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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 C3—C4 olefins were produced via 
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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 MgAl2O4 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 MgAl2O4 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, MgAl2O4 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 MgAl2O4 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 MgAl2O4 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), H2 chemisorption and Transmission 

Electron Microscopy (TEM).

Experimental

The MgAl2O4 spinel was prepared by mechanochemi-

cal synthesis (MgAl2O4). Pure MgO (99.9955 %) and 

γ-Al2O3 (99.9 %) were intimately mixed in 1 : 1 molar ratio 

and then they were ground to a very fine powder (particle 

diameter < 105 μm) 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 μm (35—80 mesh).

The BET surface area and the pore volume of the sup-

port MgAl2O4 was obtained by N2 adsorption at –196 °C 

in a Quantachrome Corporation NOVA-1000 equipment. 

X-ray diffraction experiments on MgAl2O4 were per-

formed at room temperature in a Shimadzu model XD3A 

instrument using CuKα radiation (λ = 1,542 Å), gene-

rated at 30 kV and a current of 30 mA. 

Pt(0.3 wt.%)/MgAl2O4 catalyst was prepared by in-

cipient impregnation of the MgAl2O4 with an aqueous 

solution of H2PtCl6 at room temperature for 6 h. The Pt 

concentration in the solution was 2.14 g L–1, and the im-

pregnating volume/weight of support ratio was 1.4 mL g–1. 

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 SnCl2 in diluted 

hydrochloric acid medium (1 M) at room temperature for 

6 h. The concentration of SnCl2 in the impregnating solu-

tion was 2.14 g Sn L–1, and the impregnation volume/sup-

port weight ratio was 1.4 mL g–1. 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.%)/MgAl2O4
 and Pt(0.3 wt.%)Sn

(0.3 wt.%)Ga(0.17 wt.%)/MgAl2O4 catalysts were ob-

tained by impregnation of the bimetallic one (PtSn) with 

an aqueous solution (impregnation volume/support weight =

= 1.4 mL g–1) of In(NO3)3 or Ga(NO3)3 at 25 °C for 

6 h. The In and Ga concentrations (2 g In L–1 and 1.21 g 

Ga L–1) 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–1 of the reactive mixture (n-butane + hydro-

gen, H2/n-C4H10 molar ratio = 1.25). The reactive mix-

ture was prepared in situ by using mass flow controllers. All 

gases, n-butane, N2 (used for purge), and H2 (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 H2 for 

3 h. The reactor effluent was analyzed in a GC-FID equip-

ment with a packed column (1/8× 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, trans-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 H2) corrected by 

the corresponding response factor. The selectivity to the 

different reaction products (i) was defined as the ratio: 

mol of product i/Σ mol of all products (except H2). 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–1) between the injec-

tions of two successive pulses. Prior to the experiments, all 

samples were reduced in situ under flowing H2 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.%)/MgAl2O4 and PtSn(0.3 wt.%)/MgAl2O4 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 N2 , regeneration with 

a O2—N2 mixture (5 % v/v O2) at 500 °C for 6 h, purge 

with N2 and reduction with H2 at 530 °C for 3 h. The 

purge steps with N2 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 cm3·h–1. Prior to these reactions, 

samples were reduced in situ with H2 at 500 °C for 3 h. In 

both reactions the H2/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–1 from room 

temperature up to about 600 °C. The reductive mixture 

(5 v/v % H2—N2) was fed to the reactor with a flow rate of 

10 mL min–1. 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 MgKα, hν = 1253.6 eV). The 

pressure of the analysis chamber was kept at 4·10–10 torr. 

Samples were previously reduced in situ at 500 °C with H2 

for 2 h. Binding energies (BE) were referred to the C1s peak 

at 284.9 eV. The peak areas were estimated by fitting the 

experimental results with Lorentzian-Gaussian curves.

H2 chemisorption measurements were made in a volu-

metric equipment. The sample was heated under flowing 

H2 (60 mL min–1) 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 out on a JEOL 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: 

, where ni is the number of particles of diame-

ter di.

Results and discussion

Characterization of the support
The values of SBET and pore volume were 117 m2 

g–1 and 0.38 cm3 g–1, 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/MgAl2O4 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 RCH 

values. This fall is more marked for PtGa and PtIn cata-

lysts (R°CH of these bimetallic catalysts is about five times 

lower than that of the Pt catalyst). For the PtSn catalyst, 

R°CH is half that of the Pt catalyst. With respect to the val-

ues of activation energy (ECH), the PtSn catalyst shows a 

similar value to that of the Pt catalyst, whereas those of 

PtGa and PtIn 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 H2 chemisorption results for all 

catalysts. There is a high H2 chemisorption capacity for 

the Pt/MgAl2O4 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 H2 

chemisorption. The Sn addition produces a strong fall of H2 

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-

Table 1
Results of H2 chemisorption, inicial rates (RCH ) and activation energies (ECH) in CH dehydrogenation, 
and initial rates (RCP) in CP hydrogenolysis for Pt, PtSn, PtSnIn and PtSnGa supported on MgAl2O4

mec

Catalyst
H2 chemisorption 
(μmol. g cat.–1)

CH dehydrogenation CP hydrogenol.
R°CP

mol. h–1g–1
R°CH

mol. h–1g–1
ECH

Kcal mol.–1

Pt/MgAl2O4 3,82 101,8 21,0 4,7

PtSn(0,3)/MgAl2O4 1,10 49,7 18,7 1,9

PtIn(0,28)/MgAl2O4 2,33 18,4 34,9 1,3

PtGa(0,17)/MgAl2O4 2,66 16,7 41,1 1,2

PtSn(0,3)Ga(0,17)/MgAl2O4 < 0,05 < 3 – 0,9

PtSn(0,3)In(0,28)/MgAl2O4 < 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°CH 

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 (ΔX) along 

time (see Figures 1 and 2) was defined as: ΔX = 100·(X0 –

– Xf)/X0, where X0 is the initial conversion (at t = 10 min 

of the reaction time) and Xf is the final conversion (at t =

= 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 PtIn 

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/MgAl2O4 
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. 

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 MgAl2O4

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 MgAl2O4
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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 

MgAl2O4. 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 PtSnIn catalyst was very 

stable (ΔX = 4.1 %), the PtSnGa deactivated during the 

reaction (ΔX = 25.2 %).

Figures 3 and 4 also show the values of the selectiv-

ity to all butenes for trimetallic catalysts supported on 

MgAl2O4. For PtSn and PtSnGa catalysts, the selectivity 

is similar and it ranges from 88 to 93 %, and for PtSnIn 

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 PtSnIn catalysts observed in flow experiments with 

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 

Table 2
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 MgAl2O4

Catalyst

Conversion (%) Selectivity (%) C retention (%)

Pulse Number Pulse Number Pulse Number

1 2 3 1 2 3 1 2 3

Pt/MgAl2O4 94 77 66 1 7 10 35 67 78

PtSn(0,3)/MgAl2O4 80 73 69 43 58 66 25 35 48

PtSn(0,3)In(0,28)/MgAl2O4 72 65 59 89 90 90 16 30 43

PtSn(0,3)Ga(0,17)/MgAl2O4 61 51 40 89 89 89 15 29 40

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 MgAl2O4

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 MgAl2O4
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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/MgAl2O4 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 (≅90 %). 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-

SnIn 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/MgAl2O4 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 MgAl2O4. 

When Sn is added to Pt, the H2 chemisorption capacity 

decreases three times, while for both trimetallic catalysts, 

the H2 chemisorption is negligible. 

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 PtSnIn, 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/MgAl2O4 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 

Fig. 5. Distribution of metallic particle sizes by TEM 
for the different fresh catalysts
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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 3d5/2 level of PtSn/MgAl2O4, PtSnIn/

MgAl2O4 and PtSnGa/MgAl2O4 catalysts after reduction 

in situ at 500 °C. From the deconvolution of the Sn3d5/2 

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 PtSnIn 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 

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, 

PtSnIn and PtSnGa catalysts, these results agreeing with 

TPR ones. 

Besides, Table 4 also shows the binding energy values 

corresponding to In 3d5/2 in PtSnIn/MgAl2O4 and to 

Ga3d level in PtSnGa/MgAl2O4 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 eV 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/SiO2 catalysts (M = Ga, In, Tl) 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 MgAl2O4 supported Pt (taken as a refer-

ence), PtSn, PtSnGa and PtSnIn catalysts, through the 

successive reaction-regeneration cycles. It can be observed 

that the monometallic catalyst showed a pronounced de-

Table 3
XPS results for PtSn, PtSnIn and PtSnGa catalysts 
supported on MgAl2O4 (The values between paren-
theses correspond to the percentage of each species)

Catalyst
Binding 
energy

Sn3d5/2 (eV)

Binding 
energy
M* (eV)

PtSn/MgAl2O4

483,1 (16 %)
486,1 (69 %)
487,4 (15 %)

–

PtSn(0,3)In(0,28)/MgAl2O4

483,2 (35 %)
486,4 (58 %)
487,7 (7 %)

444,3 (64 %)
445,8 (36 %)

PtSn(0,3)Ga(0,17)/MgAl2O4

483,4 (26 %)
486,6 (71 %)
488,5 (3 %)

22,4 (100 %)

* Corresponding to In 3d5/2 or Ga 3d.

Fig. 6. TPR profiles of calcined Pt, PtSn and PtSnIn cata-
lysts supported on MgAl2O4

Fig. 7. TPR profiles of calcined Pt, PtSn and PtSnGa cata-
lysts supported on MgAl2O4
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crease of the yield to butenes in each cycle and along the 

five cycles. In this sense the fall in the yield (ΔY ) 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/MgAl2O4 and 

PtSnGa/MgAl2O4 catalysts are slightly modified through 

the successive cycles, and the ΔY values for both catalysts 

are 16 % and 14 %, respectively. However, the ΔY value of 

PtSnIn/MgAl2O4 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/MgAl2O4 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 

PtSnIn 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 

Table 4
Values of initial yield (Y0) and final yield (Yf) for MgAl2O4-supported Pt (taken as a reference), PtSn, 
PtSnGa and PtSnIn catalysts, through the five successive reaction-regeneration cycles

Catalyst
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Y0 Yf Y0 Yf Y0 Yf Y0 Yf Y0 Yf

Pt/MgAl2O4 30 18 26 15 26 14 25 13 25 13

PtSn/MgAl2O4 31 26 33 25 30 25 32 25 29 26

PtSnGa/MgAl2O4 29 25 34 28 35 30 33 26 34 25

PtSnIn/MgAl2O4 28 25 34 30 32 30 33 32 32 29

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/MgAl2O4,  – PtSn/MgAl2O4,  – PtSnGa/MgAl2O4, 
 – PtSnIn/MgAl2O4

Fig. 9. TPR profiles of fresh and after cycles PtSn/MgAl2O4 
catalysts
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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/MgAl2O4 

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 

higher size, originated during the cycles. This important 

modification of the metallic phase in the Pt/MgAl2O4 

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 

Fig. 10. TPR profiles of fresh and after cycles PtSnGa/MgAl2O4 
catalysts

Fig. 11. TPR profiles of fresh and after cycles PtSnIn/MgAl2O4 
catalysts

Fig. 12. TPR profiles of fresh and after cycles Pt/MgAl2O4 
catalysts



73Катализ в промышленности, № 5, 2012

Отечественные катализаторы

catalysts, though the electronic effects could also play a 

role in both trimetallic catalysts.

The trimetallic PtSnIn/MgAl2O4 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/

MgAl2O4, 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 Secretaría 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 
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Наиболее важными легкими олефинами, исполь-

зуемыми в производстве нефтехимических продуктов 

(таких как полимеры, оксиды, спирты и др.), являют-

ся этилен, пропилен и бутилены. Растущий спрос на 

эти алкены превысил объем производства этих хими-

ческих продуктов путем крекинга нефти, являющей-

ся в настоящее время основным сырьевым источни-

ком, тем самым мотивируя интерес к поиску других 
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способов их производства. Каталитическое дегид-

рирование этана, пропана и бутана предлагается как 

привлекательный альтернативный способ получения 

алкенов. В 2000 г. около 7 млн метрических тонн C3–

C4 олефинов было произведено методом каталити-

ческого дегидрирования. Дополнительный интерес 

к этому процессу связан с тем, что водород, основной 

побочный продукт, является ценным товарным про-
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дуктом, который легко может быть использован для 

многих целей в нефтепереработке.

Использование благородных металлов, например 

платины, в качестве каталитического компонента, 

позволяет получить активный катализатор дегид-

рирования легких алканов, но в отсутствие моди-

фикаторов или металлических промоторов он имеет 

низкую селективность по олефинам и быстро дезак-

тивируется вследствие образования кокса. Использо-

вание MgAl2O4 как носителя катализатора основано 

на его нейтральных кислотно-основных характерис-

тиках и очень высокой термической стабильности. 

Первая характеристика является очень важной для 

процесса дегидрирования парафинов, поскольку 

очень высокая селективность по олефинам зависит 

не только от соответствующей структуры металли-

ческой фазы, но также и от низкой кислотности но-

сителя, что минимизирует нежелательные побочные 

реакции (крекинг и коксообразование). MgAl2O4, 

приготовленный методом механохимического син-

теза, обладает свойствами, отличными от свойств 

аналогов, полученных традиционными методами 

(спеканием и соосаждением). В литературе нет ра-

бот, сообщающих об использовании металлических 

катализаторов (би- и триметаллических), нанесен-

ных на магниевые шпинели, приготовленные меха-

нохимическим синтезом для процесса дегидрирова-

ния легких алканов.

Использование полиметаллических катали-

заторов и носителей, имеющих преимущества в 

свойствах, имеет целью улучшить выход алкенов и 

каталитическую стабильность в ходе циклов реак-

ция–регенерация.

Результаты дегидрирования н-бутана показали, 

что добавка Ga к биметаллическому PtSn катали-

затору практически не влияет на характеристики 

процесса. С другой стороны, добавка In к PtSn ка-

тализатору приводит к увеличению активности и 

селективности по бутенам. 

Триметаллический катализатор PtSnIn/MgAl2O4 

показал наиболее высокую стабильность в экспери-

ментальных циклах реакция–регенерация. Охарак-

теризование этого катализатора (после последнего 

цикла) методами ТПВ и ТЭМ показало, что метал-

лическая фаза в ходе циклов осталась практически 

неизменной.
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Фталевый ангидрид является одним из важней-

ших продуктов основного органического синтеза. 

Он используется в производстве пластификаторов 

(50 %), алкидных смол (25 %), красителей (7 %), ле-

карственных препаратов (5 %) и др. Начало его про-

мышленного производства положено в Германии в 

1872 г., в СССР — в 1934 г. К концу прошлого века 

мировое производство фталевого ангидрида достиг-

ло 4 млн т/год, в СССР — 335 тыс. т/год [1]. 

Производство фталевого ангидрида основано на 

каталитическом окислении нафталина или о-кси-

лола. Вначале его производство было реализовано 

на нафталине. В связи с возрастающей потребнос-


