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Abstract
An MFI type galosilicate was synthesized and characterized employing XRD, N2 adsorption at �196 8C, chemical analysis by ICP-AES, and

XPS. This material was used in the preparation of Pd/H[Ga]ZSM5 and Pt/H[Ga]ZSM5 bifunctional catalysts, calcined under dry air for 6 h at 500

and 300 8C, respectively, and then reduced ‘‘in situ’’ under H2 flow for 6 h at 500 8C. The bifunctional catalysts were also characterized by XRD,

N2 physisorption, TEM, chemical analysis, and XPS. The support possesses an MFI structure with excellent crystallinity, as shown by XRD. Bulk

chemical analysis shows a (Si/Ga)ICP-AES atomic ratio of 16. The absence of Ga2O3 is suggested by both XRD and XPS (at surface level). The

atomic ratio at the surface, (Si/Ga)XPS, is the same as that found by ICP-AES, suggesting that Ga is distributed homogeneously. XRD and N2

physisorption results of the bifunctional catalysts suggest that metal incorporation does not affect sensibly the structure of the support. Dispersion

of Pd and Pt in either catalyst was estimated from TEM analysis, indicating in both cases values of the order of 80%. The atomic ratios (Si/Ga)XPS at

the surface were 16 for Pd/Galosilicate, and 4 for Pt/Galosilicate, suggesting that Pt promotes migration of Ga towards the external surface of the

solid, a phenomenon that is not observed for the Pd/H[Ga]ZSM5 catalyst. Degaliation promoted by Pt could be explained assuming that Pt and Ga

could form stable chemical species, as might be indicated by XPS results. The transformation of acetone to MIBK was employed as catalytic test.

These results indicate very different behaviors for either bifunctional catalyst.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Supported metal catalysts have been in the forefront of

heterogeneous catalysts for many years. These catalysts are

widely used since they combine the desirable catalytic

properties of the metal with the enhanced activity resulting

from being dispersed on a high surface area material. Interest in

gallium-containing MFI-type zeolites stems from their high

selectivity to aromatics in the catalytic conversion of olefins

and paraffins, the so-called Cyclar process [1], and also from
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their high catalytic activity for vapour phase conversion of

phenol and ammonia mixtures into aniline [2]. Gallium species

are said to be effective in various forms: incorporated into the

zeolitic framework, impregnated [3], ion exchanged [4], or

even as physical mixtures of H-ZSM5 and Ga2O3 [5]. For

gallosilicates, which could contain two types of gallium

species, the catalytic roles of framework and extra-framework

gallium has been a matter of interest. Although it is not

accurately known how these catalysts work, the studies of

characterization carried out on these solids have allowed to

determine that species such as Ga2O3, generated in the surface

of these solids, are seemingly reduced to Ga+ ions [6]. These

species have also been found in systems that consist of physical

mixtures of Ga2O3 and protonic zeolites, as well as in zeolites

exchanged with aqueous solutions of Ga3+ precursors. It has

also been detected that gallium migrates from the surface (i.e.,
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Fig. 1. Powder X-ray diffractograms of: (a) H[Ga]ZSM5 and (b) 1 wt%Pd/

H[Ga]ZSM5.
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impregnated or ion exchanged species) toward the framework;

this phenomenon has been attributed to the mobility of gallium

under the action of thermal treatments [7]. On the other hand, in

solids with structural gallium, the migration of Ga3+ has been

observed from the framework positions toward the surface, with

formation of Ga2O3 that then could transform in other species

such as Ga2O, Ga+, Ga0 [8].

Supports of the H[Ga]MFI family are being employed with

increasing frequency in the preparation of bifunctional catalysts

of the metal/H[Ga]MFI type, because the resulting solids

generally show a high dispersion of the supported metal phase,

as well as an appropriate strength and density of acid sites to

catalyze chemical reactions of industrial interest. In this sense,

in the scientific literature a large number of works employing

this type of catalysts can be found for applications in

petrochemical processes [9–13] and fine chemical synthesis

[14,15]. One reason for this is that these solids are very active,

selective and stable in reactions such as hydro-dehydrogenation

and isomerization [11,16,17]. Recently, however, results that

throw some doubts on the potential of Pt/H[Ga]ZSM5 catalysts

for hydrogenation reactions have been reported [7,18,19],

showing a relatively low activity of these solids, that has been

assigned to a passivation of the metallic centers probably

originated in an interaction of the supported phase with extra-

structural Ga species (Ga2O3, Ga2O, Ga+, Ga, etc.), which

migrate or are formed on the surface of the galosilicate [19].

The purpose of the present work is to contribute to the study

of the passivation problem of the Pt metallic centers by gallium,

comparing the Pt systems with the analog Pd/H[Ga]ZSM5

catalysts, employing a series of characterization techniques,

such as XRD, ICP-AES elemental analysis, N2 physisorption,

TEM and XPS. To further characterize both sets of catalysts,

the transformation of acetone to methyl-isobutyl-ketone,

MIBK, under standard conditions [14,20] is employed as test

reaction. This reaction is well suited to evaluate bifunctional

catalysts, such as those reported in the present work, as it

requires both acidic (for aldolization and dehydration steps) and

metallic functions (selective hydrogenation of an a,b-

unsaturated ketone; for a detailed reaction scheme, see below).

2. Experimental

An MFI-type galosilicate was synthesized by the method of

Guth and Caullet [21]. After washing and drying it was calcined

in dry air at 550 8C. The solid obtained was exchanged with a

2 M NH4C2H3O2 solution, dried and calcined again at 550 8C
under dry air, allowing to obtain the protonic form,

H[Ga]ZSM5. Thereafter, this galosilicate was characterized

by powder X-ray diffraction (XRD, Siemens D-5005 instru-

ment, employing Cu Ka radiation) to check its crystalline

structure; N2 physisorption at �196 8C (Micromeritics 2010

instrument) to measure BET specific surface area (ASS),

chemical analysis by inductively coupled plasma-atomic

emission spectroscopy (ICP-AES, EAA-LL CGB, PerkinEl-

mer), allowing to verify the bulk atomic ratio (Si/Ga)ICP-AES,

and finally, X-ray photoelectron spectroscopy (XPS, ESCA-

LAB 220i-XL spectrometer, VG Scientific), in order to
determine surface chemical species as well as the surface

atomic ratio (Si/Ga)XPS. The solid thus obtained and

characterized was employed as support in the preparation of

two bifunctional catalysts: 1 wt%Pd/H[Ga]ZSM5 and

1 wt%Pt/H[Ga]ZSM5, by means of the exchange–impregna-

tion method [18], using as metal precursors Pd(NH3)4Cl2 and

Pt(NH3)4Cl2 (both from Aldrich). The resulting impregnated

solids were first dried and then calcined for 6 h under dry air

flow at 500 (Pd) and 300 8C (Pt). Afterwards, they were reduced

‘‘in situ’’ under H2 flow for 6 h at 500 8C. The resulting

bifunctional catalysts (Pd/H[Ga]ZSM5 and Pt/H[Ga]ZSM5)

were evaluated by powder XRD, to check if the introduction of

metals affect the crystallinity of the support; ICP-AES to

measure the actual metal content; transmission electron

microscopy (TEM, Hitachi CM-10 equipment operated at

120 kV), to determine the dispersion, D, of the metallic phase

on the galosilicate surface; BET surface area by physisorption

of N2; and XPS, to check the state of surface species in the

catalysts surfaces. Samples for TEM, XPS and activity

measurements were reduced ‘‘in situ’’ under flowing H2 at

500 8C. The catalysts were evaluated using as test reaction the

transformation of acetone at 160 8C, 1 atm total pressure,

acetone/H2 atomic ratio = 3, and variable WHSV. Analysis of

the reactor effluent was carried out by means of a HP-6890 gas

chromatograph with FID detector and a CP-Sil 5CB column of

30 m length and 0.25 mm diameter. This analytical methodol-

ogy presents a relative error that does not exceed 2%.

3. Results and discussion

3.1. Catalysts characterization

Evaluation by XRD of the support shows that it possesses an

MFI type structure with high purity and crystallinity, as can be

appreciated in Fig. 1a. The same technique indicated that for

both bifunctional catalysts the introduction of the metals does

not bring about noticeable structural changes in the support, as

can be seen for the 1 wt%Pd/H[Ga]ZSM5 catalyst (Fig. 1b).



Table 1

Physicochemical characteristics of the support and the supported catalysts

Catalysts (Si/Ga)ICP (Si/Ga)XPS M (wt%)a SSA (m2/g) D (%)TEM

H[Ga]ZSM5 16 15 – 380 –

1.00%Pd/H[Ga]ZSM5 16 16 1.02 375 77

1.00%Pt/H[Ga]ZSM5 16 4 0.98 370 84

a M = Pd or Pt.
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Specific surface areas (SSA) of both support and catalysts

measured by N2 physisorption (BET method) showed values

between 370 � 380 m2/g, as shown in Table 1. These are

typical values for this type of material, suggesting that neither

the support nor the catalysts present blockage for the access of

N2 molecules to the inner porous structure.

In Table 1 it can also be appreciated that the (Si/Ga)ICP-AES

bulk atomic ratios for the catalysts are similar to that of the

support. Thus, again, the introduction of metals seems not to

affect the physicochemical characteristics of the support [18].

Metal (Pd and Pt) contents were also determined by ICP-AES

and it can be seen that the real contents are very close to the

nominal (1 wt%), showing that the impregnation–exchange

procedure is appropriate to synthesize this kind of solids.

3.2. Transmission electron microscopy analysis

If we accept that hydrogenation reactions of unsaturated

multiple C C bonds depend on the nature of the metallic phase

as well as on the number of accessible metallic centers for the

reactants, it is essential then to define the phase to be supported

(in the present case Pd and Pt) and to determine the population

of metallic centers scattered on the surface of the support

employed. This evaluation was carried out by means of TEM, a

technique that allows to estimate the mean diameter of the

metallic particles present in the catalysts. Fig. 2a and b show

typical micrographs for either bifunctional catalyst (1 wt%Pd/
Fig. 2. TEM micrographs for the catalysts: (a) 1 wt%Pd/H[Ga]ZSM5; (b) 1 wt%P

distribution of particle sizes of 1 wt%Pt/H[Ga]ZSM5.
H[Ga]ZSM5 and 1 wt%Pt/H[Ga]ZSM5, respectively). The

statistical analysis normally employed to obtain the dispersion

of the supported metallic phase starts by counting the frequency

of apparition of particles of a given size (di, diameter in nm),

which results in the histograms shown in Fig. 2c and d. The

number of particles counted for each micrograph was of the

order of 500, and several micrographs per sample were

analyzed. From this data, the mean diameter of the particles [d

(nm)], can be obtained from the expression: d = Snidi3/Snidi2

[22]. With the mean diameter of particles, the dispersion of the

metals can be calculated employing the equation proposed by

Boudart [23]: D(%) ffi 100/d (nm), which is a good approx-

imation for transition metals. The results obtained suggest that

the mean diameters of Pd and Pt particles are close to 1.2 nm,

meaning that the dispersions of the metallic phases are of the

order of 80% in both cases.

3.3. X-ray photoelectron spectroscopy analysis

In order to establish which are the chemical species present

in the surfaces of the catalysts, XPS was carried out in the C 1s,

O 2s, Si 2p, Ga 3d, Pd 3d, and Pt 4f regions. The different

signals were referred to the C 1s one at 284.6 eV [24].

In Fig. 3 the XPS signals in the Ga 3d region are shown for the

following solids: Ga2O3 (employed as standard); H[Ga]ZSM5;

1 wt%Pd/H[Ga]ZSM5; and 1 wt%Pt/H[Ga]ZSM5, all after

calcination and reduction (c,r). Fig. 3a, for Ga2O3 (c,r) shows
t/H[Ga]ZSM5; (c) distribution of particle sizes of 1 wt%Pd/H[Ga]ZSM5; (d)



Fig. 3. X-ray photoelectron spectra in the Ga 3d region for: (a) Ga2O3 (c,r); (b)

H[Ga]ZSM5 (c,r); (c) 1 wt%Pt/H[Ga]ZSM5(c,r); (d) 1 wt%Pd/H[Ga]ZSM5 (c,r).

Fig. 4. X-ray photoelectron spectra in the Pd 3d region for: (a) 1 wt%Pd/

H[Ga]ZSM5(c) and (b) 1 wt%Pd/H[Ga]ZSM5(c,r).
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an intense signal at 21.5 eV. Considering that in this oxide Ga

coordination is mostly octahedric [25], this peak is assigned to

Ga(III)[O].

On the other hand, in Fig. 3b corresponding to H[Ga]ZSM5

(c,r), it can be appreciated a single signal centered at 20.5 eV,

which can be assigned to tetrahedrally coordinated Ga, i.e.,

Ga(III)[T]. This assignation is based on the fact that in this

material Ga has been incorporated not by impregnation or

exchange but by incorporation in the synthesis gel, thus

minimizing the possibility of segregation to extra-structural

positions, as shown by the XRD results in Fig. 1a. Our results

disagree with those reported by Nowak et al. [26], who found

extra-structural Ga2O3 species, although their synthesis method

was rather different from ours.

Fig. 3c show the Ga 3d XPS spectrum for the 1 wt%Pt/

H[Ga]ZSM5(c,r) catalyst. After curve-fitting (‘‘deconvolu-

tion’’) two peaks at 20.5 and 21.9 eV can be appreciated.

According to the assignations for 3a and 3b, the first signal

corresponds to Ga(III)[T], and the second one to Ga(III)[O].

Thus, the latter peak would likely be due to extra-framework Ga

species. Elsewhere it was reported that the size of this peak

seems to increase with increasing Pt content in the catalyst [18].

For 1 wt%Pd/H[Ga]ZSM5(c,r) (Fig. 3d), a single signal with a

binding energy (BE) of 20.5 eV was observed, in agreement

with the sole presence of Ga(III)[T] species, as in the case of the

support. Thus, Pd behaves distinctly from Pt, and does not

promote the migration of Ga species from the MFI network to
extra-structural surface positions, a phenomenon that, indeed, is

observed in the Pt/H[Ga]ZSM5 solid (Fig. 3c). These results

seem to confirm that incorporation of Pt to galosilicates

stimulates Ga migration from framework to extra-framework

positions, a process that could be driven by the formation of

stable surface Pt-Ga species, e.g., alloys, as suggested by Chao

et al. [7] and Cao and Jiang [19]. More recently, Mikhailov et al.

[27], by means of simulation through the GAMESS US

program package, foresee the presence of a Ga2Pt4 cluster

located into the channels of the Pt/H[Ga]ZSM5 solid. Another

possibility is the formation at the surface of Pt–Ga mixed

oxides [18], also leading to passivation of surface Pt species.

Characterization by XPS allows to evaluate how the

deposition of the metals could affect the composition of the

surface of the catalysts. In this sense, the (Si/Ga)XPS atomic

ratio calculated from the intensity of the Si 2p and Ga 3d peaks

is shown in Table 1. For both the support and the Pd/

H[Ga]ZSM5 catalyst it was found a similar value of 16 as that

determined by ICP-AES for the same samples. For the Pt/

H[Ga]ZSM5 sample, on the other hand, (Si/Ga)XPS shows a

lower value of 4 than that obtained from the bulk ICP-AES

analysis (Table 1). This, again, is consistent with migration of

Ga to the surface of the catalysts, most likely promoted by Pt.

Analysis of the Pd/H[Ga]ZSM5(c) (only calcined) and Pd/

H[Ga]ZSM5(c,r) (calcined and reduced) samples by XPS in the

Pd 3d region is shown in Fig. 4. The spectrum of the calcined

sample was curve-fitted using three signals with BE of 336.5,

337.2, and 338.2 eV (Pd 3d5/2 signal); these were assigned to

Pd–Oads, PdO and Pd+ species [28], respectively. After

reduction, the curve-fitting procedure resulted in a decreased

number of signals, with BE of 334.9 and 336.0 eV, which were

assigned [29] to Pd0 aggregates, and Pd0 atomically dispersed,

respectively. Thus, for the present Pd catalysts the reduction

pretreatment has an important effect on the state of the metal, as



Fig. 5. X-ray photoelectron spectra in the Pt 4f region for: (a) 1%wtPt/

H[Ga]ZSM5(c) and (b) 1%wtPt/H[Ga]ZSM5(c,r).

Fig. 6. Evolution the acetone conversion as function of the reaction time at

160 8C, 1 atm, PAc/P H2 = 3 and WHSV = 9.4 h�1.
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all Pd oxidic species present in the calcined precursor are

reduced fully to the metallic state, which does not happen in the

case of the Pt catalysts (see below).

Finally, the XP-spectra in the Pt 4f region for Pt/

H[Ga]ZSM5 samples, both calcined (c) and calcined and

reduced (c,r) are shown in Fig. 5. In the spectrum of the

calcined sample, Fig. 5a, shows two peaks at BE of 72.8 and

71.6 eV (Pt 4f7/2 peak). Normally, Pt signals at BE values below

71.8 eV are assigned to metallic Pt [24,30], thus the peak at

71.6 eV could be related to well dispersed Pt0 nanoparticles

interacting with the zeolitic support to which it could transfer

electronic density, thus forming Pt+d species. The signal at

72.8 eV might be assigned to PtO; however, this BE is

significantly lower than that normally related to Pt(II) oxidic

species, around 73.3 eV [24]. Interestingly, this signal seems to

be exclusive of the Pt/[Ga]ZSM5 solid, as it was not found in

the case of a Pt/[Al]ZSM5 sample [18]. A possibility is that the

lower BE reflects the interaction of the surface Pt(II) species
with the Ga(III)[O] (Ga2O3) extra-framework ones, possibly

with formation of mixed Pt–Ga oxides.

Fig. 5b shows the XP-spectrum in the Pt 4f region for the

(c,r) sample. In this case, three signals had to be used to curve-

fit the experimental spectrum, with BE of 72.8, 71.6, and

70.8 eV. It can be easily seen that reduction of the bifunctional

Pt/H[Ga]ZSM5 catalyst results in a strong diminution of the

peak at 72.8 eV and corresponding increase of the other two

peaks. Thus, Pt(II) species, most likely interacting with the

Ga(III)[O] ones, would be redispersed upon reduction, forming

nanoparticles (see TEM results) of metallic Pt (peak at 71.6 eV)

which interact with the support forming small electrodeficient

clusters, Pt+d and/or a complex species such as Pt-Oads,

explaining the transfer of electronic density to the support. This

type of reduced Pt species were already present in the calcined

state of the catalyst (Fig. 5a). Another kind of Pt metallic

species is found that gives rise to the signal at a BE of 70.8 eV,

associated to Pt0 [24,31], most likely aggregates of larger size

than those related to the 71.6 eV peak. As the concentration of

Pt species is proportional to the area of the different signals,

most of the Pt present in the reduced catalyst corresponds to

species with BE of 72.8 and 71.6 eV, i.e., Pt(II) plus Pt+d

interacting with Ga2O3 and/or Pt-Oads. In either case, these are

species that should increase the energy of adsorption of

hydrogen [32], thus they would be less active in hydrogenation

processes.

3.4. Catalytic evaluation

The support, as well as the bifunctional catalysts synthesized

and characterized as described above, were employed in the

transformation of acetone to MIBK, in the conditions described

in Section 2. Acetone transformation occurs according to the

following reaction scheme:
(1)
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Reaction branch (a): Hydrogenation of the carbonylinic

double bond of the propanone, forming isopropanol, which by

acid catalysis dehydrates to propene; this alkene is then

hydrogenated to produce propane [14].

Reaction branch (b): Aldolization of two acetone molecules

via acid catalysis to produce first the intermediate diacetone

alcohol (DA), which then dehydrates to mesitil oxide (MO),

again by acid catalysis and probably on the same sites where

DA was produced; selective hydrogenation of the olefinic bond

of MO renders the asymmetric ketone, MIBK [14,20].

As can be seen, the desired transformation, branch (b),

requires well balanced acid and hydro/dehydrogenating

functions in the catalysts and thus is well suited to test

bifunctional catalysts as those synthesized in the present work.

Effluents of the reactor were analyzed, and the following

components were identified and quantified: methyl-isobutyl-

ketone (MIBK); propane (Hc); mesityl oxide (MO); 2-methyl

pentane (2MP); and a trace of di-isobutyl-ketone (DIBK). Fig. 6

presents the evolution of conversion in function of time for Pd/

H[Ga]ZSM5 and Pt/H[Ga]ZSM5 catalysts at a WHSV of

9.4 h�1. It can be appreciated that both catalysts possess similar

initial activities; however, the Pd/Galosilicate catalyst shows a

good stability, which is not observed for the Pt catalyst. That

difference must be the reflection of the varying physicochem-

ical characteristics of the catalysts. As can be seen in Table 1,

both solids show practically the same dispersion of the

supported phase and both show quite the same density of acid

sites, thus, similar catalytic properties in the transformation of

acetone to MIBK could be expected, specially considering that

both Pd and Pt catalysts should be able to hydrogenate C O and

C C bonds involved in this chemical transformation. Now, it is

known that in a typical hydrogenation transformation, i.e.,

benzene hydrogenation, the following order of reactivity for

transition metals of the group 10 has been reported:

Pt > Ni > Pd [33]. Thus, a higher activity would be anticipated

for Pt/H[Ga]ZSM5 as compared with Pd/H[Ga]ZSM5, contrary

to what is observed experimentally. In Table 2 the selectivity

towards the different products at 10% isoconversion of acetone

is shown. The Pd/Galosilicate catalyst produces three times

more MIBK than the Pt/Galosilicate one; also, the Pt catalyst

produces 65 times more MO than the Pd-based solid. This, of

course, indicates that the metallic centers of platinum are

poorly active for the hydrogenation of MO to MIBK, thus this

intermediate accumulates in the Pt system. While several

similarities between these solids are evident (see, e.g., Table 1)

it must be noted that XPS analysis demonstrates that in the Pt/

Galosilicate catalyst a large fraction of platinum is in oxidic
Table 2

Selectivity at 10% conversion in the acetone transformation for 1 wt%Pd/

H[Ga]ZSM5 and 1 wt%Pt/H[Ga]ZSM5

Products 1 wt%Pd/H-[Ga]ZSM5 1 wt%Pt/H-[Ga]ZSM5

Hc 4 7

2MP 2 0

MIBK 91 28

MO 1 65

DIBK 2 0
form, both as Pt(II) plus Pt+d interacting with Ga2O3 and/or Pt-

Oads (Pt 4f7/2 peaks at 72.8 and 71.6 eV). These types of species

should not be very active for hydrogenation reactions [32], and

would not contribute to the acetone transformation to MIBK.

On the other hand, the Pd/Galosilicate solids seems to be a more

equilibrated catalyst: as shown by XPS, most of the supported

phase is Pd0, which must have a high selectivity for

hydrogenation of the olefinic (C C) bond respect the

carbonylic (C O) one, given by the low adsorption of

carbonylic groups on Pd particles. This is attributed to the

change of electronic structure in atoms of Pd (change from

the 4d9.75s0.3 configuration to the 4d105s0 one) provoked by the

hydrogen atoms absorbed in the metal particles [34]. This

change in electronic configuration would induce a selective

adsorption of MO trough the C C functionality, which would

be selectively (90%) hydrogenated to MIBK on the Pd/

Galosilicate.

4. Conclusions

Palladium/Galosilicate catalysts, contrary to the Platinum/

Galosilicate ones, are able to hydrogenate preferentially the

olefinic unsaturation of the mesityl oxide intermediate, thus the

products of reaction on the Pd system are rich in MIBK (90%

selectivity). This may be due to the fact that supported Pd is

well dispersed and forming mostly Pd0 particles, which adsorb

selectively the olefinic double bond of MO. Regarding the Pt/

Galosilicate catalyst, platinum seems to stimulate migration of

Ga from framework to extra-framework positions, forming

Ga2O3 which seems to interact with the Pt particles rendering

them inactive for hydrogenation reactions. This could be the

result either of interaction Pt–Ga, forming mixed oxides, or Ga

inducing a redispersion of Pt, leading to too small clusters in

close interaction with the support. The (Pt+d) and/or Pt-Oads

thus formed would have a low activity for hydrogenation

processes.
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