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Abstract

The purpose of this work is to elucidate how platinum supported on a gallosilicate of the MFI type interacts with extra-framework and/or
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ramework gallium, thus affecting the properties of bifunctional catalysts of the Pt/H[Ga]MFI type. To this end, a gallosilicate
luminosilicate of the MFI type, with a Si/M atomic ratio∼= 15 (M = Ga, Al) were synthesized and characterized by X-ray diffraction (X
itrogen physical adsorption at−196◦C, and chemical analysis by ICP-AES. These zeolites were used as supports in the prepara
eries of bifunctional catalysts with varying Pt content: 0.10 wt.% Pt/H[Ga]ZSM5, 0.50 wt.% Pt/H[Ga]ZSM5, 1.00 wt.% Pt/H[Ga]ZS
.00 wt.% Pt/H[Al]ZSM5, which were assessed by transmission electronic microscopy (TEM); dispersion of the supported phase

o range within 50 and 80%. The supports (gallosilicate and aluminosilicate) as well as the bifunctional catalysts were characterize
hotoelectron spectroscopy (XPS) to determine the chemical species on their surfaces. The presence of extra-structural gallium w

n Pt/H[Ga]ZSM5, which could be found most probably as Ga2O3; the presence of Pt0, Pt–Oads, and PtO in Pt/H[Ga]ZSM5 and Pt/H[Al]ZSM
as also observed. It was also evidenced an increase in surface gallium concentration as the content of platinum increases in the Pt
olids. The bifunctional catalysts were catalytically tested under standard conditions by the acetone transformation reaction. Th
he catalytic test confirms that the 1.00 wt.% Pt/H[Al]MFI catalyst shows an initial global activity four times higher than the 1.
t/H[Ga]MFI one, and additionally a selectivity to the desired product (methyl isobutyl ketone, MIBK), three times higher. The act
electivity results observed for the Pt/H[Ga]MFI solids are remarkably similar to those found for the pure H[Ga]ZSM5 support. The
learly show that the platinum metallic centers on the Pt/H[Ga]ZSM5 catalysts are not active for the hydrogenation reactions of t
nd/or carbonylic double bonds, probably due to passivation caused by the gallium species on the surface of the bifunctional cata
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. Introduction

Monometallic and bimetallic bifunctional catalysts sup-
orted on zeolites are increasingly being used in processes
uch as refining as well as in the petrochemical industry[1–5]
nd fine chemical synthesis[6,7], since these catalysts are
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stable and have high selectivity in reactions such as hy
dehydrogenation and isomerization[3,8,9]. In this regard, i
is of great interest studying how these solids behave w
the nature of the supported phase and the strength o
acidic sites in the zeolitic supports are changed, and
when promoting agents or a second supported metal,
as tin[10,11], copper[12], etc., are added. However, it m
be considered that the presence of a second supported
does not guarantee that a catalyst with the desired prop
for a given process is obtained. This would depend on se
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factors, among which the following can be mentioned: type
of support (e.g., H[Al]ZSM5, H[Ga]ZSM5, H[B]ZSM5), na-
ture (e.g., Pt, Pd)[6,7] and concentration of the supported
metals, activation conditions[13,14], etc. As a consequence,
preparation and characterization of this type of catalyst have
to be carried out very carefully. In the processes of paraffin
oligomerization and aromatization, for instance, catalysts of
the gallium-doped zeolite type are frequently used, as they
have proved to be very effective in propane and butane arom-
atization, a reaction that has been object of a number of stud-
ies on the characterization of the catalysts, to determine the
active species for this kind of reaction[15–17].

It is not accurately known how these catalysts work, but
significant progress has been made regarding their character-
ization; for instance, it has been found that species such as
Ga2O3 are generated on the surface of these solids, which
are afterwards apparently reduced to Ga+ ions [18]. It has
also been found that in systems consisting of physical blends
of Ga2O3 and protonic zeolites, as well as in zeolites ex-
changed with aqueous solutions of Ga3+ precursor salts, gal-
lium migrates from the surface into the framework of the
zeolite structure, to occupy tetrahedral positions; this phe-
nomenon has been attributed to the mobility of gallium when
it is subjected to thermal treatments[19]. If gallium can mi-
grate from the surface into the crystalline zeolitic structure,
t Ga3+
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sites in the catalyst to be carried out[21]. Thus, it is ideal to
examine the possible interaction between Pt, responsible for
the metallic function, with Ga that takes part of the Brönsted
acid sites of the zeolitic structure. If there exist interactions
between these elements, it is conceivable that one or both
of the functionalities required for the acetone transformation
would be impaired.

2. Experimental

A gallosilicate and an aluminosilicate of the MFI type
were synthesized using the method proposed by Guth and
Caullet[22]. After washing and drying, the solids were cal-
cined in dry air at 550◦C for 6 h. These solids, obtained
as the sodium form (Na-[M]ZSM5; M = Ga, Al), were ex-
changed with a 2 M NH4C2H3O2 solution, dried at 105◦C,
heated at 1◦C/min to 550◦C, and kept at this temperature
for 6 h in dry air. This procedure resulted in the proton form
of the solids (H[Ga]ZSM5 and H[Al]ZSM5), which were
then characterized by means of X-ray diffraction (XRD), ni-
trogen physical adsorption at−196◦C, and chemical anal-
ysis by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES); the latter technique was used to deter-
mine the Si/M ratio for both solids. The zeolites obtained
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he reverse process could also take place; in this regard,
as been found to migrate from framework sites toward
olid surface in Ga-loaded zeolites. This leads initially to
ormation of Ga2O3 which could later react producing oth
pecies as can be seen below[15,20]:

a2O3 + 2H2 → Ga2O + 2H2O (1)

a2O + H2 → 2Ga + H2O (2)

a2O + 2(H+Z−) → 2(Ga+Z−) + H2O (3)

hen bifunctional catalysts of the Pt/H[Ga]ZSM5 type
sed, such as those studied in the present work, platinum
allium could potentially interact at their surfaces[15,21].
his interaction would certainly influence the behavio

hese catalysts in the hydrogenation reactions of the un
ated olefinic and/or carbonylic bonds that take part in
one transformation. This phenomenon has been obje
ittle study and seems to be both of great scientific an
ustrial interest. A series of catalyst of thexPt/H[Ga]ZSM5

ype were prepared in this work. The catalysts were ch
erized by means of different techniques (ICP-AES, TEM
PS), which showed that both platinum and gallium chem
pecies are present at their surfaces, as well as possible
ctions between these elements. The results obtained w
atalysts in the acetone transformation were compared
hose found for a Pt/H[Al]ZSM5 catalyst, and considera
ifferences were found that could be attributed to pos

nteractions of platinum with gallium species. The ace
ransformation to methyl isobutyl ketone (MIBK) was cho
ecause this reaction requires both acidic as well as me
-

ere used as supports in the synthesis of the following
lysts:xPt/H[Ga]ZSM5 (x= 0.10; 0.50; 1.00 wt.% Pt) an
.00 wt.% Pt/H[Al]ZSM5. The preparation of catalysts w
arried out using the impregnation-exchange method,
t(NH3)4Cl2 as a precursor salt. The solids obtained w
ried and then calcined under dry air flow at 300◦C for 6 h
nd finally reduced “in situ” under hydrogen atmospher
00◦C for 6 h; in both cases the temperature was incre
t a rate of 1◦C/min. The resulting solids were examined
canning electron microscopy, which show them to co
f spherical particles with about 6�m of mean diameter.

The bifunctional catalysts (Pt/H[Ga]ZSM5 a
t/H[Al]ZSM5) were evaluated by means of ICP-A
nd transmission electronic microscopy (TEM), as desc

n previous works[11,21]. These techniques were used
etermine the actual content of supported platinum

ts dispersion over the surface of both supports. The T
nalysis was carried out on several micrographs, such a
hown inFig. 2. Typically, more than 500 metallic particl
ppeared in the sampled zones; these were considered
pherical, in order to simplify calculations. The freque
f appearance of the different metal particle sizes [di (nm)]
as determined, as can be seen from the histogram (Fig. 2b).
he discrimination of particle size allows to estimate t
verage diameter [d (nm)] by means of the expressio
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2 [23]. Thus, (ni) is the number o
articles with diameter [di (nm)] in the analyzed samp
nce the average particle diameter [d (nm)] is obtained

he dispersion of the metallic phase was estimated from
quation proposed by Boudart[24], D∼= 1/d (nm). This is a
ood approximation for transition metals such as platinu
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The specific surface area (SSA) was assessed by the BET
method using a Micromeritics 2010 instrument. These results
showed that deposition of the platinum metallic phase did not
block the microporosity.

X-ray photoelectron spectroscopy (XPS) was employed
to determine the nature of the chemical species on the sur-
face of the catalysts. This was carried out by means of an
ESCALAB 220i-XL spectrometer (VG scientific) equipped
with a hemispherical electron analyzer and a double anode
Mg–Al non-monochromatic X-ray source. The pressure in
the analysis chamber was kept below 10−9 Torr. The reduc-
tion treatment was carried out “in situ”, by heating the fresh
samples under hydrogen flow at 500◦C for 2 h. The reduced
samples were protected from exposition to the atmosphere
by immersion into a hydrocarbon solvent (purified hexane)
while transferring from the reactor to the preparation cham-
ber of the spectrometer. Complex spectra were fitted (“de-
convoluted”) employing the XPSPEAK 4.1 software, pro-
vided by VG. After removal of the S-shaped background,
non-linear least-squares fit of the experimental spectrum by
several peaks of variable Lorentzian/Gaussian contributions
was carried out. In the case of Pt, the FWHM’s of the two
components of each doublet were assumed to be equal, the
ratio of areas was kept at 4:3 (4f7/2:4f5/2), and peak separation
was 3.36 eV. The surface Si/Ga ratio was estimated from the
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Fig. 1. X-ray diffractogram: (a) H[Ga]MFI; (b) H[Al]MFI; and (c)
1.00%Pt/H[Ga]MFI.

SSA of the supports as well as the bifunctional catalysts
was evaluated by nitrogen physical adsorption at−196◦C;
the results obtained range within 370 and 380 m2/g, (Table 1),
indicating that no part of the channel structure of the solids
is blocked to nitrogen access by the supported metal. Bulk
Si/M (M = Ga, Al) atomic ratios around 15 for both supports
can also be seen in the same table. As the solids show high
purity and crystallinity (Fig. 1) it can be considered that most
Ga and Al atoms are within the framework structure, gener-
ating Br̈onsted acid centers. The coincidence of Si/M ratios
(Table 1) means that both catalysts exhibit a very similar
density of acidic sites. Previous results suggest that there is
a slight difference in the strength of the acid sites, as the gal-
losilicate and the aluminosilicate desorb ammonia up to 400
and 470◦C, respectively[21,27].

The ICP-AES technique was also employed to determine
the content of platinum supported over the bifunctional cat-
alysts. According toTable 1, the values obtained are very
close to the theoretical ones, implying that the exchange-
impregnation method can be properly used to introduce the
content of the desired metallic phase.

3.1. TEM analysis

Since hydrogenation reactions depend on the number of
m of the
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eak areas of the Ga3d and Si2p signals, using the sens
actors of the equipment. Several measurements were
nd averaged, the reproducibility of these measuremen

ng very good.
The catalysts were evaluated by means of the ace

ransformation reaction in the presence of hydrogen, w
as carried out in a dynamic fixed-bed reactor at 160◦C,
atm. total pressure, an acetone/hydrogen molar ratio =
ariable WHSV. The reactor effluents were analyzed w
P-6890 Gas Chromatograph, equipped with a FID dete
CP-SIL 5 CB column (30 m length, 0.25 mm diameter
composition of 5% phenyl methyl siloxane).

. Results and discussion

The synthesized solids were assessed by XRD, w
howed (Fig. 1a and b) the peaks characteristic of the M
tructure[25]. They seem to have high purity and crystallin
s no extra-framework Ga or Al were detected (absen
a2O3 or Al2O3 signals). These results do not agree w

hose reported by Nowak et al.[26], who found segregate
a2O3 after calcination at 550◦C of similar gallosilicate
olids. The absence of the signals corresponding to thi
de, however, could not disprove the existence of Ga2O3 in
ow contents and very dispersed.Fig. 1c shows the diffrac
ogram of the 1.00 wt.% Pt/H[Ga]MFI bifunctional cataly
his result is typical of all metal containing samples, both
ined or calcined and reduced, showing that the introdu
f platinum and the activation processes do not apprec
odify the structure of the support.
etallic centers accessible to the reagent, the dispersion
upported platinum in three of the bifunctional catalysts
valuated by the methodology described previously[21,27].

able 1
hysicochemical characteristics of the catalysts

atalysts Si/M Pt (%)exp.
a SSA (m2/g) D (%)TEM

[Al]MFI 15 – 373 –
[Ga]MFI 16 – 380 –
.10%Pt/H[Ga]MFI 16 0.10 378 82
.50%Pt/H[Ga]MFI 16 0.48 379 –
.00%Pt/H[Ga]MFI 16 0.98 375 83
.00%Pt/H[Al]MFI 15 1.02 370 54

a All samples assessed were anhydrous.
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Fig. 2. (a) Micrograph from transmission electronic microscopy for
1.00%Pt/H[Ga]MFI and (b) frequency of appearance of the particles size
on the 1.00%Pt/H[Ga]MFI.

The results suggest that the average diameters of the platinum
particle range within 2.0 and 1.2 nm (see histogram,Fig. 2b),
meaning that the dispersions obtained range within 50 and
80% for the 1.00%Pt/H[Al]ZSM5 and 1.00%Pt/H[Ga]ZSM5
catalysts, respectively. According to the results obtained by
TEM, the second catalyst (1.00%Pt/H[Ga]MFI) could be ex-
pected to exhibit a higher activity in the hydrogenation of the
olefinic and/or carbonylic double bonds. As a consequence,
a higher global activity should be obtained with this catalyst
in the test reaction (acetone transformation).

3.2. XPS analysis

With the aim to determine the chemical species present
on the surface of the catalysts that could take part in the
hydrogenation processes mentioned before, the solids were
evaluated by means of XPS in the O1s; C1s; Si2p; Pt4f; and
the Ga3d–O2s regions. The spectral signals were referred to
C1s (284.6 eV)[28], which was used as a standardization
parameter.

Fig. 3 shows the XPS spectrum for the supports used in
this work, after calcination and reduction (H[Ga]ZSM5 (1)
and H[Al]ZSM5 (2)). A signal can be appreciated at a binding
energy (B.E.) of 25.0 eV, attributable in both cases to O2s; in
the XPS spectra of the H[Ga]ZSM5 solid, a second peak can
b a3d.

b PS;
X

Fig. 3. XPS spectra in the O2s region for the following supports: (1)
H[Ga]MFI; and (2) H[Al]MFI.

the following solids: Ga2O3 (solid used as a reference),
H[Ga]ZSM5, 0.10%Pt/H[Ga]MFI, 0.50%Pt/H[Ga]MFI and
1.00%Pt/H[Ga]MFI (c,r).Fig. 4a shows the XPS spectrum
of Ga2O3 (c,r) in the region of Ga3d; there, an intense sig-
nal is observed at 21.5 eV, which is attributable to Ga(III)
with octahedral coordination environment, which suggests
that this element is mainly present in this form in the solid.
According toFig. 4b, corresponding to H[Ga]ZSM5 (c,r), a
signal at 20.5 eV is observed in the same spectral region. This
signal was assigned to Ga(III) with tetrahedral coordination
environment.

Fig. 4c–e show that XPS spectra forxPt/H[Ga]ZSM5
(x= 0.10; 0.50; and 1.00 wt.% Pt) catalysts present two sig-
nals in the Ga3d region; the first one at B.E. = 20.5 eV, as-

Fig. 4. XPS spectra in the Ga3d region for: (a) Ga2O3 (c,r); (b) H[Ga]MFI
(c,r); (c) 0.10%Pt/ H[Ga]MFI (c,r); (d) 0.50%Pt/ H[Ga]MFI; (e) 1.00%Pt/
H[Ga]MFI (c,r).
e observed at B.E. = 20.5 eV, which was attributed to G
Once calcined and reduced (c,r), all thexPt/H[Ga]MFI

ifunctional catalysts were evaluated by means of X
PS spectra in the Ga3d region are reported inFig. 4 for
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signed to Ga(III) with tetrahedral coordination environment,
and the second one at B.E. between 21.5 and 21.9 eV, assigned
to extra-framework Ga(III); this signal increases in intensity
as the content of platinum supported over H[Ga]ZSM5 in-
creases, as can be seen inFig. 4c–e. These results suggest
that supported platinum may induce segregation of gallium
from the zeolite structure, which should favor interactions
between platinum particles and the extra-framework gallium
species (Ga2O3, Ga2O, Ga+) [18]. This could be causing
passivation of the platinum metallic centers toward hydro-
dehydrogenation reactions.

In this regard, the surface Si/Ga ratio in the series of cat-
alysts [xPt/H[Ga]ZSM5 (x= 0.10; 0.50 and 1.00 wt.% Pt)]
was evaluated by means of XPS, which permitted to deter-
mine the evolution of the migration of structural Ga toward
the formation of extra-structural Ga species as the content of
supported platinum in the catalyst increases. The results are
reported inTable 2, according to which the values of the bulk
Si/Ga ratio (determined by ICP-AES) and the surface Si/Ga
ratio (obtained by XPS) for the H[Ga]ZSM5 support, are 15
and 16, respectively; these results suggest that the processes
of calcination and reduction do not increase the structural Ga
(III) migration toward the surface of H[Ga]ZSM5. However,
as platinum is introduced into the surface of these solids,
the activation processes of the Pt/H[Ga]ZSM5 catalyst bring
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Fig. 5. XPS spectra in the Pt 4f region of: (a) 0.10%Pt/H[Ga]MFI (c,r); (b)
0.50%Pt/H[Ga]MFI (c,r).

producing a geometrical effect by means of which the Pt0

clusters could be covered by gallium oxide species, which
would make metallic platinum insensitive to the hydrogena-
tion reactions or inaccessible for the reactants.

The XPS analysis for the Pt 4f region,Fig. 5, shows ill-
defined spectra for samples with 0.10 and 0.50 wt.% Pt. On
the other hand, catalysts with 1.00 wt.% Pt showed spectra
with higher intensities and better definition of the signals,
which could be curve fitted by several doublets, as shown in
Fig. 6. In the case of the sample calcined at 300◦C, two sets
of doublets, (A) and (B), suffice to fit the experimental sig-
nal. The corresponding Pt4f7/2 signals show binding energies
(B.E.) of: (A) 72.8; and (B) 71.6 eV. Generally, Pt4f7/2 peaks
below 71.8 eV are assigned to Pt in metallic state[28–31].
On the other hand, Pt4f7/2 peaks with a B.E. of 71.8 eV have
been previously assigned to a surface Pt–Oads(adsorbed oxy-
gen complex)[28]. Other authors have assigned a signal at
the same position to Pt nanoclusters modified with differ-
ent organic ligands[32]. The Pt4f7/2 signal at 72.8 eV is at a
somewhat lower binding energy than PtO (73.3 eV)[28].

Thus, the (A) doublet could be assigned to oxidized Pt(II)
species and/or Pt(II) interacting with Ga2O3, probably form-
ing mixed oxides species, while (B) could reflect very dis-
persed Pt0 interacting with surface O groups of the zeolite.
Upon H2 reduction at 500◦C there is a strong decrease of the
t pear-
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a t be
p ium)
h gher
t llic
c
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p at a
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s en-
e FI
bout a strong migration of Ga from the framework to the
ace, as can be observed inTable 2, where the surface Si/G
atio decreases from 16 to 4 when the supported plat
ontent increases from 0 to 1%.

These results clearly demonstrate the effect of the
orted platinum on the “degalliation” process (equiva

o the dealumination of aluminosilicate zeolites) of th
t/H[Ga]ZSM5 catalysts, a phenomenon that could be
ociated to the mobility of gallium in this solids as a con
uence of thermal effects, but basically due to the forma
f stable chemical species between platinum and gal
hich have been proposed as bimetallic (Pt–Ga) by Ch
l. [19]. Therefore, it was suggested that the non-sinte
f the supported metallic phase (dispersion is over 80

he present solids) and the low hydrogenating activity o
olids are a direct consequence of the formation of t
pecies. Notwithstanding, the XPS analyses of these
ysts do not permit to confirm the presence of species su
a2O, Ga+, Ga0, Pt–Ga on the surface. Therefore, what co
e happening in the present catalysts is that the partic
etallic platinum could be interacting with Ga2O3 species
robably forming mixed platinum and gallium oxides and

able 2
i/Ga atomic ratios for the series of catalysts (xPt/H[Ga]MFI (x= 0.00, 0.10
.50 and 1.00 wt.% Pt))

ample Si/Ga(XPS)

[Ga]MFI (c,r) 15 (ICP-AES) 16
.10%Pt/H[Ga]MFI (c,r) 10
.50%Pt/H[Ga]MFI (c,r) 5
.00%Pt/H[Ga]MFI (c,r) 4
otal area of the (A) doublet, an increase of (B) and the ap
nce of a new doublet (C) with a Pt4f7/2 peak at 70.8 eV. Th

atter value is characteristic of bulk Pt0, as reported elsewhe
28,33]. Again, (B) would correspond to dispersed Pt0 inter-
cting with surface oxygen groups. In this regard, it mus
ointed out that dispersed noble metal particles (pallad
ave being said to show binding energies up to 2 eV hi

han the bulk metal[34], probably due to a decreased meta
haracter of such highly dispersed clusters.

Considering that (B) can be assigned to essentially m
ic Pt particles anchored to surface O groups, then the
rease of the size of the (A) doublet and the parallel incr
f (B) upon reduction, could reflect an increase of the
ersion of Pt on the zeolite surface. It is worth noting th
.00% Pt/H[Al]MFI catalyst, calcined and reduced under
ame conditions, showed only two doublets, with binding
rgies corresponding to (B) and (C) in 1.00% Pt/H[Ga]M
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Fig. 6. XPS spectra in the Pt4f region: (a) 1.00%Pt/H[Ga]MFI (c); (b)
1.00%Pt/H[Ga]MFI (c,r); (c) 1.00%Pt/H[Al]MFI (c,r). A, B, and C corre-
spond to the Pt4f7/2 peaks of three different sets of doublets obtained by de-
convolution of the Pt4f envelope.D is the Al2p signal of an aluminosilicate-
supported sample.

(Fig. 6c). Thus, the (A) doublet in the latter catalyst in the
reduced state could be assigned to Pt(II) interacting with a
Ga oxidic species which is not present in the Pt/H[Al]ZSM5
catalyst.

3.3. Catalytic test

The acetone transformation reaction was carried out un-
der the conditions already described over each one of the
prepared catalyst (xPt/H[Ga]MFI and Pt/H[Al]MFI), in or-
der to evaluate activity, selectivity and stability over each
one of them. Considering that acetone is transformed over
these catalysts according to the following reaction scheme
[6]:

Fig. 7. Evolution of acetone conversion as a function of reaction
time for H[Ga]MFI; H[Al]MFI; 0.10%Pt/H[Ga]MFI; 0.50%Pt/H[Ga]MFI;
1.00%Pt/H[Ga]MFI at 160◦C, 1 atm., PAc/PH2 = 3 and WHSV = 9.4 h−1.

then it should be expected that if both functions in these cata-
lysts are “switched on” (acidic function supplied by the pro-
tonic sites in the support and hydro-dehydrogenating function
by the metallic centers of the supported platinum), acetone
transformation should take place as proposed in the previ-
ous reaction scheme[6]. It would account for the forma-
tion of products such as methyl isobutyl ketone (MIBK),
propane (C3), 2-methyl-pentane (2MP), mesityl oxide (MO)
and heavy products such as diisobutyl ketone (DIBK). How-
ever, the higher or lesser degree of formation of a given
product will depend on which function (acidic or hydro-
dehydrogenating) has the highest number of sites and/or is
the most active. For instance, if there were no acidic function
or the acidic sites would not have the necessary acid strength
to catalyze aldolization of two acetone molecules, then the
concentrations of MO, MIBK and DIBK should be relatively
low. On the other hand, if there is no metallic function or it is
not active and/or selective to hydrogenation of the CO ace-
tone bond, propane formation would be severely restricted.
Thus, this test reaction is considered to be convenient to assess
the solids and to correlate the resulting catalytic parameters
(activity, selectivity and stability) with the characterization
data obtained by means of the different analytical techniques
employed.

Fig. 7 shows the evolution of the acetone conversion
a M5,
H
a
I (
o in-
c o that
s a function of the reaction time, over the H[Ga]ZS
[Al]ZSM5 supports and thexPt/H[Ga]ZSM5 (x= 0.10; 0.50
nd 1.00 wt.% Pt) bifunctional catalysts, at WHSV = 94 h−1.

n this reaction it can be seen that the initial conversionX0)
f these solids varies little; however, the initial activity
reases with the content of supported metallic phase, s
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Fig. 8. Distribution of products (selectivity) at 10% conversion for H[Ga]MFI; H[Al]MFI; 0.10%Pt/H[Ga]MFI; 0.50%Pt/H[Ga]MFI; 1.00%Pt/H[Ga]MFI.

the following order can be established:X0 (1.00 wt.% Pt) >X0
(0.50 wt.% Pt) >X0 (0.10 wt.% Pt) >X0 (0 wt.% Pt). This be-
havior could be related to the number of active metallic cen-
ters initially on their surface, which should be higher as the
concentration of supported platinum increases. It can also
be observed that deactivation of the bifunctional catalysts
is drastic and very similar to that shown by H[Ga]ZSM5;
this suggests that the bifunctional catalysts (xPt/H[Ga]MFI)
do not have a high number of active metallic centers, even
though they showed an excellent dispersion of the supported
metallic phase, as measured by TEM (Fig. 2 andTable 1).
The ability of these solids to act mostly as acidic catalysts
can be explained suggesting that their metallic phase has
been passivated by the presence of gallium, as pointed out
by the presence of doublet (A) in the Pt 4f XPS spectra of the
1.00 %Pt/H[Ga]MFI catalyst (Fig. 6a and b). Thus, as a con-
sequence of annulling the hydro-dehydrogenating function in
these solids, carbonaceous residues formed in these catalysts
are of the cyclic ketones type, such as isophorone and isoxyli-
tones[12], substances having large molecular weight and vol-
ume, as well as high boiling point. This causes them to be
retained inside the inner structure of the support, leading to a
rapid deactivation of the catalysts, as can be seen inFig. 7. The
mobility of Ga, as demonstrated by the decreasing XPS Si/Ga
ratio (Table 2), is in line with the observed passivation of Pt by
e tra-
f olite
c

this
r he re
s g
t the
a M5,
H r

all solids; that is to say, low and high selectivity toward MIBK
and MO respectively, meaning that the hydrogenation reac-
tion of the olefinic double bond of the unsaturated�–� ke-
tone (mesithyl oxide), allowing MIBK formation, is severely
restricted simply due to the fact that most of the platinum
metallic centers are not active for this reaction; this is a phe-
nomenon attributable to the interaction between platinum and
gallium.

Fig. 9 compares the development of acetone conver-
sion as a function of the reaction time over the cat-
alysts with highest Pt loading (1.00%Pt/H[Ga]MFI and
1.00%Pt/H[Al]MFI), which was carried out under the con-
ditions described in the Section2 and at WHSV = 9.4 h−1.
It can be observed that 1.00%Pt/H[Al]MFI catalyst’s ini-
tial activity is virtually 4 times the value obtained over the
1.00%Pt/H[Ga]MFI catalyst. This figure also shows how
the Pt/H[Ga]MFI catalyst is completely deactivated after
40 min of reaction, which could be associated to an un-

F e for
1
W

ither decoration or reaction of the metal particles with ex
ramework Ga species, which occurs mostly within the ze
hannels.

The selectivity to the different products generated in
eaction over each catalyst has also been determined; t
ults are shown inFig. 8 for 10% conversion. Accordin
o this figure, selectivity to the products generated in
cetone transformation over these catalysts (H[Ga]ZS
[Al]ZSM5 and xPt/H[Ga]MFI) is certainly very similar fo
-

ig. 9. Evolution of acetone conversion as a function of reaction tim
.00%Pt/H[Ga]MFI; 1.00%Pt/H[Al]MFI at 160◦C, 1 atm., PAc/PH2 = 3 and
HSV = 9.4 h−1.
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Fig. 10. Distribution of products (selectivity) at 10% conversion for
1.00%Pt/H[Ga]MFI; 1.00%Pt/H[Al]MFI and MIBK/MO formation rate
ratios.

balance between the acidic and the hydro-dehydrogenating
functions.

Considering that the method used to prepare the cata-
lysts was the same, that both solids have a very similar
density of acidic sites (Si/Ga = 16 and Si/Al = 15), and that
the Pt/H[Ga]MFI catalyst dispersion of the supported metal-
lic phase is higher, it is odd that (at a 10% conversion)
the Pt/H[Al]MFI produces three times more MIBK than
the Pt/H[Ga]MFI (Fig. 10); however, the latter solid pro-
duces 64 times more MO than the Pt/H[Al]MFI catalyst.
At the same time, it can be appreciated in this figure that
both solids are able to catalyze acetone aldolization in more
than 80% selectivity and the MIBK/MO formation rate ra-
tios obtained are 0.4 and 79 for the 1.00%Pt/H[Ga]MFI and
1.00%Pt/H[Al]MFI catalysts, respectively. These rate ratios
could be explained considering that the platinum metallic
centers over the 1.00%Pt/H[Ga]MFI catalyst are not active
for the hydrogenation of the olefinic double bond of MO. As
a result, MO is produced in a higher proportion than MIBK,
which would be in accordance with the results obtained by
means of the XPS analysis of the 1.00%Pt/H[Ga]MFI cat-
alyst. Additionally, experiments carried out at other differ-
ent WHSV values (not shown), confirm that the selectivities
shown inFig. 10are independent of the extent of deactivation
of the catalysts.

4

ype
h out
o
i

bal-
a ghest
c

Even though the 1.00%Pt/H[Ga]MFI and 1.00%Pt/H[Al]
MFI catalysts have similar physicochemical properties, they
exhibit completely different catalytic behaviors; the first one
acts as a mere acid catalyst, with a supported metallic phase
virtually annulled, as shown by its low activity toward hy-
drogenation of the double bonds of acetone and the un-
saturated�–� ketone; this behavior seems to be due to
the interaction of platinum with extra-framework gallium
formed over the H[Ga]ZSM5 support, as observed in the XPS
analysis.

All the facts confirm that the hydrogenating capacity of
platinum is substantially decreased due to the presence of
Ga in the zeolite, implying that bifunctional catalysts of the
Pt/H[Ga]MFI type would not be attractive to be used in hy-
drogenation reactions, at least under the operation conditions
employed.

The results obtained from the physicochemical charac-
terization and the catalytic study evidence an interaction
between platinum and gallium in the bifunctional catalysts
of Pt/H[Ga]MFI type, which could be of electronic and/or
geometrical type.
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