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Introduction

The most important light olefins used to manufacture
different petrochemicals (such as polymers, oxides, al-
cohols, etc.) are ethylene, propylene and butylenes. The
rising demand for these alkenes has exceeded the produc-
tion capacity of these chemicals by petroleum cracking,
the current principal source, thus motivating an interest
for seeking other ways of producing them. The catalytic
dehydrogenation of ethane, propane, and butane offers
an attractive alternative source. In the year 2000, nearly
7 million metric tons of C;—C, olefins were produced via

* Phone: 54-342-4555279. Fax: 54-342-4531068.
E-mail: sbocane@fig.unl.edu.ar

catalytic dehydrogenation [1]. Besides, a further attraction
of this process is that hydrogen, the main by-product, is
a valuable commodity that can readily be used for many
purposes in a petroleum refinery.

The use of a noble metal as a catalytic component, like
platinum, leads to an active catalyst for the dehydrogena-
tion of light alkanes, but in the absence of modifiers it has
a low selectivity to olefins and a pronounced deactivation
due to the rapid coke formation. The addition of inactive
metals (like Sn, Ge, In, Ga) to Pt improves the catalytic
performance [2—7].

The use of MgAl,0, as a catalytic support is based on
their neutral acid-base characteristics and very high ther-
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mal stability. The first characteristic is very important in
paraffin dehydrogenation processes since a very high se-
lectivity to olefins depends not only on the adequate struc-
ture of the metallic phase but also on the low acidity of the
support in order to minimize the undesirable lateral reac-
tions (such as cracking and coke formation) [1].

Several articles have been published in the literature
reporting the use of MgAl,O, synthesized by traditional
methods (ceramic and coprecipitation) as catalytic sup-
ports for different dehydrogenation reactions [3, 4, 8,
9]. However, there are no studies reporting the use of
metallic catalysts (bi and trimetallic ones) supported on
Mg spinels prepared by the mechanochemical synthesis
in the light alkanes dehydrogenation process. This syn-
thesis method leads to a material with different proper-
ties than those synthesized by other techniques (ceramic
and coprecipitation ones). This technique improves the
contact degree and interaction of the support precursors
by the milling process, which increases the chemical
homogeneity of the support and reduces the severity of
the thermal treatment [10]. In this way, more homoge-
neous powders can be achieved with similar specific sur-
face areas than the ones obtained by the coprecipitation
method [10].

In a previous paper, MgAl,O, spinels prepared by dif-
ferent techniques, including the mechanochemical syn-
thesis, were characterized and used as support of mono-
metallic Pt catalysts [11]. In this work, when comparing
the MgAl,O, synthesized by mechanochemical method
with the ceramic one, a material with a higher surface ar-
ea was obtained, and when comparing with the coprecipi-
tated spinel, a support with a higher metallic dispersion
capacity was obtained.

The aim of the present paper is to study the perfomance
of bimetallic PtSn, PtGa and PtIn and trimetallic PtSnIn
and PtSnGa catalysts (with low metal contents) supported
on MgAl,O, prepared by mechanochemical synthesis.
Special emphasis was given to the study of the different
promoters (Sn, Ga and In) added to Pt, not only on the
activity and selectivity, but also on the stability through
successive operative cycles (reaction-regeneration-reac-
tion) in the n-butane dehydrogenation reaction. Several
characterization techniques were used in order to corre-
late the properties of the catalysts metallic phase with the
catalytic behavior in n-butane dehydrogenation, such as
test reactions of the metallic phase (cyclohexane dehydro-
genation and cyclopentane hydrogenolysis), Temperature-
Programmed Reduction (TPR), X-ray Photoelectron
Spectroscopy (XPS), H, chemisorption and Transmission
Electron Microscopy (TEM).

Experimental

The MgAl,0, spinel was prepared by mechanochemi-
cal synthesis (MgAl,04). Pure MgO (99.9955 %) and
v-Al,05 (99.9 %) were intimately mixed in 1 : 1 molar ratio
and then they were ground to a very fine powder (particle
diameter < 105 pm) using a mortar. After grinding, dis-
tilled water was added to the powder in order to obtain a
paste with 45 wt.% water content. This paste was milled
for 24 h at room temperature by using a ball mill with a
cylindrical Teflon body of 140 mL and zirconium balls
(13 mm diameter). The milling was carried out with con-
cave rollers at 200 rpm, and the ball/powder weight ratio
was 7.5. The paste was dried at 100 °C for 12 h, and then
submitted to calcination in an electric furnace at 900 °C
for 12 h in air atmosphere. Finally, the solid was ground to
particle sizes between 177 and 500 um (35—80 mesh).

The BET surface area and the pore volume of the sup-
port MgAl,0, was obtained by N, adsorption at —196 °C
in a Quantachrome Corporation NOVA-1000 equipment.

X-ray diffraction experiments on MgAl,O, were per-
formed at room temperature in a Shimadzu model XD3A
instrument using CuKo radiation (A = 1,542 A), gene-
rated at 30 kV and a current of 30 mA.

Pt(0.3 wt.%)/MgAl,O, catalyst was prepared by in-
cipient impregnation of the MgAl,O,4 with an aqueous
solution of H,PtClg at room temperature for 6 h. The Pt
concentration in the solution was 2.14 g L™!, and the im-
pregnating volume/weight of support ratio was 1.4 mL g L.
Then the sample was dried at 120 °C for 12 h.

Pt (0.3 wt.%)Sn(0.3 wt.%) bimetallic catalyst was ob-
tained by impregnation of the corresponding monome-
tallic Pt one with an aqueous solution of SnCl, in diluted
hydrochloric acid medium (1 M) at room temperature for
6 h. The concentration of SnCl, in the impregnating solu-
tion was 2.14 g Sn L', and the impregnation volume/sup-
port weight ratio was 1.4 mL g~!. After impregnation the
catalyst was dried at 120 °C for 12 h. The Pt(0.3 wt.%)Sn
(0.3 wt.%)In(0.28 wt.%)/MgAl,0,4 and Pt(0.3 wt.%)Sn
0.3 wt.%)Ga(0.17 wt.%)/MgAl,0, catalysts were ob-
tained by impregnation of the bimetallic one (PtSn) with
an aqueous solution (impregnation volume/support weight =
= 1.4 mL g7') of In(NOs); or Ga(NO;); at 25 °C for
6 h. The In and Ga concentrations 2 g In L™ and 1.21 g
Ga L’l) in the impregnating solution were equimolar. Fi-
nally, after impregnation, catalysts were dried at 120 °C
overnight and calcined in air at 500 °C for 3 h.

Two different n-butane dehydrogenation tests were
carried out, one of them in a continuous flow reactor and
the other one in a pulse equipment. The continuous flow
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experiments were performed at 530 °C for 2 h in a quartz
flow reactor heated by an electric furnace. In this case,
the reactor (with a catalyst weight of 0.200 g) was fed with
18 mL min~! of the reactive mixture (n-butane + hydro-
gen, H,/n-C4H;, molar ratio = 1.25). The reactive mix-
ture was prepared in situ by using mass flow controllers. All
gases, n-butane, N, (used for purge), and H, (used for the
previous reduction of catalysts and for the reaction) were
high purity ones (> 99.99 %). Prior to the reaction, cata-
lysts were reduced in situ at 530 °C under flowing H, for
3 h. The reactor effluent was analyzed ina GC-FID equip-
ment with a packed column (1/8x 6 m, 20 wt.% BMEA on
Chromosorb P-AW 60/80), which was kept at 50 °C during
the analysis. With this analytical device, the amounts of
methane, ethane, ethylene, propane, propylene, n-butane,
1-butene, cis-2-butene, frans-2-butene and 1,3 butadiene
were measured. The n-butane conversion was calculated
as the sum of the percentages of the chromatographic ar-
eas of all the reaction products (except H,) corrected by
the corresponding response factor. The selectivity to the
different reaction products (/) was defined as the ratio:
mol of product i/~ mol of all products (except H,). Taking
into account the high temperatures used for the reaction
(for thermodynamic reasons), it was necessary to deter-
mine the contribution of the homogeneous reaction. For
this purpose, a blank experiment was performed by using
a quartz bed and the results showed a negligible n-butane
conversion (<< 1 %).

The pulse experiments were performed by injecting
pulses of pure n-butane (0.5 mL STP) into the catalytic
bed (0.100 g of sample) at 530 °C. The catalytic bed was
kept under flowing He (30 mL min~!) between the injec-
tions of two successive pulses. Prior to the experiments, all
samples were reduced in sifu under flowing H, at 530 °C
for 3 h. The composition of each pulse after the reac-
tion was determined by using a GC-FID equipment with
a packed column (Porapack Q). The temperature of the
chromatographic column was 30 °C. In these experiments
the n-butane conversion was calculated as the difference
between the chromatographic area of pure n-butane fed to
the reactor and the chromatographic area of non-reacted
n-butane at the outlet of the reactor, and this difference
was referred to the chromatographic area of n-butane fed
to the reactor. The selectivity to a given product was calcu-
lated in the same way than for flow experiments. The car-
bon amount retained on the catalyst after the injection of
each pulse was calculated through a mass balance between
the total carbon amount fed to the reactor and the total
carbon amount detected by the chromatographic analysis
at outlet of the reactor. The accumulative carbon retention

was calculated as the sum of the carbon amount retained
after each pulse.

Besides the above mentioned test in n-butane dehy-
drogenation, the catalytic stability of the bimetallic PtSn
(0.3 wt.%)/MgAl,0,4 and PtSn(0.3 wt.%)/MgAl,O, cata-
lysts was also studied. The stability experiments consisted
on five reaction-regeneration cycles. Each sequence was:
reaction (at 530 °C, 6 h), purge with N, , regeneration with
a 0,—N, mixture (5 % v/v O,) at 500 °C for 6 h, purge
with N, and reduction with H, at 530 °C for 3 h. The
purge steps with N, were performed at 400 °C for 30 min.
The catalyst weight (0.500 g) used in these experiments
was higher than that of the flow experiments in order to
magnify the thermal effects during reaction, regeneration
(carbon burn-off, a very exothermic reaction) and reduc-
tion (an exothermic reaction) steps.

Test reactions of the metallic phase, cyclohexane de-
hydrogenation (CHD) and cyclopentane hydrogenolysis
(CPH), were carried out in a differential flow reactor with
volumetric flow of 6 cm3h~!. Prior to these reactions,
samples were reduced in situ with H, at 500 °C for 3 h. In
both reactions the H,/hydrocarbon molar ratio was 26.
The reaction temperatures in CHD and CPH were 300 °C
and 500 °C, respectively. The activation energy in CHD
for different catalysts was obtained by measuring the
initial reaction rate at 270, 285 and 300 °C. The sample
weight was chosen so that the conversion was lower than
7 %. Deactivation of the samples was not observed during
the experiments.

TPR experiments were performed in a quartz flow
reactor. The samples (fresh and after five reaction-re-
generation cycles) were heated at 6 °C min~! from room
temperature up to about 600 °C. The reductive mixture
(5 v/v % Hy—N,) was fed to the reactor with a flow rate of
10 mL min~'. Catalysts were previously calcined in situ at
500 °C for 3 h.

XPS measurements were carried out in a VG-Micro-
tech Multilab spectrometer, which operates with an energy
power of 50 eV (radiation MgKo, Av = 1253.6 ¢V). The
pressure of the analysis chamber was kept at 410719 torr.
Samples were previously reduced in situ at 500 °C with H,
for 2 h. Binding energies (BE) were referred to the Clspeak
at 284.9 eV. The peak areas were estimated by fitting the
experimental results with Lorentzian-Gaussian curves.

H, chemisorption measurements were made in a volu-
metric equipment. The sample was heated under flowing
H, (60 mL min~!) from room temperature up to 500 °C,
and then kept at this temperature for 4 h. Then, the sam-
ple was outgassed under vacuum (10_4 torr) for 1 h. After
the sample was cooled down to room temperature (25 °C),
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the hydrogen dosage was performed in the range of 50—
250 torr. The chemisorbed hydrogen was calculated by ex-
trapolation of the isotherms to pressure zero.

TEM measurements were carried outonaJEOL 100CX
microscope with a nominal resolution of 0.6 nm, operated
with an acceleration voltage of 100KV, and magnification
ranges of 80000x and 100000x. The samples (fresh and
after five reaction-regeneration cycles) were prepared by
grinding, suspending and sonicating them in ethanol, and
putting a drop of the suspension on a carbon copper grid.
After evaporation of the solvent, the specimens were in-
troduced into the microscope column. For each catalyst,
a very important number of Pt particles were observed and
the distribution curves of particle sizes were done. The
mean metallic particle diameter (D) was calculated as:
D= 2nid;

n;

, where n; is the number of particles of diame-

terd,.

Results and discussion

Characterization of the support

The values of Sge and pore volume were 117 m?
g " and 0.38 cm? g7/, respectively. The high value of the
specific surface area obtained by the mechanochemical
method in comparison with those obtained by other tech-
niques [10] should be noted.

Influence of Sn, Ga and In added
to Pt/MgAl,0, catalyst

The results of both test reactions (CHD and CPH) are
shown in Table 1. It is observed that the addition of the
second metal (Sn, In or Ga) to Pt causes a decrease of Ry
values. This fall is more marked for PtGa and PtIn cata-

Table 1

lysts (R°cy of these bimetallic catalysts is about five times
lower than that of the Pt catalyst). For the PtSn catalyst,
R°cy is half that of the Pt catalyst. With respect to the val-
ues of activation energy (Ecy), the PtSn catalyst shows a
similar value to that of the Pt catalyst, whereas those of
PtGa and Ptln catalysts are much higher than the one
shown by the monometallic catalyst. Taking into account
the fact that the cyclohexane dehydrogenation reaction is a
facile or structure-insensitive reaction [12], the important
increase of the activation energy in PtIn and PtGa with
respect to Pt indicates electronic effects of In and Ga on
Pt. On the other hand, the Sn effect on Pt would be mainly
geometric and not electronic.

Table 1 also shows that the addition of Sn, In and Ga to
the Pt catalyst decreases the cyclopentane hydrogenolysis
activity, a structure-sensitive reaction carried out on en-
sembles of active sites [13]. It must be observed that PtIn
and PtGa catalysts display lower values of R°cp than the
PtSn catalyst.

Table 1 also shows the H, chemisorption results for all
catalysts. There is a high H, chemisorption capacity for
the Pt/MgAl,O, sample, this value being equivalent to Pt
dispersion near 50 %. Table 1 shows that the addition of
Sn, Ga or In to the Pt catalyst decreases the values of H,
chemisorption. The Sn addition produces a strong fall of H,
chemisorption with respect to the Pt catalyst, but this de-
crease is lower when In or Ga are added to Pt. Taking into
account that there are no important modifications in par-
ticle size between mono, bi and trimetallic catalysts, as ob-
served by TEM (see below), the effects observed in chemi-
sorption measurements and test reactions results cannot be
attributed to an increase of the metallic particle size.

By analyzing the results of Table 1, the decrease of the
CP hydrogenolysis rate indicates a geometric effect of di-

Results of H, chemisorption, inicial rates (Rcy ) and activation energies (E¢) in CH dehydrogenation,

and initial rates (Rcp) in CP hydrogenolysis for Pt, PtSn, PtSnIn and PtSnGa supported on MgALl,0,

mec

) ) CH dehydrogenation CP hydrogenol.
Catalvst H, chemisorption o RO
y (umol. g cat.™) R o Ecy . e
mol. h™*g”~ Kcal mol.” mol. h™"g
Pt/MgAL,0, 3,82 101,8 21,0 4,7
PtSn(0,3)/MgAL,0, 1,10 49,7 18,7 1,9
PtIn(0,28)/MgAL,0, 2,33 184 34,9 13
PtGa(0,17)/MgAL,0, 2,66 16,7 411 1,2
PtSn(0,3)Ga(0,17)/MgAL,0, < 0,05 <3 - 0,9
PtSn(0,3)In(0,28)/MgAL,0, <0,05 <3 - 0,7
Note. n.d. - no detected.
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lution of the promoter atoms on Pt atoms, which is higher
in PtIn and PtGa catalysts than in the PtSn catalyst. There
is also a partial blocking effect of Pt active sites by promot-
er atoms, as observed in chemisorption results, i.e., the
chemisorbed hydrogen is lower in bimetallic catalysts than
in the Pt catalyst. This phenomenon is more pronounced
in the PtSn catalyst. Besides, the values of activation en-
ergies (in CH dehydrogenation) indicate the presence of
electronic effects in PtIn and PtGa catalysts, but not in
PtSn. This electronic modification of the metallic phase
would be responsible for the higher decrease in the R°cy
of PtIn and PtGa with respect to PtSn. Considering that
in the CH dehydrogenation, the limiting step of this reac-
tion is the benzene desorption [14], it seems clear that the
electronic effects of In or Ga on Pt sites causes the fall in
the desorption rate of the dehydrogenation product (ben-
zene).

The results corresponding to the conversion of n-bu-
tane in flow experiments are shown in Figures 1 and 2.
The addition of Sn, Ga and In to Pt increases the n-bu-
tane conversion along the reaction time. The final con-
version of the Pt catalyst is 17 %, while PtSn, PtIn and
PtGa catalysts show final conversions of 28 %, 23 % and
19 %, respectively. The deactivation parameter (AX) along
time (see Figures 1 and 2) was defined as: AX = 100-(X; —
— Xp/Xp, where X; is the initial conversion (at 7 = 10 min
of the reaction time) and X is the final conversion (at # =
= 120 min). This deactivation parameter shows high val-
ues for the Pt catalyst (41 %), and lower values for bime-
tallic catalysts. In this sense, the PtSn catalyst shows the
lowest deactivation parameter (4 %), while PtIn and PtGa
show intermediate values of 24 and 27 %, respectively.

The selectivity to all butenes (1-butene, cis- and trans-
2-butenes, and 1,3 butadiene) in n-butane dehydrogena-
tion is shown in Figures 3 and 4. The addition of Sn, Ga
and In to Pt produces an important increase of the selec-
tivity to butenes along the reaction time. The Pt catalyst
shows values from 73 % (initial) to 83 % (final) in the se-
lectivity to butenes, whereas the bimetallic catalysts show
selectivity values higher than 90 %. The PtGa and Ptln
catalysts show selectivities between 95 % and 97%, while
the PtSn catalyst displays values from 91 % to 94 %.

Taking into account the characterization results of bi-
metallic and monometallic catalysts, the Sn addition to Pt
produces mainly geometric effects, strong partial block-
age and dilution of Pt atoms. These effects could reduce
the undesirable reactions of hydrogenolysis and coke for-
mation, hence increasing the dehydrogenating selectivity
to olefins and decreasing the catalyst deactivation, which
was also observed by other authors [15, 16].

The In and Ga effects on Pt would be of two types: an
important dilution of the surface atoms of Pt (geometric
effect), which decreases the hydrogenolysis reactions (thus
achieving higher selectivities to all butenes than the PtSn
catalyst), and electronic effects that would modify the de-
sorption properties of the metallic phase, as observed in
CH dehydrogenation results. This effect could favour the
formation of coke precursors with high C/H ratio, thus
leading to a higher deactivation of PtIn and PtGa cata-
lysts, compared with PtSn.

By comparing the yields to butenes (defined as the
product between conversion and selectivity) displayed by
the three bimetallic catalysts, the best catalytic perform-
ance in n-butane dehydrogenation corresponds to the PtSn
catalyst, which presents very high and constant yields to
butenes (from 26.9 % to 26.6 %). On the other hand, there
is a decrease of the yield to butenes both in PtIn (from
28.9 % to 22.4 %) and in PtGa (from 25.7 to 18.6 %).

Influence of In and Ga addition to PtSn/MgAl,0,
catalysts. Evaluation of trimetallic catalysts
in n-butane dehydrogenation

Once Sn is selected as the second metal added to Pt,
the effect of adding a third metal, like In or Ga, was sub-
sequently studied.

n-Butane conversion, %

40
35- PtSn(0.3)In(0.28)/MgAL,0,

O/O\O_c*‘()—'_O-o‘f)ilo
304 PtSn(0.3)/MgAL,0, X=4.0
" m

PtIn(0.28)/MgAL,0,
20+
Pt/MgAL,0, x=410

15 T T T T

0 20 40 60 80 100  tmin
Fig. 1. Values of n-butane conversion (X) with the reaction
time, obtained from flow experiments for Pt, PtSn, PtIn

and PtSnIn catalysts supported on MgAl,0,

n-Butane conversion, %

35
30- PtSn(0.3)/MgAL,0, Xx=4.0
PtSn(0.3)Ga(0.17)/MgAL,0,
251 x=25.2
PtGa(0.17)/MgAL,0,

® x=27.1

20 - —e— X"/
Pt/MgAL,0,

15 T T T T

0 20 40 60 8 100 tmin
Fig. 2. Values of n-butane conversion (X) with the reaction
time, obtained from flow experiments for Pt, PtSn, PtGa

and PtSnGa catalysts supported on MgAl,0,
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Figures 1 and 2 also show the values of the n-butane
conversion (X) with the reaction time, obtained from
flow experiments for trimetallic catalysts supported on
MgAl,O,. It can be observed that the addition of In or Ga
to PtSn produces changes in the catalytic behavior. Both
trimetallic catalysts have an initial conversion of 32—
33 %, which was slightly higher than that of the PtSn sam-
ple (30 %). However, while the PtSnln catalyst was very
stable (AX = 4.1 %), the PtSnGa deactivated during the
reaction (AX = 25.2 %).

Figures 3 and 4 also show the values of the selectiv-
ity to all butenes for trimetallic catalysts supported on
MgAl,0O,4. For PtSn and PtSnGa catalysts, the selectivity
is similar and it ranges from 88 to 93 %, and for PtSnln
the selectivity is the highest with constant values at about
95—96 %.

In conclusion, results of n-butane dehydrogenation
indicate that the addition of Ga to the bimetallic catalyst
does not improve the dehydrogenation performance, while
the addition of In produces an increase in both the activity
and selectivity to butenes, and maintains the low value of
the deactivation parameter.

Pulse experiments were carried out to study the ini-
tial steps of the n-butane dehydrogenation reaction, which
cannot be observed in flow experiments. Three pulses of
pure n-butane were injected on each sample during the
pulse experiments. Results of the n-butane conversion
(X), selectivity to all butenes and carbon retention as a
function of the pulse numbers are indicated in Table 2. It
can be observed that the monometallic catalyst displays
higher n-butane conversion after the injection of the first
pulse than bi and trimetallic ones. However, the initial ac-
tivity of the monometallic catalysts in flow experiments
(see Figures 1 and 2) is lower than those of bi and trime-
tallic ones. The higher initial activity for PtSn, PtSnGa
and PtSnln catalysts observed in flow experiments with

Table 2

Selectivity to butenes, %

1004 PtIn(0.28)/MgAL0, . ——
90+ PtSn(0.3)/MgALO, PtSn(0.3)In(0.28)/MgALO,
N W
70 T T T

0 20 40 60 8 100  t min
Fig. 3. Selectivity to all butenes (1-butene, cis- and
trans-2-butenes, and 1,3 butadiene) vs. reaction time for

Pt, PtSn, PtIn and PtSnIn catalysts supported on MgAL,0,

Selectivity to butenes, %

100 PtGa(0.17)/MgAL,0,

%0+ D':PtSn(0.3)Ga(0.17)/MgAL204 PtSN(0.3)/MgALO,

80 1

Pt/MgAL,0,
70 T T T T T
0 20 40 60 80 100
Fig. 4. Selectivity to all butenes (1-butene, cis- and
trans-2-butenes, and 1,3 butadiene) vs. reaction time for
Pt, PtSn, PtGa and PtSnGa catalysts supported on MgAL,0,

L
t, min

respect to the monometallic one can be explained by con-
sidering the results of carbon retention obtained in pulse
experiments. In Table 2 it can be observed that the carbon
retentions after the injection of the first pulses of n-butane
for monometallic catalysts are clearly higher than for the
bimetallic and trimetallic ones. It should be considered
that the injection of the first pulse of n-butane is produced
on a clean surface (carbon free), in contrast to the flow
experiments, where the initial activity (taken at 10 min of
the reaction time) corresponds to the reaction of n-butane
on a partially deactivated surface by carbon deposition.
Hence, taking into account the carbon retention values
shown in Table 2, it is observed that the deactivation by

Results of pulse experiments. Conversion of n-butane, selectivity to all butenes and carbon retention
(accumulative) for the three first pulses injected to the Pt, PtSn, PtSnIn and PtSnGa catalysts supported

on MgAl,0,
Conversion (%) Selectivity (%) C retention (%)
Catalyst Pulse Number Pulse Number Pulse Number
1 | 2 | 3 1 | 2 | 3 1 | 2 | 3
Pt/MgAL,0, 94 77 66 1 7 10 35 67 78
PtSn(0,3)/MgAL,0, 80 73 69 43 58 66 25 35 48
PtSn(0,3)In(0,28)/MgAL,0, 72 65 59 89 90 90 16 30 43
PtSn(0,3)Ga(0,17)/MgAL,0, 61 51 40 89 89 89 15 29 40
68 KaTtanu3s B npombiwneHHoctu, Ne 5, 2012
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coke deposition is very important for monometallic cata-
lysts, thus producing a strong decrease of the activity dur-
ing the initial steps of the reaction.

With respect to the selectivity to all butenes in pulse
experiments, Table 2 shows that the values slowly increase
as the pulse number increases for mono and bimetallic
catalysts, but it remains unchanged for both trimetallic
samples. It can be observed that the selectivity to olefins
on the Pt/MgAl,0, catalyst after the first pulse is only
1 %, while that corresponding to the PtSn catalyst is much
higher (43 %), and those corresponding to trimetallic
catalysts are very high (290 %). This latter value, which
remained practically constant along the three pulses, is
similar to that observed in flow experiments for both tri-
metallic catalysts. On the other hand the selectivity values
for the three pulses in mono and bimetallic catalysts are
much lower than the ones obtained in flow experiments
(see Figures 3 and 4). In mono and bimetallic catalysts,
there is a clear correlation between the carbon retention
and the evolution of the selectivity to butenes along the
pulses, which indicates that both fresh catalysts (mainly
the monometallic one) have an important concentration
of hydrogenolytic sites that are blocked by carbon during
the first steps of the reaction, thus increasing the dehy-
drogenating selectivity. On the other hand, in the metallic
phase of both trimetallic catalysts, there is a very low con-
centration of hydrogenolytic sites since the selectivity to
olefins is very high in the initial steps of the reaction and it
remains unchanged along the reaction time.

Characterization of the metallic phase
of trimetallic catalysts

Experiments of cyclohexane (CH) dehydrogenation
were also carried out on trimetallic catalysts, and the re-
sults are shown in Table 1. For trimetallic PtSnGa and Pt-
Snln catalysts, a pronounced decrease of the CH dehydro-
genation reaction rate with respect to the bimetallic PtSn
catalyst is observed in Table 1. Precise measurements of
the activation energy for trimetallic catalysts could not be
determined due to the very low activity in this reaction.

Results of the cyclopentane hydrogenolysis are also
indicated in Table 1. The CPH activity decreases after
the addition of Sn to the Pt/MgAl,O, catalyst, and the
decrease is more important after the addition of the third
metal (In or Ga) to Pt.

Table 1 also shows the values of the chemisorbed hy-
drogen on trimetallic catalysts supported on MgAl,O,.
When Sn is added to Pt, the H, chemisorption capacity
decreases three times, while for both trimetallic catalysts,
the H, chemisorption is negligible.

Frequency, %

60
[ PtSn(0.3)/MgAL,0;““(D = 1.51 nm)
i [H PtSn(0.3)In(0.28)/MgAL,0;* (D = 1.58 nm)
— [ PtSn(0.3)Ga(0.17)/MgAL,0;*(D = 1.51 nm)
M PtSn/MgALO, (D=1.38nm)
40+
20- ]
0 T ‘I . T
1 2 3 Particle diameter, nm

Fig. 5. Distribution of metallic particle sizes by TEM
for the different fresh catalysts

TEM results displayed in Figure 5 indicate that there
are no important changes in the distribution of metallic
particle size after addition of Sn, In or Ga to the Pt cata-
lyst, since the mean diameters are 1.32 nm, 1.51 nm, 1,51
nm and 1.58 nm for Pt, PtSn, PtSnGa and PtSnlIn, re-
spectively.

Taking into account TEM results (similar particle
size in mono, bi and trimetallic catalysts), the important
decrease of the chemisorption values for trimetallic cata-
lysts, together with the negligible activity in CH dehydro-
genation and the very low hydrogenolytic activity could be
attributed to different geometric effects of Sn, In or Ga on
Pt sites, like blocking and dilution, though the presence of
electronic effects should not be discarded (as observed for
PtIn and PtGa catalysts).

Figures 6 and 7 show the TPR profiles of mono, bi and
trimetallic catalysts. The reduction profile of the Pt cata-
lyst shows two peaks, the main one at 235 °C and the sec-
ond one, smaller and wider, at 410 °C. These peaks would
correspond to the reduction of different Pt oxichlorinated
species [17]. In the bimetallic PtSn catalyst, the addition
of Sn to Pt produces both a broadening and a shift of the
main reduction peak toward higher temperatures (275 °C)
(Figures 6 and 7). This fact indicates the Pt—Sn co-re-
duction. In addition to this main peak, the PtSn catalyst
shows a shoulder at higher temperatures (between 390 and
480 °C) probably attributed to the reduction of free Sn spe-
cies since in the Sn/MgAl,0, catalyst, a reduction zone
at high temperature (> 400 °C) was also observed. TPR
profiles of PtSnIn (Figure 6) and PtSnGa catalysts (Fi-
gure 7) display broad and high reduction peaks which are
shifted to much higher temperatures (290 and 300 °C, re-
spectively). In conclusion, the bigger size of the main peak
observed in bimetallic and trimetallic systems together
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with the shift to higher temperatures and the broadening
of this peak after the addition of Sn and In or Ga to Pt
could be related to either a catalytic effect of Pt on the me-
tallic promoters reduction (the hydrogen dissociated on Pt
particles would reduce Sn and In or Ga) or a simultane-
ous reduction of the metals with probable alloy formation.
These results are in agreement with characterization re-
sults presented in Table 1.

Table 3 shows the binding energy (BE) values corre-
sponding to the Sn 3ds , level of PtSn/MgAl, O, PtSnln/
MgAl,04and PtSnGa/MgAl,O, catalysts after reduction
in situ at 500 °C. From the deconvolution of the Sn3ds,,
spectra of the three catalysts, three peaks were obtained
at 483.1—483.4 eV, 486.1—486.6 eV and 487.4—488.5 eV.
It can be observed that the first peak corresponds to a
fraction of Sn in the zerovalent state (16 % in PtSn, 35 %
in PtSnln and 26 % in PtSnGa catalysts). The other two
peaks are attributed to different oxidized and oxychlorin-
ated species of Sn stabilized on the support [18, 19]. The

H, consumption. a.u.

PtSn(0.3)In(0.28)/MgAL0,

PtSn(0.3)/MgAL,0,

100 200 300 400 500 t °C
Fig. 6. TPR profiles of calcined Pt, PtSn and PtSnIn cata-
lysts supported on MgAL,0,

H, consumption. a.u.

507 pisn(0.3)6a(0.17)MgAL0,

40+

301

20- PtSn(0.3)/MgAL,0,
10- M
0 100 200 300 400 500

t, °C

Fig. 7. TPR profiles of calcined Pt, PtSn and PtSnGa cata-
lysts supported on MgAL,0,

Table 3

XPS results for PtSn, PtSnIn and PtSnGa catalysts
supported on MgAL,0, (The values between paren-
theses correspond to the percentage of each species)

Binding Binding
Catalyst energy energy
Sn3ds, (eV) M* (eV)
483,1 (16 %)
PtSn/MgAL,0, 486,1 (69 %) -

487,4 (15 %)
483,2 (35 %)
486,4 (58 %)
487,7 (7 %)
483,4 (26 %)
486,6 (71 %)
4885 (3 %)

" Corresponding to In 3ds, or Ga 3d.

444,3 (64 %)

PtSn(0,3)In(0,28)/MgAL,0, 445,8 (36 %)

PtSn(0,3)Ga(0,17)/MgAL,0, 22,4 (100 %)

presence of Sn(0) in bimetallic and trimetallic catalysts
and the absence of this species in the Sn monometallic
one [20], would indicate a higher Sn reducibility in PtSn,
PtSnlIn and PtSnGa catalysts, these results agreeing with
TPR ones.

Besides, Table 4 also shows the binding energy values
corresponding to In 3ds/, in PtSnln/MgAl,04 and to
Ga3d level in PtSnGa/MgAl,0, catalysts after reduction
in situ at 500 °C. For the PtSnIn sample, two signals could
be deconvoluted, the former at 444.3 eV corresponding to
zerovalent In (64 % of the total surface In), and the lat-
ter at 445.8 eV corresponding to oxidized In (36 % of the
total surface In) [19]. For the PtSnGa sample, only one
signal was observed at 22.4 ¢V corresponding to oxidized
Ga. Hence, a higher reducibility of In than that of Ga in
the corresponding trimetallic catalysts is observed. This is
in agreement with the work of Homs et al. [18] who studied
PtSnM/SiO, catalysts (M = Ga, In, TI) by XPS.

Studies on the stability of mono, bi
and trimetallic catalysts

The stability experiments were carried out through
five successive reaction-regeneration cycles, which were
described in the experimental section, and the results are
condensed in Table 4. It shows the modification of the
initial and final yield to butenes (defined as the product
between the n-butane conversion and the selectivity to
all butenes) for MgAl,0O, supported Pt (taken as a refer-
ence), PtSn, PtSnGa and PtSnln catalysts, through the
successive reaction-regeneration cycles. It can be observed
that the monometallic catalyst showed a pronounced de-
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Table 4

Values of initial yield (Y,) and final yield (Yy) for MgAL,0,-supported Pt (taken as a reference), PtSn,
PtSnGa and PtSnln catalysts, through the five successive reaction-regeneration cycles

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
Catalyst
v | v o | v | vw | oY vZw | v v | v
Pt/MgAL,0, 30 18 26 15 26 14 25 13 25 13
PtSn/MgAL,0, 31 26 33 25 30 25 32 25 29 26
PtSnGa/MgAL,0, 29 25 34 28 35 30 33 26 34 25
PtSnIn/MgAl,0, 28 25 34 30 32 30 33 32 32 29

Yield to butenes, %

SDDDDD
AAA& =
Bgoégé

®
o8
3017, AAAAXEE %

20+

10

0 100 200 300

Fig. 8. Yields to butenes of the different catalysts
as a function of the reaction time during the last reaction-
regeneration cycle (after four reaction periods and four
regeneration steps)

& - Pt/MgAl,0,, A - PtSn/MgAL,0,, @ - PtSnGa/MgAL,0,,

01 - PtSnIn/MgAL,0,

T, min

crease of the yield to butenes in each cycle and along the
five cycles. In this sense the fall in the yield (AY) between
the initial yield of the first cycle and the final yield of the
last cycle, referred to initial yield of the first cycle, was
57 %. The yields to butenes for the PtSn/MgAl,0, and
PtSnGa/MgAl,O, catalysts are slightly modified through
the successive cycles, and the AY values for both catalysts
are 16 % and 14 %, respectively. However, the AY value of
PtSnIn/MgAl,O, remains constant, thus showing an ex-
cellent stability along the cycles. In order to obtain a bet-
ter comparison of the performance along the cycles of the
different catalysts, the yields to butenes as a function of
the reaction time during the last cycle (after four reaction
periods and four regeneration steps) are shown in Figu-
re 8. The trimetallic PtSnIn/MgAl,O, catalyst clearly
displayed the best stability, thus showing in the last cycle a
slight decrease of the yield from 32 to 29 %. In spite of the

lower stability of PtSnGa and the bimetallic PtSn sample
with respect to that corresponding to the PtSnIn catalyst,
they also showed a very good behavior through the succes-
sive reaction-regeneration cycles.

In general, the modification of the structure of the me-
tallic phase would take place from cycle to cycle. Each cy-
cle involves the reaction step, the burning of the deposited
coke (exothermic reaction) and the reduction of the metal
(exothermic process). All these effects can lead to the
modification of the metallic phase, though in a different
degree according to the nature of the support, the charac-
teristics of the active phase related to the promoters added
to the active metal. Figures 9, 10 and 11 show the TPR
profiles of the bimetallic PtSn and trimetallic PtSnGa and
PtSnln catalysts, both fresh and after reaction-regenera-
tion cycles. In all cases, the TPR profiles corresponding to
catalysts after the five reaction-regeneration cycles show
that the shape and the temperatures of the reduction peaks
are very similar to those of the fresh samples, though these
peaks have minor areas. This means that the metallic
phases of these catalysts are modified in a low extension
after the cycles. These results agree with those obtained

PtSn(0.3)/MgAL,0,
fresh

=]

<

c

.2

-

[=%

£

3

L

o

% PtSn(0.3)/MgALO,
T after cycles

0 100 200 300 400 500 t°C

Fig. 9. TPR profiles of fresh and after cycles PtSn/MgAl,0,
catalysts
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PtSn(0.3)Ga(0.17)/MgAL,0,
fresh

H, consumption. a.u.

PtSn(0.3)Ga(0.17)/MgAL,0,
after cycles

0 100 200 300 400 500 t°C

Fig. 10. TPR profiles of fresh and after cycles PtSnGa/MgAl,0,
catalysts

PtSn(0.3)In(0.28)/MgAL,0,
fresh

=
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S PtSn(0.3)In(0.28)/MgAL,0,
<, after cycles

T

0 100 200 300 400 500 t,°C

Fig. 11. TPR profiles of fresh and after cycles PtSnIn/MgAL,0,
catalysts

by TEM of the samples after cycles, which indicate that
the metallic particle size of PtSn (mean diameter = 1.42
nm) and PtSnIn catalysts (mean diameter = 1.40 nm) did
not increase after the five cycles. The results of these tests
show that the metallic phases of these catalysts are very
stable and resistant to sintering processes.

On the other hand, in the monometallic Pt/MgAl,0,4
catalyst submitted to the successive reaction-regenera-
tion cycles, the narrow TPR reduction zone appearing at
235 °C (Figure 12) displayed by the fresh sample, becomes
broader and shifted to lower temperatures in the TPR of
the catalyst after cycles. This new peak at 190 °C would
correspond to the reduction of metallic particles with

Pt/MgAL,0,
fresh

s

©

c

.2

)

o

IS

3

e

S

=) Pt/MgALO,
after cycles

0 100 200 300 400 500 t °C

Fig. 12. TPR profiles of fresh and after cycles Pt/MgALl,0,
catalysts

higher size, originated during the cycles. This important
modification of the metallic phase in the Pt/MgAl,O,
catalyst along the cycles is responsible for the low catalytic
stability of the monometallic catalyst.

Conclusions

Results of n-butane dehydrogenation corresponding
to bimetallic catalysts showed that the PtSn catalyst has
a better catalytic behavior than PtIn and PtGa ones. The
characterization results indicate the presence of geomet-
ric effects for the former catalyst, and geometric and elec-
tronic effects for PtIn and PtGa.

For trimetallic catalysts, while the addition of Ga to the
bimetallic catalyst does not practically modify the dehy-
drogenation performance, the addition of In produces an
increase both of the activity and the selectivity to butenes.

Pulse reactions results displayed that both Pt and PtSn
fresh catalysts (mainly the monometallic one) have an im-
portant number of hydrogenolytic sites that are blocked by
carbon during the initial steps of the reaction. On the other
hand, in the metallic phase of both trimetallic catalysts,
very low concentrations of hydrogenolytic sites are present.

Taking into account that there are no important
changes in metallic particle size after the addition of Sn,
In or Ga to the Pt catalyst, as observed by TEM, charac-
terization results clearly indicate the presence of a close
contact between Pt, Sn and In or Ga in both trimetallic
catalysts. The geometric effects, like blocking and dilution
of the active sites by the promoters, are present in these
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catalysts, though the electronic effects could also play a
role in both trimetallic catalysts.

The trimetallic PtSnIn/MgAl,0, catalyst clearly dis-
played the best catalytic stability during experiments of
reaction-regeneration cycles. In spite of the lower stabil-
ity of PtSnGa and PtSn catalysts with respect to PtSnIn/
MgAl,O,, they also showed a very good behavior through
the successive cycles. The characterization of these cata-
lysts by TPR and TEM showed that the metallic phase of
bi and trimetallic catalysts remains practically unmodi-
fied along the cycles.

The authors thank the Secretaria de Ciencia y Técnica- Univer-
sidad Nacional del Litoral (CAI+D Program) and ANPCYT

for the financial support of this Project. Thanks are also given
to Miguel A. Torres for the experimental assistance.
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INUHEND MgAL,0,, NPUTOTOBJIEHHAA
METOAOM MEXAHOXWUMUYECKOIO CUHTE3A, KAK HOCUTEJIb
NOJUMETAJUTUMECKUX KATAJIU3ATOPOB AETMAPUPOBAHUA NAPA®UHOB
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L MHCTUTYT nccnepnoBaHuit kKaTanu3sa u HedTexummun, CaHTbAro, ApreHTUHa

20tpen HeopraHMYyecKomn u TexHuyeckoi xumun, Magpug, Ncnanms

Haunbonee BaXXHBIMHU JISTKUMHU OJIe(UHAMU, UCITOTb-
3yeMBbIMU B TPOU3BOJACTBE HEPTEXUMMUYECKMX TPOITYKTOB
(TakMX KaK MOJIMMEPbI, OKCUIBI, CIUPTHI U [IP.), IBISIOT-
cs 3TUJICH, TIPOITUJICH M OyTUJIeHBI. PacTymmunii cripoc Ha
3TU aJIKEHBI TPEBLICUJI 00BEM ITPOM3BOICTBA 3TUX XUMU-
YECKHUX MPOMYKTOB ITyTeM KPeKWHTa He(DTH, SIBJISIONICH-
Cs B HACTOSIIIEe BpeMSI OCHOBHBIM CHIPhEBBIM MCTOIHM-
KOM, TEM CaMbIM MOTUBHUPYS MHTEPEC K MOUCKY APYTUX

CMoco0OB WX TMPOM3BOACTBA. KaTajiuTuueckoe Ieruia-
pUpOBaHME 3TaHa, MpoIlaHa 1 OyTaHa IpeajiaracTcs Kak
MPUBJIEKATEIbHbIN aJIbTEPHATUBHBIN CIIOCO0 MOy YeHUs
ankeHoB. B 2000 r. okoso 7 MIH MeTpruiyeckux TOHH C3;—
C, onerHOB ObLIO MPOM3BEAEHO METONOM KaTaJlUTH-
YECKOIo AeruapupoBaHust. [JOMOIHUTENIbHBIA UHTEPEC
K 3TOMY TIPOILIECCY CBSI3aH C TEM, UTO BOIOPOI, OCHOBHOM
IMOGOYHBII MPOAYKT, SIBJISICTCS LIEHHBIM TOBAPHBIM IIPO-
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JTYKTOM, KOTOPBI JIETKO MOXET OBITh MCTIOJIb30BaH ISt
MHOTHX IIeJIell B HeTenepepadboTkKe.

Hcnonp3oBaHue 61aropoaHBIX METAJIIOB, HAIIPUMED
IUTATUHBI, B KaYeCTBE KaTaJIUTHUYECKOTO KOMITOHEHTa,
MO3BOJISIET TOJYYUTh aKTHUBHBIN KaTaJlu3aTop IeTruI-
PUPOBAHMS JIETKMX aJIKAHOB, HO B OTCYTCTBHE MOIM-
(bmKaTOpPOB MJIM METATTNYECKUX TTPOMOTOPOB OH UMEET
HM3KYIO CEJIEKTUBHOCTD IO oJiePHaM U OBICTPO JIe3aK-
TUBUPYETCS BCICACTBHE 00pa3oBaHMsI KOKca. Mcrmorb30-
BaHue MgAl,0 4 KaK HoCUTeNS KaTaJnu3aropa OCHOBAHO
Ha ero HeMTpaJbHBIX KUCJIOTHO-OCHOBHBIX XapaKTeprc-
THUKaX W OYCHb BHICOKOI TEpMUUECKOM CTAOMIBHOCTH.
IlepBas xapakTepucTUKa SIBJISIETCS OYeHb Ba>KHOM 115
mpoiiecca AeTUAPUPOBaHUS TapachMHOB, ITOCKOJIbKY
OYCHB BBICOKAsI CEJICKTHUBHOCTH IO OJc(pMHAM 3aBHCHUT
HE TOJBKO OT COOTBETCTBYIOIIEH CTPYKTYPHI MeTaJlJIu-
YeCcKoi (pa3bl, HO TaKXKe M OT HU3KOM KUCIOTHOCTUA HO-
CHTEJISI, YTO MUHUMU3UPYET HeXXeIaTeIbHbIC TOOOUHEIC
peakuuu (KpeKMHI M KOKcooOpasoBaHwue). MgAL, Oy
MIPUTOTOBJICHHBIA METOIOM MEXaHOXMMUYECKOTO CHH-
Te3a, o0yagaeT CBONCTBAMHU, OTIMUHBIMHA OT CBOWMCTB
aHaJIOTOB, ITOJIYYEHHBIX TPagIUIIMOHHBIMU METOZaMM
(cmekaHueM U coocaxaeHueM). B nureparype Her pa-

Mamamu akademuka B.B. CmpymMuHcKo20

VIIK 66.097.322[661.7 :
547.584.312]

00T, coobIIaONIMX 00 UCIOAb30BaHUM METaJIJIMYECKUX
KaTanu3aTopoB (0M- M TpUMeETaJJIMYeCKMX), HaHECEH-
HBIX Ha MarHUEeBBIC IITTMHEIN, TIPUTOTOBIICHHBIC MeXa-
HOXUMHWYECKUM CHHTE30M IJIS ITpoliecca IeTHaprupoBa-
HUS JIETKUX aJIKaHOB.

Hcrionp3oBaHne TOJMMETAJUIMYECKMX  KaTallu-
3aTOPOB W HOCHUTEJNIei, MMEIOIINX MpPEeUMYIIecTBa B
CBOICTBAX, UMEET LIEJIbI0 YIYYIIUTh BBIXOI aJIKCHOB U
KaTaJUTUYECKYIO CTAOMIBHOCTH B XONIE IIMKJIOB peak-
USI—pereHepamus.

Pesynbprarel geruapupoBaHus H-OyTaHa IOKa3alu,
yto nmobaBka Ga K oumertannuvyeckomy PtSn xaranu-
3aTOpPy NMPaKTHUYECKM HE BIMUSET Ha XapaKTCPUCTUKU
mpouecca. C npyroit ctopoHsl, no6aBka In k PtSn ka-
TaJau3aToOpy MPUBOIUT K YBEIMYCHUIO aKTUBHOCTH U
CEJIEKTUBHOCTH 10 OyTEeHaM.

Tpumertannuueckuit karaausarop PtSnln/MgAl,O,
ITOKa3aJl Han0oJiee BEICOKYIO CTAOMIBHOCTD B 9KCIIEPH-
MEHTaJbHBIX [IUKJIaX peaKIInsI—pereHepanns. Oxapak-
Tepu30BaHUE 3TOr0 Karajau3aTopa (I1ocjie MOCIEIHETO
nukia) metogamMu TIIB 1 TOM mokasajo, 9To MeTal-
JmJyecKasd ¢dasa B XOIe IIMKJIOB OCTallach MPAaKTUIECKH
HEU3MEHHOW.

0 CO3JAHUN KATANTU3ATOPA KT-1-CH

NMPOU3BOACTBA GTANEBOIr0 AHFTUAPUAA
OKUCNEHUEM o-KCUNIONA
B HENOABWXXHOM CJIOE
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drayeBBIit aHTUIPU ABISIETCS OTHUM U3 BaXKHEH-
HUX TPOAYKTOB OCHOBHOIO OPraHMYECKOro CUHTE3A.
OH WUCITIONIB3YETCS B TIPOM3BOACTBE IIACTU(PUKATOPOB
(50 %), ankugHbix cMo (25 %), kpacuteneit (7 %), ne-
KapcTBeHHBIX npenapartoB (5 %) u ap. Hagaso ero mpo-

Monomtiok 0.-B.A. — KaHO. xum. HayK, cm. Hayy. COMPYOHUK.
Ten.: (915) 205-38-00. E-mail: vladlen1929@yandex.ru
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MBIIIJICHHOTO ITPOM3BOACTBA TTOJIOXKEHO B ['epMaHUM B
1872 1., B CCCP — B 1934 1. K KOHIly MpOIIJIOro BeKa
MHUPOBOE ITPOU3BOACTBO (PTANIEBOr0 aHTUAPUIA JOCTHT -
710 4 Mt 1/Ton, B CCCP — 335 ThIC. T/TOR [1].
IIpousBoacTBO (pTaseBoro aHruapuaa OCHOBaHO Ha
KaTaJIUTUYECKOM OKMCJIeHUU HadTaluHA UIU 0-KCU-
Jona. BHavaje ero mpon3BOACTBO OBIJIO peajnM30BaHO
Ha HadTanuHe. B ¢BsI3M ¢ Bo3pacraronieili moTpedHoC-
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