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Abstract

Bimetallic PtSn/γ -Al2O3–La2O3 catalysts were prepared by two comparative methods, successive impregnation (SI) and co
surface reaction (CSR). FTIR-pyridine adsorption revealed a decrease in support acidity as a function of lanthanum content.
Pt2+ was identified by CO-FTIR chemisorption and by XPS spectra on catalysts prepared by SI. When the CSR preparation me
used, reduced Pt0 was observed and oxidized Pt2+ was not detected. As the lanthanum content increased a diminution in cycloh
dehydrogenation andn-heptane conversion was observed. Low hydrogenolysis and high selectivity to C7-olefins were obtained in bot
preparations. It is proposed that lanthanum in SI catalysts stabilizes the platinum in an oxidation state, Pt2+, and diminishes the suppo
acidity. In CSR preparations the lanthanum effect is limited to inhibit the support acidity and hence to the bifunctional reactions o
during then-heptane conversion.
 2003 Elsevier Inc. All rights reserved.

Keywords: PtSn/γ -Al2O3 lanthanum-doped catalysts; Platinum–tin catalysts; Platinum–tin successive impregnation; Platinum–tin controlled surfac
reaction; Platinum–tin XPS studies; Platinum–tin FTIR-CO adsorption
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1. Introduction

Bimetallic catalysts are widely used in industrial proce
ing. It has been largely reported that when Sn is adde
Pt/γ -Al2O3 catalysts, despite a loss in activity, a large s
bility is obtained in reforming of naphtha [1,2]. Moreove
bimetallic platinum–tin catalysts have been also widely
ported as active in paraffin dehydrogenation reactions [3
The catalytic dehydrogenation of alkanes is of great ind
trial importance for their applications in processes such
polymerization and alkylation and in petrochemical pro
ucts. It is then interesting to make use of previous kno
edge to prepare or modify PtSn reforming catalysts to ob
new and promising catalysts with high olefin yields dur
n-heptane conversion. Previous studies have investigate
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support effect on the reduction behavior of bimetallic P
catalysts useful for alkane dehydrogenation; supports
as Al2O3, SiO2, and ZrO2 have been studied [8–11]. How
ever, with regard to alkane dehydrogenation reactions,
studies have concerned the support effect when the
port contains lanthanides. It has been reported that the
role of La2O3 on γ -Al2O3 is to improve the thermal stabi
ity of the support. The support stabilization is attributed
the LaAlO3 formation [12]. However, a modification of th
Al2O3 properties with lanthanides leads to a modificat
in their acidic/basic properties [13,14], and hence the ac
ity of supported metal catalysts can be modified by me
support interaction effects.

The catalytic properties of the PtSn bimetallic cataly
strongly depend on the preparation method used. In p
ous work [15], we observed that when Boehmite was fi
impregnated with La(NO3)3 · 6H2O and then impregnate
with platinum and tin, a strong interaction between m
als and support occurred. Characterization by various t
niques showed the formation of Pt–SnO–La2O3 multiple
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phases where platinum Pt2+ was observed. In the prese
work we report the results obtained by comparing Pt–
La2O3–Al2O3 bimetallic catalysts prepared by success
impregnation (SI) with those prepared by controlled surf
reaction (CSR), with the aim of understanding the role
lanthanum inn-heptane dehydrogenation.

2. Experimental

2.1. Chemicals

La(NO3)3 · 6H2O (Stream, 99.999%), H2PtCl6 · 6H2O
(Stream, 99.9%), SnCl4 · 5H2O (Baker, 99.9%), Sn(C4H9)4
(Stream 94%),n-heptane (Aldrich, 99%), and cyclohexa
(Aldrich, 99%), were used. UHP hydrogen from AGA w
also used for all catalytic experiments.

2.2. Supports

The γ -Al2O3 reference support was prepared by ca
nation of Boehmite Catapal B under air flow at 500◦C; the
surface area was 221 m2/g. Theγ -Al2O3 lanthanum-dope
supports were prepared by impregnation of Boehmite w
the appropriate amount of a La(NO3)3 · 6H2O solution to
obtain 1, 10, and 20 wt% La. The solids were then calci
under air flow at 650◦C. The surface areas of these sol
were 171, 170, and 112 m2/g, respectively.

2.3. X-ray diffraction spectra

X-ray diffraction patterns of supportsγ -Al2O3, γ -Al2O3–
1La, γ -Al2O3–10La, andγ -Al2O3–20La were obtained a
room temperature using a Siemens D-500 X-ray pow
diffractometer coupled to a copper anode tube. The Kα ra-
diation was selected with a diffracted beam monochrom
An angular range 2θ from 2 to 70◦ was recorded using ste
scanning and long counting times to determine the posit
of theγ -Al2O3 peaks.

2.4. Catalyst preparation

A reference Pt catalyst (P/A) was prepared by wet im
pregnation of theγ -alumina support with a H2PtCl6 · 6H2O
chloride solution (HCl pH 2). The catalyst was then dr
and calcined at 500◦C under air flow; the catalyst was r
duced under H2 flow at 500◦C for 5 h.

Bimetallic PtSn reference catalyst was prepared by
cessive impregnation as follows: The calcined monomet
Pt catalyst was impregnated with SnCl4 · 5H2O in an acidic
HCl solution (pH 2), after the catalyst was dried, calcin
and then reduced under H2 flow for 5 h at 500◦C. For PtSn
catalysts prepared by CSR [16–18], Sn(n-C4H9)4 was dis-
solved inn-heptane and purged with N2. This solution was
put in contact with the reduced monometallic P/A catalyst
at 70◦C and maintained for 8 h under constant stirring.
terward, the solid was filtered and washed withn-heptane
to eliminate the weakly adsorbed tin. Finally, the cata
was dried and reduced with H2 at 500◦C for 5 h. For PtSn
alumina-doped catalysts we followed the same protoco
that used for the reference catalysts but usedγ -Al2O3–
La2O3 instead ofγ -Al2O3.

The nominal contents of Pt and Sn were 0.5 and 0.3 w
respectively (corresponding to a Sn/Pt molar ratio of 1). The
Pt and Sn contents were determined by plasma spectros
and the chloride content was determined by a volume
technique. Results are reported in Table 1.

The catalysts were labeled as follows: P/A for platinum
supported on alumina, and PS/A for platinum–tin supported
on alumina. Catalysts are marked as 1La, 10La, and 2
indicating the amount of wt% La contained in the support
and CSR labels refer to the preparation method. For insta
PS/A–1La–SI corresponds to PtSn prepared by succes
impregnation onγ -Al2O3 doped with 1 wt% La.

2.5. Electron microscopy

The powder samples were ground softly in an agate m
tar, dispersed in isopropylic alcohol, and deposited on 2
mesh copper grids covered with a holey carbon film. Hi
resolution and conventional electron microscope obse
tions were carried out in a JEOL 4000 EX electron mic
scope equipped with a pole piece with spherical aberra
coefficient of CS= 1.00 mm. Electron micrographs we
recorded with a TV-like system and on conventional e
tron microscopy negative film.

2.6. FTIR measurements

The FTIR spectra of adsorbed CO were recorded usi
Nicolet-FX710 apparatus at room temperature. The sam
were pressed into thin wafers and placed in a Pyrex glass
equipped with CaF2 windows. The samples were reactiva
in situ at 400◦C for 30 min under vacuum (10−6 Torr). CO
admission was carried out at 200◦C and 20 Torr; afterward
the cell was cooled to room temperature, the excess CO
evacuated over 30 min, and the CO absorption spectra
recorded.

The FTIR-pyridine adsorption technique was used to
termine the acidity of theγ -Al2O3 and γ -Al2O3–La sup-
ports with the same apparatus mentioned above. The
ples were pretreated in situ at 400◦C for 30 min under
vacuum and then cooled to room temperature. Nitro
saturated with pyridine was passed over the sample
30 min. Afterward, the excess of pyridine was pump
out for 30 min, and the pyridine absorption spectra w
recorded at room temperature and desorbed at different
peratures.
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2.7. XPS analysis

A VR Escalab 200R electron spectrometer equipped w
hemispherical analyzer equipment was used for the X
studies. The spectrometer was operated in a constant
energy mode, and a nonmonochromatized Mg-Kα (hν =
1253.6 eV, 1 eV= 1.603× 10−9 J) X-ray source operate
at 10 mA and 12 kV. All samples were reduced in situ un
hydrogen at 300◦C for 1 h. A PDP 11/04 computer (Dig
ital Co.) was used to record and analyze the spectra.
intensities of the peaks were estimated by calculating
integral of each peak after subtracting an S-shaped b
ground and fitting the experimental peak to a combinatio
Lorentzian/Gaussian lines of variable proportions. The b
ing energies (BE) were referenced to the Al 2p peak, the
of which was fixed at 74.5 eV.

2.8. Catalytic activity

The catalytic activity of the cyclohexane dehydrogena
was determined at 300◦C and that of then-heptane con
version at 490◦C, using a conventional flow reactor und
differential mode (low conversions< 15%). Reaction con
ditions for cyclohexane dehydrogenation were partial p
sures of cyclohexane and hydrogen, 48.2 and 711.8
respectively. Forn-heptane conversion the partial pressu
were 11 Torr forn-heptane and 749 Torr for hydrogen. T
hydrogen saturated with the reactants was passed thr
the reactor; the products were analyzed with an online
chromatograph, equipped with crosslinked methylsilox
column of 50 m× 0.2 mm× 0.5 µm. The products wer
identified with a HP-GC-MS 5973 gas chromatograph m
spectrometer.

3. Results

3.1. X-ray diffraction analysis

The X-ray diffraction patterns of calcined Boehmite a
calcined Boehmite impregnated with La(NO3)3 · 6H2O are
shown in Fig. 1. The characteristic peaks ofγ -Al2O3 can
s

h

Fig. 1. XRD patterns of the supports: (a)γ -Al2O3, (b) γ -Al2O3–1La,
(c) γ -Al2O3–10La, (d)γ -Al2O3–20La.

be seen in Fig. 1a. In the support containing La2O3 (1% La)
we do not observe any modification of the diffraction patt
of γ -Al2O3 (Fig. 1b). However, at 10La content, the X-r
diffraction pattern (Fig. 1c) showed a decrease in typical
mina peaks until they began very small in 20% La cont
(Fig. 1d). The absence of La2O3 characteristic peaks in th
spectra suggested that the La2O3 was incorporate in the ne
work of the Al2O3, or that La2O3 is highly dispersed on th
alumina surface; therefore it could not be observed by XR

3.2. Catalysts characterization

As mentioned before, the PtSn catalysts were prep
by successive impregnation and controlled surface reac
In both preparations tin was added to a Pt base cat
supported onγ -Al2O3 andγ -Al2O3–La with different lan-
thanum loads.

Table 1 gives the Pt, Sn, and Cl weight concentratio
The platinum content for all catalysts varies between 0
and 0.5 wt%. For SI catalysts, tin load was between 0.27
0.51 wt% and for CSR preparation the tin load was ma
tained between 0.08 and 0.13 wt%.
Table 1
Characterization and catalytic activity at 300◦C for cyclohexane dehydrogenation over Pt and PtSn supported on Al2O3 and Al2O3–La catalysts

Catalyst wt% Rate Particle size TEM

Pt Sn Cl (×106 mol/(s g)) (nm)

P/A a 0.49 – 0.39 117 2.3
PS/A–SI 0.37 0.51 0.33 114 –
PS/A–1La–SI 0.45 0.27 0.41 52.3 –
PS/A–10La–SI 0.38 0.43 0.6 39.4 2.5
PS/A–20La–SI 0.44 0.38 4.0 2.4 –
PS/A–CSR 0.46 0.11 0.35 4.6 –
PS/A–1La–CSR 0.5 0.08 0.6 4.2 –
PS/A–10La–CSR 0.38 0.10 0.47 4.9 2.3
PS/A–20La–CSR 0.46 0.13 0.73 4.3 –

a Dispersion determined by CO chemisorption (stoichiometry: CO/Pt= 1): 52%D [15].
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The chlorine content was estimated between 0.33
0.7 wt% for all samples except for the 20 wt% La sample
was prepared by SI, where the content of Cl was 4.0 w
A similar result was observed with PtSn/γ -Al2O3–La cata-
lysts prepared by coimpregnation [15]. It has been repo
that lanthanides have the ability to retain chlorine on the
face [19,20].

3.3. Electron microscopy

The mean particle size was calculated from conv
tional electron micrographs using the expressionds =∑

nid
3
i /

∑
nid

2
i , wheredi is the diameter measured direc

from the electron micrographs andni is the number of parti
cles having the diameterdi . Mean particle size determinatio
and high-resolution electron microscopy analysis were
ried out for three selected catalysts. The monometallic P/A,
the bimetallic PS/A–10La–SI, and PS/A–10La–CSR cat
alysts showed mean particle sizes of 2.3, 2.5, and 2.3
respectively (Table 1). Micrographs of conventional tra
mission electron microscopy (CTEM) are shown in Figs
and 3 for PS/A–10La–SI and PS/A–10La–CSR catalysts
In Figs. 4, 5, and 6, HREM (high-resolution electron m
croscopy) images are shown for P/A and the bimetallic
PS/A–10La–SI and PS/A–10La–CSR catalysts.

3.4. Cyclohexane dehydrogenation activity

The activity of cyclohexane aromatization was repor
as an indirect way of determining the metallic active s
face area. Insensitive structure reactions such as cyclohe
aromatization and benzene hydrogenation are good alt
tives to determining the active metallic surface area in c
lysts when lanthanides are present [21,22].

For the current catalysts, the indirect accessible met
areas of PtSn catalysts were obtained by measuring th
tivity of cyclohexane dehydrogenation at 300◦C. The results

Fig. 2. A conventional transmission electron microscopy (CTEM) mic
graph from a PS/A–10La–SI sample where the metallic supported ph
can be identified as small darker spots indicated with white arrows.
,

e
-

-

Fig. 3. CTEM micrograph where the metallic phase, marked with b
arrow, can be observed in several zones for PS/A–10La–CSR catalyst.

Fig. 4. Electron micrograph showing a set of small crystallites in the z
marked A and showing the profile of a small metallic particle with latt
resolution in the zone marked B for P/A catalyst.

Fig. 5. HREM micrograph from sample PS/A–10La–SI. A faceted platinum
particle together with laminate configurations marked with A and B ca
observed.
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Fig. 6. HREM micrograph from sample PS/A–10La–CSR. A faceted white
arrowed platinum particle can be observed in the image.

are reported in Table 1. The rate is reported in mol/(s g).
Monometallic catalyst P/A shows the highest activity with
value of 117× 10−6 mol/(s g).

In SI preparations the addition of Sn to Pt catalyst d
not modify the activity, 114× 10−6 mol/(s g) (PS/A–SI).
However, the presence of La on these catalysts produc
decrease in the activity in terms of the La contents in the s
port, i.e., 52.3×10−6, 39.4×10−6, and 2.4×10−6 mol/(s g)
for 1, 10, and 20 wt% La, respectively. The rate for c
clohexane dehydrogenation is strongly inhibited by the
content.

On the other hand, in CSR catalysts when Sn was ad
to platinum catalyst (P/A) a notable decrease in activity o
∼20 times is observed in the bimetallic catalysts. An
tivity decay from 117× 10−6 mol/(s g) for P/A catalyst to
4.6× 10−6 mol/(s g) for PS/A–CSR catalyst was observe
The amount of La in these catalysts series does not m
ify the activity, since values of 4.2× 10−6, 4.9× 10−6, and
4.3× 10−6 mol/(s g) for 1, 10, and 20 wt% La contents, r
spectively, were found.

3.5. FTIR-pyridine chemisorption

The infrared spectra of adsorbed pyridine are show
Fig. 7a forγ -Al2O3, Fig. 7b forγ -Al2O3–1La, and Fig. 7c
for γ -Al2O3–20La. FTIR-pyridine adsorption is used to d
termine the type of acid sites. Generally, in the IR spect
of pyridine adsorption on solids, absorption bands aro
1590, 1490, and 1450 cm−1 are assigned to the different v
bration modes of pyridine adsorbed on Lewis acid sites [
The characterization of pyridine adsorbed on Brønsted
sites is assigned to the absorption band at 1540 cm−1 [23].

The spectra corresponding to alumina without lanthan
present three pyridine absorption bands at 1445, 1490
1590 cm−1 (Fig. 7a): this result shows that only Lewis acid
sites are present. The intensities of the bands gradually
crease as the desorption temperature is increased; at 50◦C,
the three bands corresponding to Lewis sites nearly van
a

-

.

Fig. 7. FTIR spectra of pyridine adsorbed on the samples: (a)γ -Al2O3,
(b) γ -Al2O3–1La, (c)γ -Al2O3–20La.

The 1 wt% lanthanum alumina catalyst does not show sig
icant modification of the alumina IR spectra at the differ
desorption temperatures (Fig. 7b). However, the IR spe
for the 20 wt% La alumina support shows a diminution
the relative intensity of the absorption band at 1445 cm−1,
whereas the bands at 1490 and 1590 cm−1 are not observed
even at room temperature desorption. When the temper
increases above 100◦C, the absorption bands disappea
entirely (Fig. 7c). The absorption band corresponding to
Brønsted acid sites cannot be observed in any support.

3.6. FTIR-CO chemisorption

For catalysts prepared by SI, the IR spectra of adso
CO are shown in Fig. 8. The IR spectra of CO adsorbed
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Fig. 8. FTIR spectra of CO adsorbed on different catalysts: P/A, PS/A–SI,
PS/A–1La–SI, PS/A–20La–SI.

the monometallic P/A and on the bimetallic PS/A–SI cata-
lysts show similar CO-IR position absorption bands at 20
2066 and 2120–2119 cm−1, assigned to carbon monoxid
bonded to platinum atoms in a linear form [24] and to l
ear CO chemisorbed on Pt atoms on oxidized state, res
tively [25–27]. Chlorine effects are not discarded as be
responsible for the 2119–2120 cm−1 absorption band. Pa
ticle size effects in the CO band shift are not conside
because, as is shown by electron microscopy, the plati
particle size is of the same order regardless of the prep
tion method used.

On La-doped bimetallic SI catalysts a shift of t
2066 cm−1 band as function of lanthanum content w
observed. This peak almost disappeared (2080 cm−1) at
the highest La load (20 wt%), while the band at 211
2130 cm−1 assigned to Pt+2 progressively increased. Th
shift of the CO absorption band to higher frequencies (2
to 2130 cm−1) in the SI preparations can be interpreted
the result of decreasing back donation dπ → 2π∗ from the
metal to the antibonding CO orbitals, due to an interac
of Pt atoms with SnOx and La2O3, where the Pt is stabilize
in an oxidized state (Pt2+). This causes the stretching fr
quency of the carbonyl group to rise to higher values clo
to the gaseous CO frequency [27].

On bimetallic catalysts prepared by CSR (PS/A–CSR)
we can also observe a shift of the 2059–2085 cm−1 band
as a function of lanthanum content. However, compare
SI catalysts the 2119 and 2130 cm−1 absorption bands ar
practically absent (Fig. 9). When the catalysts were
pared by CSR, the platinum was maintained as Pt0 in the
bimetallic catalysts with lanthanum. As mentioned above
this preparation technique, tin is selectively deposited on
platinum particles and the close contact of Pt and Sn
La2O3 makes it seem that is not occurring. Therefore,
CO-FTIR shift observed as an effect of the lanthanum in
preparations is not observed here.
-

-

Fig. 9. FTIR spectra of CO adsorbed on different catalysts: P/A, PS/A–
CSR, PS/A–1La–CSR, and PS/A–20La–CSR.

Table 2
Binding energies (eV) of core electrons of Pt and Pt–Sn catalysts supp
on γ -Al2O3 andγ -Al2O3–La catalysts prepared by successive impreg
tion

Catalyst Al 2p Pt 4d5/2 Sn 3d5/2 La 3d5/2

P/A 74.5 315.7 – –
PS/A–1La–SI 74.5 315.6 486.0 (32) –

487.6 (68)
PS/A–10La–SI 74.5 315.2 485.9 (32) 836.3

487.5 (68)
PS/A–20La–SI 74.5 314.7 (50) 485.8 (38) 836.5

317.3 (50) 487.9 (62)

Table 3
Binding energies (eV) of core electrons of Pt–Sn catalysts supportedγ -
Al2O3 andγ -Al2O3–La catalysts prepared by controlled surface reacti

Catalyst Al 2p Pt 4d5/2 Sn 3d5/2 La 3d5/2

PS/A–1La–CSR 74.5 314.7 485.4 (55) 836.6
488.3 (45)

PS/A–10La–CSR 74.5 314.8 485.5 (46) 836.2
488.0 (54)

PS/A–20La–CSR 74.5 314.6 485.2 (35) 836.4
487.2 (65)

3.7. X-ray photoelectron spectroscopy (XPS)

The chemical state of catalyst constituents and their
portions at the catalyst surface were evaluated by photo
tron spectroscopy. The binding energies of Al 2p, Pt 4d5/2,
Sn 3d5/2, and La 3d5/2 core levels of SI and CSR seri
are compiled in Tables 2 and 3, respectively. It is emp
sized that the most intense Pt 4f of platinum could no
recorded because it overlaps with the strong Al 2p em
sion coming from aluminum atoms of the support. For
sake of clarity and to compare line profiles, the Pt 4d5/2 lev-
els of series SI and CSR are displayed in Figs. 10 and
respectively. Similarly, the Sn 3d core level spectra of
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Fig. 10. Pt 4d5/2 Core level spectra of PS/A–1La–SI, PS/A–10La–SI, and
PS/A–20La–SI.

and CSR series are shown in Figs. 11 and 13, respecti
For all the samples, a small signal at 198.8–199.0 eV,
to chloride ions [28], was detected. In addition, all the L
containing samples exhibited the La 3d5/2 peak at a binding
energy close to 836.2 eV, which is typical of La2O3 (Tables 2
and 3) [28].

The binding energy of the Pt 4d5/2 of the tin-free (Pt/A)
sample appeared at 315.7 eV. Binding energies for Pt 45/2
level in alumina-supported catalysts at 315.1 and 316.8
for hydrogen-reduced and calcined samples have bee
signed to Pt0 and PtO species, respectively [29,30]. As
matter of fact, the binding energies of core electrons
metallic particles deposited on a high-specific-area ca
show a positive shift, usually 0.3–0.7 eV, with respect
bulk metal. Since the binding energy of Pt 4d5/2 level in a
Pt film (bulk metal) is around 314.4 eV [30], the value
315.7 eV, which in turn is intermediate between platin
metal and metal oxide, should be ascribed to platinum
teracting presumably with some chloride ions retained
the alumina surface. For PtSn bimetallics deposited on
mina modified by 1 and 10% lanthanum and prepared
.

-

Fig. 11. Sn 3d Core level spectra of PS/A–1La–SI, PS/A–10La–SI, and
PS/A–20La–SI.

successive impregnation, no change in the binding en
of Pt 4d5/2 core level was observed. However, for the c
alyst containing 20% lanthanum, two components at 31
and 317.3 eV appeared. The proportion of these compon
is the same; their percentages are given in parenthes
Table 2. According to the above, the component at 314.7
could be assigned to Pt0 particles. The other component
317.3 eV may arise from Pt2+ species.

The most intense Sn 3d5/2 emission from tin showed tw
components, whose percentages are summarized in Ta
(see also deconvoluted peaks in Fig. 11). The compo
at binding energies of 486.0, 485.9, and 485.8 eV for
catalysts modified with 1, 10, and 20% lanthanum, resp
tively, is associated with a reduced tin phase [31], such
Sn0 or an alloyed SnPtx phase with percentages on the ord
of 32–38%. Another major tin component that exists in
oxidized state (62–68%) at binding energies of 487.6, 48
and 487.9 eV is found for PtSn catalysts modified with 1,
and 20% lanthanum, respectively.

Binding energies of core electrons of PtSn catalysts
pared by CSR are compiled in Table 3. In addition, Pt 4d5/2
and Sn 3d profiles are displayed in Figs. 12 and 13,
spectively. The Pt 4d5/2 emission showed a single peak
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Fig. 12. Pt 4d5/2 Core level spectra of P/A, PS/A–CSR, PS/A–1La–CSR,
and PS/A–20La–CSR.

binding energies of 314.6–314.8 eV (Fig. 12), which
characteristic of the zero valence state of Pt [29,30]. In c
trast with the samples prepared by the SI methodology
CSR counterparts exhibit platinum in metallic state eve
the highest lanthanum content of 20%. From the Sn 3d
files (Fig. 13) it is also evident that the most Sn 3d5/2 peak
of tin spectra for PtSn bimetallics supported on lanthan
modified alumina prepared by CSR procedure showed
components (Table 3, Fig. 13). One component at bin
energies of 485.4, 485.5, and 485.2 eV for lanthanum lo
ings of 1, 10, and 20 wt%, respectively, can be assigne
above to reduced tin either in the metallic (Sn0) or in the al-
loyed (SnPtx) state. The other Sn 3d5/2 component place
at higher binding energies (487.2–488.3 eV) can be ascr
to an oxidized tin species, such as Sn2+. On examining the
peak percentages given in parentheses in Table 3, it is
that the proportion of this oxidized Sn2+ species increase
from 45 to 65% with increasing lanthanum loading from
to 20%. This tendency is also different from that of the ca
lysts prepared following the SI methodology, which show
an almost constant proportion of Sn2+ species (62–68%) ir
respective of lanthanum loadings.

Surface atomic ratios were also derived for both cata
series. For this calculation, peak intensities normalized
atomic sensitivity factors were employed [28]. The Pt/Al,
Sn/Al, and La/Al surface ratios for the two SI and CS
catalysts series are compiled in Table 4. For compari
the tin-free P/A sample was also included in the same
ble. From these data it is clear that the Pt/Al atomic ratio
r

Fig. 13. Sn 3d Core level spectra of PS/A–1La–CSR and PS/A–20La–
CSR.

increases with increasing lanthanum content. The stron
crease of La/Al atomic ratios for SI and CSR containing 1
and 20% lanthanum suggests that lanthanum could be
regated to the surface. On the other hand, if a comparis
made between Sn/Al ratios for SI and CSR samples, larg
differences are apparent. One possible explanation for
behavior is that tin is poorly dispersed on the support in
CSR catalyst series.

3.8. Conversion of n-heptane

The activity (rate) and selectivity forn-heptane conver
sion over Pt and PtSn catalysts are reported in Tab
A diminution of the activity of the P/A catalyst (21.0 ×
10−6 mol/(s g)) with the addition of Sn is observed wi
both techniques of preparation, successive impregna
(9.9 × 10−6 mol/(s g)) and controlled surface reacti
(6.8 × 10−6 mol/(s g)). The decrease in activity with th
addition of tin to the P/A catalyst indicates that Sn modifie

Table 4
Surface atomic ratios of supported Pt and Pt–Sn catalysts

Catalyst Pt/Al at Sn/Al at La/Al at

P/A 0.0011 – –
PS/A–1La–SI 0.0015 0.0173 Traces
PS/A–10La–SI 0.0017 0.0264 0.037
PS/A–20La–SI 0.0063 0.0188 0.118
PS/A–1La–CSR 0.0011 0.0015 0.003
PS/A–10La–CSR 0.0028 0.0006 0.034
PS/A–20La–CSR 0.0051 0.0054 0.112
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Table 5
Activity and selectivity ofn-heptane conversion over Pt and PtSn supported onγ -Al2O3 andγ -Al2O3–La catalysts

Catalyst Pt Sn Rate Selectivity (%)

(wt%) (×106 mol/(s g)) C1–C6 Benzene iC7 C7
= Toluene

P/A 0.49 – 21.0 25.7 1.8 18.3 31.0 23.2
PS/A–SI 0.37 0.51 9.9 21.7 3.6 10.9 21.8 42.0
PS/A–1La–SI 0.45 0.27 6.6 20.7 2.1 10.2 35.0 32.0
PS/A–10La–SI 0.38 0.43 3.0 15.4 2.0 4.8 47.8 30.0
PS/A–20La–SI 0.44 0.38 0.04 14.6 0.0 0.0 59.8 25.6
PS/A–CSR 0.46 0.11 6.8 8.6 1.34 14.4 29.0 46.7
PS/A–1La–CSR 0.5 0.08 3.2 9.5 1.1 8.7 36.7 44.0
PS/A–10La–CSR 0.38 0.10 1.5 10.7 1.0 10.9 39.8 37.6
PS/A–20La–CSR 0.46 0.13 2.3 11.4 1.1 6.7 48.8 32.0

C1–C6: hydrocarbons. iC7: C7 isomers. C7=: C7 olefins.
ch
s

e,
ver,
n

t on
.5,

c-
sis,
ted

epa

ize
of

rved
nm
card
lec-

um.
died
rted

tion

in
with
rs

con-
een
om-
sts

Sn
ivi-

re
ld be
re-
um

CO-
zed
the

n in
f de-

ially
ost

ith-
ed in
on-
tion
ppo-
, and

Sn
im-
5. In
sible
of

ain
ti-

on
.

the platinum activity. For SI preparations, additionally, su
activity is lower in PtSn/Al2O3–La catalysts. It become
minimal at the highest La loads, 0.04× 10−6 mol/(s g) for
the PS/A–20La–SI catalyst.

Selectivity was also modified in Pt–Sn/Al2O3–La–SI
catalysts. Hydrogenolysis,n-alkane isomerization, benzen
and dehydrocyclization products were diminished. Howe
a noticeable increase of C7-olefin formation was observed i
PS/A–20La–SI catalyst.

For CSR preparations, the effect of lanthanum conten
activity is less noticeable. The activity values are 3.2, 1
and 2.3× 10−6 mol/(s g) for 1, 10, and 20 wt% La, respe
tively. In these catalysts the selectivity to hydrogenoly
n-alkane isomerization, and aromatization is less affec
by lanthanum. Nevertheless, as was reported for SI pr
rations, a high selectivity to C7-olefins was obtained.

4. Discussion

Electron micrographs shown that platinum particle s
is not modified by the addition of tin or by the presence
lanthanum in the support. The mean particle size obse
by conventional and HREM microscopy is around 2.4
on the three selected catalysts. Therefore we can dis
platinum particle size effects on activity, and hence the se
tivity behavior observed on Pt–Sn/Al2O3–La catalysts can
be attributed to tin and/or lanthanum effects over platin
The constant platinum particle size in the catalysts stu
can be due to the low platinum content (0.5 wt%) suppo
over alumina with high specific surface area (221 m2/g).

The essential difference between the two prepara
methods is the way in which tin was added to Pt/γ -Al2O3
and Pt/γ -Al2O3–La2O3 catalysts. For SI preparations t
was added by impregnating the Pt-supported catalyst
a SnCl4 · 5H2O solution, giving catalysts in which tin cove
mainly the support (0.5 Sn wt%).

For the CSR preparations, tin was deposited under
trolled conditions; i.e., a selective surface reaction betw
the hydrogen adsorbed on platinum and the organotin c
pound, Sn(n-C4H9)4, was carried out. Then in these cataly
tin must be found mainly over the platinum particles.
-

The addition of Sn by SI leads to random deposition of
preferentially over the support. A comparison of the act
ties of cyclohexane dehydrogenation of Pt/Al2O3 catalyst
with those of Pt–Sn/Al2O3–SI reveals that the activities a
on the same order. Here, we can assume that Sn cou
found on the interface of platinum and support and the
fore a close contact between platinum, tin, and lanthan
oxides could be achieved. As has been observed in
FTIR and XPS spectra, in SI catalysts the Pt in the oxidi
state increases with the amount of lanthanum due to
Pt–SnOx–La2O3 interaction where Pt2+ is stabilized. Then
the decrease in activity for cyclohexane dehydrogenatio
lanthanum content catalysts can be explained by a loss o
hydrogenation activity of Pt due to the formation of Pt2+ on
the bimetallic particles (Table 1).

In PtSn–CSR catalysts Sn was deposited preferent
over the surface of platinum [18]. The Sn content is alm
the same in all catalysts (0.08–0.13 wt%), with and w
out lanthanum, and the accessible surface of Pt is reduc
the same proportion in all catalysts. This explains the c
stant values for the activity of cyclohexane dehydrogena
obtained with these preparations. In these catalysts, in o
site to SI preparations, the close contact between Pt, Sn
La2O3 is largely minimized.

Such results led us to propose two models for Pt–/
γ -Al2O3–La bimetallic catalysts prepared by successive
pregnation and control surface reaction; see Figs. 14, 1
Fig. 14 (SI preparations), it is proposed as being respon
for the activity and selectivity behaviors in the formation
the multiple interface SnO–La2O3–Al2O3 which stabilizes
Pt2+. For CSR preparations as shown in Fig. 15, the m
effect of tin is related to the dilution of the platinum par
cles forming Pt–Sn alloys.

Fig. 14. Schematic model of PtSn bimetallic particles supported
γ -Al2O3–La2O3 and obtained by the successive impregnation method
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Fig. 15. Schematic model of PtSn bimetallic particles supported
γ -Al2O3–La2O3 and obtained by the controlled surface reaction metho

For n-heptane conversion, the diminution of activity
both Pt–Sn/Al2O3–La catalysts series, if compared with th
of the Pt/Al2O3 catalyst, could be discussed with the sa
arguments used for cyclohexane hydrogenation.

Selectivity in then-heptane conversion was also modifi
by the method of tin addition to the Pt/Al2O3–La catalysts
The effect of Sn on the catalytic properties of Pt/Al2O3 can
be observed mainly in reactions that depend on the m
lic phase. The main effect observed with the Sn addi
to platinum is the diminution of the carbon–carbon bo
hydrogenolysis reaction in both preparations. However,
decrease toward C1–C6 selectivity is more important for ca
alysts prepared by CSR: it goes from 25.7% for P/A to
8.6% for PS/A–CSR catalyst. Here we are in the prese
of dilution effect of Pt ensembles. This reduction of la
Pt atoms ensembles caused by Sn0 explains the diminution
of deep hydrogenolysis inn-heptane conversion accordin
to an ensemble effect [32,33]. The decrease in hydroge
ysis is observed to a lower extent on the PS/A–SI catalyst,
since in this preparation tin would be deposited mainly
the support.

However, both preparations showed a high productio
C7-olefins, 59.8 and 48.8% at loads of 20% La for SI a
CSR catalysts, respectively. It seems that two effects op
here. The FTIR spectra of pyridine adsorbed on the supp
showed an important decrease in the support acidity
La loads (Fig. 7). This modification of the surface acidity
the support could have an effect on the bifunctional react
(loss of support acidity). On the other hand, in both prep
tions we observed a loss in hydrogenation–dehydrogen
activity (metal function) [13]. The olefin formed on the me
in both preparations could not be isomerized on the s
port and then it desorbed before being hydrogenated, g
large selectivity to C7-olefins. The large selectivity to olefin
found in Pt–Sn/Al2O3–La catalysts is an important resu
because, as is well known, olefins are important raw ma
als in the petrochemical process.

5. Conclusions

The effect of tin on the catalytic properties of PtS/
γ -Al2O3–La substrata depends on the method of tin dep
either successive impregnation or controlled surface r
tion. For catalysts prepared by SI, FTIR spectroscopy of
adsorption and XPS spectroscopy revealed that the Pt–S
La2O3 multiple phases interact and Pt is stabilized as P2+.
–

In contrast, for catalysts prepared by CSR, selective dep
tion of Sn on the surface of platinum particles does not fa
such interaction and Pt remains as Pt0. Also observed was a
acidity drop of theγ -Al2O3 support with lanthanum conten

The loss in metallic character of platinum in La–SI c
alysts causes an activity decrease in the dehydrogenati
cyclohexane andn-heptane conversion as function of la
thanum load. Total inhibition of benzene formation at h
La content, as well as diminution of hydrogenolysis produ
and an important increase in the olefins, was observed.

For CSR preparations no variation in activity of cyc
hexane dehydrogenation andn-heptane conversion as fun
tion of lanthanum was observed. High selectivity tow
olefins and low hydrogenolysis products was obtained.
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