle size
could be obtained for any sample. For HBEA series, the analysis of TEM and STEM
micrographs evidences particles sizes in the range of 0.7-2.0 nm, 0.8-3.0 nm and 0.7-3.0
nm for 0.1, 0.4 and 0.7 wt% Pt, respectively. This is qualitatively in accordance with the
results from H,-O titration that showed a slightly particle size increase with increasing
Pt content. For HUSY series, particle size ranged in 0.8-2.9 nm for 0.4%Pt/HUSY and
in 0.7-2.5 nm for 0.7Pt/HUSY which is also in accordance with H,-O, titration results.
For 0.1Pt/HUSY, in the available STEM micrographs it was not possible to find Pt
particles. However, according to H,-O, titration and CO chemisorption (and also
catalytic results that are presented further on) it seems rather clear that a small particle
population exists. The different imaging properties of HUSY and HBEA zeolites and
the fact that this sample has the lowest number of Pt particles may explain this apparent
absence of Pt particles. A number of STEM studies would be required to found, for this
very low Pt content, the nanoparticles supported in HUSY zeolite. This was not, clearly,
the subject of this study. Moreover, coherency between H,-O, titration and CO

chemisorption results seems to take away any reasonable doubt.
3.3 Toluene hydrogenation

Toluene hydrogenation was performed at constant hydrogen to toluene molar ratio (45),
but the toluene WHSV was adjusted for each catalyst in order to keep initial conversion
lower than 15% and to mitigate the possible thermal effects due to the exothermicity of
the reaction. This influence was verified as, for example, over 0.7Pt/HUSY catalyst a
1.5-fold raise in activity occurred passing from 15% to 75% conversion level. In first
case, reactor temperature raised from 383 K to 387 K during the first 10 min of reaction

whereas in the former no change in the reaction temperature was observed.

Catalyst Pt contents were chosen to cover different metal/acid balances due to its
importance on hydrocracking catalysts performance. According to literature, a good
balance can be obtained with 0.4-0.6%Pt [10, 23] and so Pt contents were representative
of, in a simplistic way, low (0.1%Pt), fair/good (0.4%Pt) and high (0.7%Pt)
hydrogenating activity. Catalytic results are summarized on Table 3. The activity per

catalyst weight, the activity per total number of available adsorption sites (defined as
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Bronsted and Lewis and Pt sites) and the turnover frequency (per metal site) TOFp; at t=
1 min, as well as the deactivation rate after 60 min of reaction were also determined.
Figure 10 depicts the catalytic activity for PtYHUSY and Pt/HBEA series as a function
of reaction time and shows that deactivation occurs very quickly and, after 60 min of
reaction, activity is very reduced. It is also possible to observe that for the same zeolite,

the activity at 1 min increases with the Pt content in both catalysts series.

Figure 11a) depicts the TOFp; for both catalyst series. For HUSY-based catalysts, TOFp;
for 0.7%Pt is 1.7 times greater than that for 0.4% which is 2.3 times greater than that of
0.1%. For HBEA-based catalysts, from 0.1%Pt to 0.4%Pt, TOFp; increased significantly
whereas 0.4%Pt is 1.2 times greater than that of 0.7%Pt. In a general way, TOFp; is
changing by 1.7 fold for HBEA series and 4.0 fold for HUSY series. Independently of
the Pt content, the turnover frequency is always higher for HBEA-based catalysts than
for HUSY ones. In summary, TOFp; varies by 6-fold within these operating conditions,

depending on both the metal content and the support.

Deactivation rates after 60 min of reaction range from 81 to 95% and are slightly higher
for Pt/HUSY catalysts comparing to Pt/HBEA. The greatest difference occurred
between the catalysts with lower Pt content (0.1 wt.%). Differences between turnover
frequencies of the two catalyst series are visibly higher than those observed at t=1 min
(see Figure 11), due to the HBEA-based catalysts lower deactivation rates. The
deactivation rates are in line with the values published in literature for the deactivation
of Pt/HUSY catalysts in similar reaction conditions: 84-95% [33]. In the same study,
deactivation has been shown to be caused by the blockage of micropores due to
alkylation of toluene molecules by olefinic and dienic intermediates of their
hydrogenation resulting in mostly C;4 and C,; products. In our case, despite the similar
BAS concentrations for both zeolites series (Figure 5), there are some differences in

deactivation rates, which can be attributed to the different zeolite porous structures.

It is worthy to note that the discussion from this point on will be based in catalytic
activities obtained at t=1 min. Hypotheses made throughout cannot be applied for t=60
min due to the changes in the catalyst occurring during reaction and subsequent

deactivation process.
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4 Discussion

4.1 Is toluene hydrogenation structure insensitive?

The differences observed by comparing the turnover frequencies obtained for both
zeolites as a function of Pt content (Figure 11) clearly shows that, within these operating
conditions, toluene hydrogenation is sensitive to structure as, even for the same support,
TOFg is changing by a 1.7 fold for HBEA series and 4.0 fold for HUSY series.

The first idea of structure-insensivity of supported metal particles regarding benzene or
toluene hydrogenation (using the definition established by Boudart [52], i.e. the catalyst
activity could not be altered by the change of catalyst support) started to show some
incongruence in the 1970’s decade, as summarized by Gallezot [48]. More recent
studies also confirm, in a general way, that TOF of Pt particles depends on the support
characteristics, mainly on its acidity [34, 53-55]. On the other hand, Chupin et al. [33]
proposed a linear correlation between activity and number of accessible Pt atoms for
Pt/HFAU catalyst series (which should be the result of constant TOFp;). However,
according to the data reported in their work, there is an important increase in TOFp;
from 0.24 to 1.0 wt.% Pt content (1333 vs. 2223 h™), but when comparing 1.0 and 1.9%
the TOFp; values are similar and a slight decrease (0.85 fold) is observed for 2.5% Pt.
On other studies, the observations of structure insensitivity were obtained at relatively
high temperatures. In fact, benzene hydrogenation reaction is known to be less structure
sensitive at high temperatures, as increasing temperatures disfavour adsorption and will
thus tend to decrease the positive effects of a higher amount of adsorption sites [56].
Therefore, this work supports the mainstream tendency reported in literature
contradicting the structure-insensitivity of toluene hydrogenation.

Several relevant studies published in literature [33, 34, 57] do not refer the possible
influence of particle size on toluene hydrogenation and it is commonly accepted, in spite
of some contradictory studies, the lack of relevance of particle size of Pt supported
catalysts for one-ring aromatics hydrogenation [32]. Our results seem to support this
hypothesis as, for instance, a same particle size can result in two very different TOF (0.4
and 0.7%Pt HUSY-based catalysts).
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4.2 The role of acidity

The importance of support characteristics, namely the acidity, on catalytic activity can
be recognised by the changes on TOFp; observed in a great range when comparing the
two different zeolites (difference in textural properties, tortuosity, connectivity which
impact the diffusion of the reactants are in the present study not considered since both
zeolites HBEA and HUSY are classified as “large pore zeolites”). On the other hand,
significant differences of TOFp; measured for a Pt catalysts series supported on the
same zeolite that, in a general way, keeps its properties irrespective of Pt load, can only
be understood considering that support has an important role on reaction mechanism.
This enhancement on one-ring aromatics hydrogenation activity has been related to
acidity and it has been explained in literature by mainly two different mechanisms. The
first one considers that strong interaction of BAS with metal particles may increase
activity through improved particle electron deficiency or, in the limit, by creating
“metal-proton adducts” [58]. The second one considers that additional sites for
adsorption of the reactant that can be then hydrogenated by spilled over hydrogen (Hsp)
may also contribute to the hydrogenating activity [33, 34].

In our case of study, differences in metal-support interactions in the same catalyst series
seem to be excluded according to the results from CO chemisorption: IR maxima of Pt’-
CO band appear at ca. 2097 +/- 1 cm™ for all catalysts (with similar average Pt particle
size). Since TOFp; changes significantly, an important contribution of Hg, to the overall
activity seems to be a hypothesis. As matter of fact, the enhanced activity due to support
acidity has been commonly accepted to be due to the role of Hs, for the last 20 years
thanks mostly to the series of comprehensive studies performed by Vannice and co-
workers on benzene and toluene hydrogenation [34, 54]. They have shown that activity
changed according to the support acidity (SiO,-Al,03 > TiO; > n-Al,03 = SiO;) and
this increase in TOFp; has been attributed to the higher contribution of hydrogenation of
adsorbed toluene on the acid sites by Hs,. To explain the higher rates obtained with
acidic supports, Lin and Vannice [59] proposed a model that accurately fits the rate data
and considers the total observed rate as the sum of two contributions: the metal surface
(TOFpt) and the support (TOFsp). TOFp: was considered constant and equal to the one
determined over non-acidic supports as SiO, resulting in TOFgp contributions up to

80% of the overall activity [32]. The main criticism to this theory is the unfavourable
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thermodynamics of Hs, diffusion on insulating materials like SiO,, Al,O3 and zeolites,
only possible to overcome if the support has defects or is covered by a carbonaceous
layer [60]. Very recently, J. Im et al. [61] addressed that critic and elucidated the role of
Hsp in benzene hydrogenation using platinum encapsulated in LTA zeolite that was
therefore only accessible to H,. In that way, it was possible to study only the
contribution to the activity of the hydrogenation of benzene on the acid sites and
enhanced activity was observed. Moreover, using density functional theory (DFT)
calculations, it was proposed that surface hydroxyls facilitate the surface migration of

activated hydrogen.

In literature, it is possible to find some works [62] focused on the role of the different
types and strength of acid sites. A first paper pointed out a correlation between the ratio
of medium acid sites (adsorbing pyridine at 573 K) to total acid sites and the activity in
toluene hydrogenation of Pt/HAI-MCM-41 catalysts. The authors proposed that in
catalysts with high percentage of medium acid sites, the probability to find Pt clusters
surrounded by medium acid sites is enhanced and as a consequence the aromatic
hydrogenation on medium acid sites could more efficiently take place than that on weak
ones. However, total acidity ranged by 4-fold and thus the fraction of medium to total
acid sites may not give a correct idea about the concentration of medium acid sites
available. Moreover, Pt dispersion was not measured. In a second paper [63], it was
reported that at constant Pt load, the parent zeolite with more BAS (LAS were
comparable) exhibited the highest hydrogenation activity. Catalysts with a broad range
of Pt contents (0.05% to 2%) supported on HUS-SSY zeolite were tested, but there is no
information about Pt dispersion. In another paper [53], the authors showed that both
LAS and BAS can be individually responsible for the enhancement of metal-supported
catalysts on toluene hydrogenation by comparing Pt catalysts supported on either US-
SSY, HAI-MCM-41 or y-Al,03. In this study, activities seem to be correlated to the
total or strong acidity of the supports, but without any specific proportion. Also in this
case, the metal dispersion is not known and so a clear effect of the acidity cannot be

extracted.

In summary, the lack of studies over metal catalysts based on highly acidic supports, as
zeolites, leave us with many open questions regarding acidity role. For instance, is there

any difference in activity between BAS and LAS and their roles in toluene
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hydrogenation? Both types of acid sites are able to adsorb toluene [53], but differences
in adsorption/desorption may result in different reactivities of adsorbed toluene. As
pyridine and toluene have similar kinetic diameters (0.54 [64] and 0.58 nm [65],
respectively) no significant differences on accessibility are expected. On the other hand,
strength can also play a role as weak interactions may activate toluene towards
hydrogenation [60]. Moreover, pyridine is a stronger base (according to classical
organic chemistry principles) and so weak acid sites that adsorb pyridine may not be

able to adsorb toluene.

In our work, results indicate that HBEA-based catalysts have higher total acidity than
HUSY and so the higher TOFp; may be explained. Concerning the nature of acidity,
BAS are roughly the same for both zeolites while the amount of LAS is 4 times larger
for HBEA zeolite. Regarding medium acid sites to total acid sites ratio as proposed by
Wang [62], the ratio is equal for HUSY and HBEA at 523 K (0.81), so the impact of

this ratio in catalysts activity can be excluded.
4.3 Activity per total adsorption sites

As it has been evidenced, our results show the relevance of the support for the resulting
activity per metal site. Thus, it seems adequate to study the possible correlations
between Pt/zeolite catalyst properties and their influence on one-ring aromatics

hydrogenation.

For the same reason that there is no conclusions in terms of some aspects of acidity (as
strength and BAS vs. LAS), literature is scarce on clear properties-activity relationships:
the small amount of studies published with zeolitic catalysts either compare a zeolite
with a lower acidic support or did not present a comprehensive characterization of both
metal and acid sites. From the point of view of the toluene hydrogenation mechanism
proposed in literature, it comprises a dependence of the activity on the rate of Hg, to the
adsorption sites for toluene [34], i.e. hydrogenation of adsorbed toluene onto an acid
site will depend on the ability of the metal site in its vicinity to supply enough hydrogen
to hydrogenate the toluene molecule as soon as it has been adsorbed. Taking into
account the important variation observed on turnover frequency (per metal site) as
function of the number accessible Pt for Pt/HUSY and Pt/HBEA series (see Figure 12),

this contribution seems to be also significant in our case. This hypothesis seems fairly
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plausible as, over Pt/SiO,-Al, 03 catalysts, spillover route was found to contribute up to
80% to the overall rate reaction [32]. Therefore, if an important part of the catalyst
activity can be attributed to the hydrogenation of adsorbed toluene on acid sites by Hsp,
it seems that TOFp; is rather inadequate to express the catalytic activity per site
contributing to the hydrogenation rate. If toluene can be adsorbed onto both metal and
acid sites (and, in the latter case, hydrogenated by Hs,), the determination of an activity
per total number of available adsorbing sites could be a faithful measure for catalysts
comprising highly acidic supports. All acid sites assessed by pyridine adsorption will be
considered as adsorbing et aussi le Pt de surface non ?. Moreover, there is still another
issue that must be considered regarding the catalyst property that can replicate more
adequately its hydrogenating activity. Toluene can be adsorbed onto both metal and acid
sites, but hydrogen dissociation is improbable on acid sites being only dissociatively
adsorbed on the metal sites to be afterwards available to hydrogenate adsorbed toluene.
Therefore, the accessible metal to total adsorbing sites ratio npi/(np+Nna) seems to be an

appropriated choice.

Accordingly to this reasoning, Figure 13 depicts the evolution of the catalysts activity
per total adsorbing sites as a function of the metal to total adsorbing sites ratio. Data
from Chupin et al. study [33] were include because of the similarities in the catalysts
and catalytic tests performed in their work compared to ours. In particular, toluene
hydrogenation was carried out at the same temperature and H, to toluene ratio and
conversions at initial time were low in both studies. Total acidity was also determined
for each catalyst by pyridine chemisorption followed by FTIR and results were
normalized with extinction coefficients similar to the ones used in our work. The
quantification of accessible Pt was also determined by H,-O, titration verified by CO
chemisorption. Concerning the results, in all the three catalyst series, the activity per
total adsorbing sites increases steadily with npi/(npi+na). This fact goes in line with a
great contribution of spillover mechanism to hydrogenation activity. It means that for a
given zeolite, with constant acid sites concentration, the increase of accessible Pt atoms
leads to an increase on the amount of Hg, available for the same amount of acid sites
and so the catalytic activity per acid site should increase along with that of metal sites.

So, a higher activity per total adsorbing site and even an higher TOF; calculated as it is.
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This reasoning comprises an important hypothesis: activity of acid sites will only
increase if there is any margin to, i.e. there were sites being supplied with a lower rate
of Hgp than that required for their maximum activity. This maximum of activity cannot
be observed for any of the catalysts series. In this way, this type of analysis takes into
account the role of acidity in toluene hydrogenation and, even if it is somehow

simplistic, can be used effectively as measure of hydrogenating activity.
4.4 Influence of the zeolite on the hydrogenating activity

Comparisons based on the activity per total number of adsorbing sites (npi+na) as
function of npi/(npc+na) enable to withdraw the effect of the total acidity on the activity.
In this way, one could say that all catalysts should fit the same tendency of activity.
Observing Figure 13, all Pt/HUSY catalysts (both from our work and Chupin [33]) fit
the same tendency, but Pt/HBEA catalysts presents higher activities. Comparing both
series, HBEA-based catalysts with the lowest npi/(npi+na) have higher activity per total
adsorbing sites than Pt/HUSY catalysts with a higher npi/(npi+na) and this difference
seems to increase even more with npi/(nprtna) augmentation (in our working range).
The fact that two different series of HUSY-based catalysts have similar evolutions of
activity per total adsorbing sites as function of np/(npitna) and that HBEA-based
catalysts have a different evolution seems to point out the importance of the zeolite on

the catalytic activity observed per total adsorbing site.

As pointed out earlier, the type of acid sites may also matter in terms of its importance
to catalytic activity. From our results, it seems correct to presume that both BAS and
LAS can activate toluene that will be hydrogenated by Hg, species. Nevertheless, the
comparison based on pyridine adsorption results is valid only if toluene adsorption
follows a similar BAS to LAS ration. Regarding total acidity, HBEA-based catalyst
have around 63% of LAS whereas HUSY based have around 30% (our work) or 20%
(Chupin work). Therefore, the fact that HBEA-based catalysts have a higher activity per
acid site than HUSY one may indicate that the assumption that BAS and LAS
contribute equivalently to the catalytic activity is not fully correct. In that case, LAS
would have a higher contribution which, till now, has not been an object of discussion
in literature. Concerning textural properties, Wang and co-workers found a similar

conversion in hydrogenation of toluene by comparing Pt catalysts supported on both
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US-SSY and y-Al,O3 with similar total acidity [53]. The differences in the porous
volume as well as in the external surface between HBEA and HUSY zeolites were ruled
out as a key factor to distinguish catalytic activities in our case of study.

Finally, it will be important to take into account that metal-acid sites distance can play a
crucial role on the activity for catalysts in which acid sites activity did not yet attained a
maximal activity (as in this case of study) due to the low supply of these sites by Hg, or
even because some sites are not supplied by any Hg,. A smaller pathway between Pt
clusters and acid sites will increase the rate of Hg, reaching the acid sites. IR spectra in
the OH region of HBEA-based catalysts showed that the contribution at 3606 cm™
related with BAS and the contribution at 3665 cm™ assigned to OH groups on EFAL
species were shifted to high wavenumbers after Pt introduction. Additionally, the
intensity of 3606 cm™ was reduced by 45% which could not be a unique consequence of
the Pt** presence as the lost in BAS was only 10%. It was proposed that these marked
spectral features indicate the proximity of Pt particles and OH groups, without
significant changes on the metal-support interactions according to the similar IR
maxima of Pt°-CO contribution for all catalysts. On the contrary, IR spectra in the OH
region of HUSY-based catalysts show no particular difference to the parent zeolite and
neither among the impregnated samples. Therefore, the proximity between Pt clusters
and OH groups in HBEA-based catalysts may explain their higher activity for similar

nept/(Npt+na) comparing to HUSY-based catalysts.

In this way, the hydrogenating activity of a Pt/zeolite catalyst is a function of the total
acidity, but not uniquely. The proximity between Pt clusters and acid sites may improve
Hsp diffusion efficiency and LAS may also have larger role than that resulting from

pyridine adsorption.

5 Conclusion

Toluene hydrogenation was studied over catalysts based on Pt supported on large pore
zeolites (HUSHY and HBEA) containing different metal/acid sites ratio.

Parent zeolites and Pt catalysts were characterized in terms of acidity by pyridine
desorption, which has a similar kinetic diameter compared to toluene, followed by in

situ FTIR. Metal dispersion determined by H,-O, titration was found to be linearly
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correlated with the intensity of Pt°-CO band determined by in situ FTIR, which enable

to cross-check metal dispersion determined by each one of the techniques.

Toluene hydrogenation seems to be structure-sensitive as, even for the same support,
TOFp; are increasing by a 1.7 fold for HBEA series and 4.0 fold for HUSY series with
increasing amount of accessible metal. The enhanced activity was proposed to be due to
the contribution to the overall activity of the hydrogenation of adsorbed toluene via
hydrogen spillover. The absence of dissimilarities in the electronic properties of Pt°
clusters of similar average particle size observed by CO chemisorption followed by
FTIR, exclude the hypothesis, as suggest in some literature, of enhanced activity as
consequence of different strong metal-support interactions.

To compare catalysts with different supports, TOFp; was proposed to be rather
inadequate, as it does not take into account the role of acidity. Instead, an activity per
total number of adsorbing sites was suggested and it was observed that the activity per
total adsorbing sites increases steadily with npi/(npi+na) which represents the ratio of
hydrogenating to adsorbing sites. This is in line with the fact that an increase of the
accessible Pt atoms will result in an increase on the amount of spilled over hydrogen
available for the acid sites and so the acid sites activity should increase, until the

maximum activity will be reached.

Pt/HUSY catalysts seem to fit a similar tendency in the activity per total adsorbing sites
as np/(Npt+tna) augments. On the other hand, the HBEA-based catalysts have higher
activity per total adsorbing sites than Pt/HUSY catalysts for the same npi/(npt+na), in
our working range. These two facts point out to the importance of zeolite to the activity
observed per acid site and that it does not depend uniquely of the total acidity. Metal
particles in the vicinity of acid sites were detected by shift in OH groups contribution of
HBEA after Pt introduction. It was suggested that proximity between Pt clusters and
acid sites may be a key difference as acid sites activity depends mostly in the rate of Hy,
being supplied to them.

In summary, for metals supported in acid zeolites with no shape selectivity it seems
rather clear that toluene hydrogenation is a structure sensitive reaction and the catalytic
activity depends not only on the accessible metal, but also on the total acidity for a

given zeolite. This significant dependence on the zeolite total acidity is due to the vital
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contribution of hydrogenation of adsorbed toluene via Hs, to the overall activity.
Nevertheless, total acidity is not the only parameter to take into account in zeolites. The
improved activity of Pt/HBEA series compared to Pt/HUSY is proposed to be due to the
proximity between Pt clusters and acid sites detected by IR spectra in the OH region
or/and to a larger role of Lewis acid sites in the mechanism compared to pyridine
adsorption results. These results reinforce the importance of model reactions, like
toluene hydrogenation, as a closest perspective to the reaction in study itself which may
help to explain phenomena that cannot be seen by characterization techniques. This
information may also be very helpful to the design of new aromatic hydrogenation

catalysts based on noble metal deposited on large pore zeolites.
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Figure Captions

Figure 1. FTIR spectra in the hydroxyl region of HUSY and Pt/HUSY catalysts after
activation at 723 K under secondary vacuum. From top to bottom spectra: 0.7, 0.4, 0.1
and 0.0 wt.% Pt/HUSY

Figure 2. FTIR spectra in a) the hydroxyl region and b) detail of Si(OH)AI contribution
of HBEA and Pt/HBEA catalysts after activation at 723 K under secondary vacuum.
From top to bottom spectra: 0.7, 0.4, 0.1 and 0.0 wt.%Pt/HBEA. In inset, the intensities
have been normalized in order to focus on the frequency shift observed as a function of
Pt content.

Figure 3. Evolutions of the positions and intensities of the vVOH of SIOHAI BAS sites
(at ca. 3606 cm™ for HBEA) and AIOH EFAL species (at ca. 3662 cm™ for HBEA); left
and right panels respectively. The semi-quantification has been done after normalization

with the contribution due to silanol groups expected to be poorly affected by Pt atoms.

Figure 4. Evolutions of the positions and areas (3650 — 3550 cm™) of the hydroxyl
groups within the supercages and small cavities (at 3629 and 3566 cm™); left and right
panels respectively. The semi-quantification has been done after normalization with the

contribution due to silanol groups expected to be poorly affected by Pt atoms.

Figure 5. Concentrations (in umol/g) of BAS and LAS sites on a) HUSY zeolite, b)
0.7Pt/HUSY, c¢) HBEA and d) O0.7Pt/HBEA samples measured by pyridine
thermodesorption followed by FTIR.

Figure 6. IR spectra of pre-reduced HUSY and Pt/HUSY catalysts at CO saturation.
From top to bottom spectrum: 0.7, 0.4, 0.1 and 0.0 wt.% Pt.

Figure 7. IR spectra of pre-reduced HBEA and Pt/HBEA catalysts at CO saturation.
From top to bottom spectrum: 0.7, 0.4, 0.1 and 0.0 wt.% Pt.

Figure 8. Number of Pt surface atoms measured by H,-O, titration plotted as a
function of the intensity of the vCO at 2097 cm™ from Pt°CO species for both series:
HUSY and HBEA.
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Figure 9. STEM micrograph for 0.1%Pt/HBEA and TEM micrograph for
0.7%Pt/HUSY.

Figure 10. Activity as function of time-on-stream for a) Pt/HUSY and b) Pt/HBEA

series in toluene hydrogenation.

Figure 11. Turnover frequencies (per metal site) at a) t=1 min and b) t=60 min as
function of Pt content for Pt/HBEA () and Pt/HUSY (m) series in toluene

hydrogenation.

Figure 11. Turnover frequency (per metal site) at t=1 min as function of the number
accessible Pt for Pt/HBEA ( ) and Pt/HUSY ( m) series in toluene hydrogenation.

Figure 13. Activity per total adsorbing site as function of nPt/(nPt+nA) for Pt/HBEA
(#) and Pt/HUSY ( m) series in toluene hydrogenation. A series of Pt/HUSY catalysts

(®) from Chupin et al. [33] were also included.
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Figure 1. FTIR spectra in the hydroxyl region of HUSY and Pt/HUSY catalysts after activation at 723 K under secondary vacuum. From top to bottom spectra:
0.7, 0.4, 0.1 and 0.0 wt.%Pt/HUSY.
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Figure 2. FTIR spectra in a) the hydroxyl region and b) detail of Si(OH)AI contribution of HBEA and Pt/HBEA catalysts after activation at 723 K under
secondary vacuum. From top to bottom spectra: 0.7, 0.4, 0.1 and 0.0 wt.%Pt/HBEA. In inset, the intensities have been normalized in order to focus on the
frequency shift observed as a function of Pt content.
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Figure 3. Evolutions of the positions and intensities of the vVOH of SIOHAI BAS sites (at ca. 3606 cm™ for HBEA) and AIOH EFAL species (at ca. 3662 cm™ for
HBEA); left and right panels respectively. The semi-quantification has been done after normalization with the contribution due to silanol groups expected to be
poorly affected by Pt atoms.
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Figure 9. STEM micrograph for 0.1%Pt/HBEA and TEM micrograph for 0.7%Pt/HUSY.
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Figure 10. Activity as function of time-on-stream for a) Pt/HUSY and b) Pt/HBEA series in toluene hydrogenation.
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