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1. Introduction
The production of olefins is very important in the pet-

rochemical and petroleum refining industries due to their 

application in several processes. One of the main sources 

of olefins is the thermal cracking of the petroleum crude 

(mainly for ethylene and propylene production) and, more 

recently, through catalytic processes. Taking into account 

the important demand of olefins, mainly those used for 

the production of polymers and fuel additives, and the high 

cost of thermal cracking equipment, there is an increasing 

interest in the development of new catalytic technologies 

to obtain high yield to olefins.

The tensioactive industry has become very important 

as well, since dodecylbenzene was found to have better 

properties than soaps. These detergents were initially pro-

duced by alkylation of benzene with tetramers of propene 

(mainly a mixture of C10—C12 highly branched olefins) 

followed by sulfonation and neutralization with NaOH. 

This process decayed when evidence on the lack of bio-

degradability of these detergents was found [1—3]. From 

this finding, a new process appeared in the mid 60’s, the 

production of sodium alkylbenzenesulfonate. This com-

pound has an aliphatic linear chain of C10—C14 [3, 4] 

which allows a fast biodegradation. These biodegradable 

detergents are synthesized by alkylation of benzene with 

linear α-mono-olefins of C10—C14. Taking into account 

the above mentioned characteristics, the production of 

these biodetergents at industrial scale was successful, thus 

displacing the preceding technologies. In this way the 

production of linear alkylbenzene or linear alkylbenzene 

sulfonate (LAB or LABS) increased significantly [3, 4].
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This paper studies the production of 1-decene from the 

n-decane catalytic dehydrogenation using structured cata-

lysts. For this purpose the catalyst must contain a dehy-

drogenating function, which is given by a noble metal (in 

our case Pt), though this component has hydrogenolytic 

properties, undesirable lateral process. In order to inhibit 

the hydrogenolytic capacity of the noble metals, an inac-

tive second metal component, such as Sn or Ge, is added 

[5—11], to enhance the selectivity to olefins. γ-A/α-A 

(layers of γ-Al2O3 deposited on the periphery of the 

α-Al2O3 nucleus) was used as a support. It is known that 

γ-Al2O3 has acidic sites which catalyze the undesirable 

lateral reactions like cracking, isomerization and polyme-

rization. The metallic function is responsible for the de-

hydrogenation capacity, while aromatization takes place 

through a bi-functional mechanism [8]. In this type of 

catalyst an acidic alumina has been used, but with the si-

multaneous addition of an alkaline metal (like Li) to poi-

son the acidic sites so as to decrease the cracking capacity 

[8] and enhance the selectivity to olefins.

The increased importance of catalysts prepared by 

coating [12] is due to the advantages derived from the good 

mass and heat transfer [13] which increase the energetic 

efficiency and the heat recovery [14]. According to the li-

terature, there are different procedures for coating which 

include washcoating [15—18], dip-coating [17—31], spray-

ing [16], plasma spraying [19, 26], granulation [27], depo-

sition without electrodes [30], coating based on polymers 

[31], chemical vapor deposited layers (CVD) and physical 

vapor deposited (PVD) layers [17]. In all cases the objec-

tive of this work is related with the production of a uniform 

thin layer, with both high thermal resistance and specific 

surface area, free of crack and capable of maintaining the 

integrity and durability of the system substrate/coating 

under the operation conditions.
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The catalysts preparation is carried out by an effi-

cient and simple method to achieve the washcoating on 

a very complex and spherical geometry. The methodo-

logy involves the use of fewer number of elements, what 

represents an economical advantage, with respect to the 

catalytic formulations reported in patents [32—35]. The 

supports consisted of a thin layer of γ-Al2O3 (10—20 μm 

of thickness) deposited on non-porous α-Al2O3 spheres 

(support named γ-A/α-A). This support was prepared by 

the dip-coating method using boehmite gel for the coat-

ing. Besides, the incidence of the dip-coating preparation 

method on the activity, selectivity and yield of bimetallic 

PtSn and PtGe supported on γ-A/α-A in the selective n-

decane dehydrogenation to 1-decene were studied.

Furthermore, the effect of the second metal load-

ing added to Pt (Sn — 0.3 or 0.5 wt.%, and Ge — 0.18 or 

0.3 wt.%) on the catalytic properties was analyzed. The 

effect of the Li addition to γ-A/α-A was also explored. 

Finally, a correlation between the physicochemical pro-

perties and the catalytic behavior in n-decane selective 

dehydrogenation was obtained by means of different cha-

racterization techniques, such as XRD, TPR, hydrogen 

chemisorption, test reactions of the metallic phase, XPS 

and TPO for carbon determination.

2. Experimental
2.1. Preparation of the supports: 
γ-A/α-A and γ-A/α-A-Li

A layer of γ-Al2O3 was deposited on α-Al2O3 CERALOX 

(substrate) with the following characteristics: bulk densi-

ty — 0.83 g⋅ml–1, mean sphere diameter — 0.95 cm, spe-

cific surface area (SBET) — 4.70 m2⋅g–1, mean pore size — 

1.44 nm. The deposition of a thin layer of γ-Al2O3 on the 

substrate included the following steps:

1) pretreatment of the support. A thermal treatment at 

500 °C in air for 3 h to stabilize the phase. This thermal 

treatment was followed by a chemical one using HClaq 

(1N for 24 h) in order to develop surface rugosity, which 

favoured the adherence and stability of the γ-Al2O3 lay-

ers. The ratio between the volume of aqueous HCl solution 

and the mass of α-Al2O3 was 1.4 ml⋅g–1. After this treat-

ment the substrate was washed with distilled water in or-

der to eliminate chlorine. Then the sample was submitted 

to a drying step at 120 °C for 12 h and finally calcined at 

500 °C for 3 h;

2) preparation of the boehmite gel. The gel consisted 

of aggregates of the charged colloid particles producing 

a uniform network [24]. The boehmite gel (in nitric acid 

media) was prepared using the commercial boehmite 

Disperal P2, the concentration of boehmite being 10 wt.% 

and that of HNO3 equal to 0.2N;

3) deposition of boehmite on the substrate. For this 

purpose, the dip-coating method was used. The spheres of 

α-Al2O3 were introduced in a rotating (80 rpm) cylin-

drical vessel. The cylindrical wall and the base of this 

vessel were made with a mesh of steel (Fig. 1). The ves-

sel with the spheres was introduced into the boehmite 

gel maintaining the rotation for 1h. This procedure was 

repeated two times in order to increase the thickness of 

the deposited layers. After the deposition of the layers of 

boehmite, the vessel was retired from the gel with a rate 

of 0.015—0.02 cm·min–1. Then the vessel was suspended 

until finishing the drip of the gel. The spheres were dried 

with air f low in two steps: one at slow drying rate (5 m⋅s–1 

of air f low) for 0.5 h at high temperature (50 °C) and the 

other with a fast drying rate (10 m⋅s–1 of air f low) for 0.5 h 

at low temperature (30 °C);

4) thermal treatments of the samples. This treatment is 

carried out in order to transform the deposited boehmite 

into γ-Al2O3 [36]. The substrate covered by a layer of boeh-

mite was dried at 120 °C for 12 h and then calcined at 

500 °C. The resulting specific surface area of the γ-Al2O3 

layer was 282 m2⋅g–1 and the thickness of layers was about 

10—20 μm.

Fig. 1. Diagram of equipment for the deposition 
of «Coating»:
1 – mechanical stirrer, 2 – lever to up and down the basket, 
3 – rotating metallic basket, 4 – gel containment vessel
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The γ-A/α-A-Li (0.1 wt.%) support was prepared 

by doping γ-A/α-A with an aqueous solution of LiOH 

(Aldrich, 99 %) so as to obtain a final Li loading of 

0.1 wt.%. The ratio of Li solution volume to mass of sup-

port was 1.4 ml⋅g–1. After impregnation the sample was 

dried at 120 °C and finally calcined at 500 °C for 3 h.

2.2. Preparation of Pt(0.3 wt.%)/γ-A/α-A

The monometallic Pt catalyst was prepared by im-

mersion of the spheres of the substrate with the layers of 

γ-Al2O3 deposited on the periphery of α-Al2O3 into an 

aqueous solution of H2PtCl6. The concentration of the 

H2PtCl6 (Aldrich, 99%) solution was such as to obtain the 

desired Pt loading (0.3 wt.%). The impregnation volume/

weight of the support ratio was 1.4 ml⋅g–1. The impregna-

tion was carried out at room temperature for 6 h. Then 

the solid was dried at 120 °C for 12 h and finally calcined 

at 500 °C for 3 h. The monometallic catalyst was called 

Pt/γ-A/α-A.

2.3. Preparation of PtSn(0.3 or 0.5 wt.%)/γ-A/α-A 
and PtGe(0.18 or 0.3 wt.%)/γ-A/α-A catalysts

Bimetallic Pt(0.3 wt.%)Sn(0.3 or 0.5 wt.%) catalysts 

were prepared by successive impregnation of the corres-

ponding support (γ-A/α-A) with an aqueous solution of 

H2PtCl6, dried at 120 °C for 12 h and then impregnated 

with hydrochloric solution (1.2M) of SnCl2. Bimetal-

lic Pt(0.3 wt.%)Ge(0.18 or 0.3 wt.%) catalysts were also 

prepared by successive impregnation of the correspond-

ing support with an aqueous solution of H2PtCl6, dried at 

120 °C for 12 h and then impregnated with a hydrochloric 

solution of GeCl4. In both cases, the impregnations were 

carried out at room temperature for 6 h, the impregnat-

ing volume/support weight ratio being 1.4 ml⋅g–1 and the 

concentrations of the impregnating solutions of the Pt, Sn 

and Ge precursors were such as to obtain the desired Pt, 

Sn and Ge contents. After impregnation, samples were 

dried at 120 °C for 12 h, and calcined in air at 500 °C for 

3 h. It must be noted that the Sn contents were equimolar 

with those corresponding to the Ge contents. The bime-

tallic catalysts were called PtSn(0.3 or 0.5)/γ-A/α-A and 

PtGe(0.18 or 0.3)/γ-A/α-A.

2.4. Support characterization

The support characterizations were carried out by de-

termining the textural characteristics of the substrates and 

the deposited layers. X-ray diffraction, SEM measure-

ments and TPD of pyridine were also used.

The specific surface area (SBET) and the mean ratio 

pore size of both the substrate and the deposited layer were 

obtained using an Accusorb 2100E Micromeritics equip-

ment. The samples were first outgassed at 200 °C for 2 h 

at 10–4 mm Hg. The dead volume of the equipment was 

determined with helium (AGA, 99.999 %) at the tempera-

ture of liquid nitrogen. The isotherms were measured at 

77 K using nitrogen as adsorbate in the range of pressure 

between 35 and 150 mm Hg, and the SBET was obtained by 

linearizing the BET equation.

The samples (powders) were analyzed in a Shimadzu 

X-ray diffractometer using a CuKα radiation, voltage 

30 kV, current of 30 mA, opening of divergence and dis-

persion of 2°, and a continuous scanning. The XRD pat-

tern was taken between 10 and 80°. The diffraction lines 

were compared with the standard JCPDS in order to iden-

tify the detected species.

The uniformity of the layers deposited by coating was 

determined by scanning electronic microscope (SEM) us-

ing a JSM-35C JEOL equipment, connected to a SemAfore 

acquisition system of digital images operated at 2 kV. Sam-

ples were covered with a gold film (deposited by sputtering 

with a evaporator VEECO, model VE-300, operated in 

argon atmosphere) before the analysis. The measurements 

were carried out under the mode of secondary electrons 

image, using 20 kV as an acceleration voltage.

For the TPD of pyridine experiments, the sample 

(0.200 g) was previously impregnated with an excess of py-

ridine (Merck, 99.9 %) for 4 h. The excess of pyridine was 

eliminated under vacuum at room temperature to obtain 

a dried powder. Then the samples were put into a quartz 

reactor and a nitrogen flow of 40 ml·min–1 was passed 

through the bed. The pyridine weakly adsorbed was elimi-

nated at 110 °C for 2 h. Then the sample was heated from 

110 °C up to 500 °C at a heating rate of 10 °C⋅min–1. The 

amount of desorbed pyridine during the TPD experiments 

was measured by connecting a FID detector in the exhaust 

of the reactor. In the same way, the TPD of pyridine was 

measured on the commercial γ-Al2O3 CK 300.

2.5. Characterization of the metallic phase

The characteristics of the metallic catalysts were deter-

mined by test reactions: cyclohexane (CH) dehydrogena-

tion (CHD) and cyclopentane (CP) hydrogenolysis (CPH); 

hydrogen chemisorption, temperature-programmed reduc-

tion (TPR) and X-ray photoelectron spectroscopy (XPS).

The tests reactions of the metallic phase were carried 

out in a differential flow reactor with H2/CH and H2/CP 

molar ratios of 26 and 22, respectively. The temperature was 

400 °C for the first reaction and 500 °C for the second one. 

The reaction products were analyzed by gas chromatogra-

phy with a Chromosorb column and a FID detector. The 
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catalysts were previously reduced at 500 °C under flowing 

hydrogen (60 ml⋅min–1). The activation energies were ob-

tained from slope of the curve ln R0 vs 1/T (T — tempera-

ture, K). R0 was calculated from the conversion obtained at 

three different temperatures. The sample mass was chosen 

to obtain a conversion less than 5 %, condition in which the 

reactor can be considered as a differential one.

Hydrogen chemisorption measurements were made in 

a volumetric equipment. The sample weight used in the 

experiments was 0.300 g. The sample was outgassed at 

room temperature, heated under flowing H2 (60 ml⋅min–1) 

from room temperature up to 500 °C, and then kept at this 

temperature for 2 h. Then, the sample was outgassed un-

der vacuum (10–4 mm Hg) for 2 h. After the sample was 

cooled down to room temperature (25 °C), the hydrogen 

dosage was performed in the range of 25—100 mm Hg. 

The isotherms were linear in the range of used pressures. 

The amount of chemisorbed hydrogen was calculated by 

extrapolation of the isotherm to pressure zero.

Temperature-programmed reduction (TPR) ex-

periments were carried out in a quartz flow reactor. The 

samples (0.500 g) were heated at 6 °C⋅min–1 from room 

temperature up to 800 °C. The reductive mixture, H2 

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

10 ml⋅min–1. Catalysts were previously calcined in situ at 

500 °C for 3 h with an air flow rate of 160 ml⋅min–1.

XPS measurements were carried out in a SPECS spec-

trometer, which operates with an energy power of 50 eV 

(radiation MgKα, hν = 1253.6 eV for PtSn or radiation 

AlKα, hν = 1486.6 eV for PtGe). The pressure of the ana-

lysis chamber was kept at 4⋅10–10 mm Hg. Samples were 

previously reduced in hydrogen at 500 °C for 3 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 by using CASA 

XPS software.

To quantify the carbonaceous deposits, the profiles of 

temperature-programmed oxidation (TPO) on catalysts 

before and after the n-decane dehydrogenation reaction 

were determined using the thermogravimetric analysis 

(TGA) technique. The experiments were carried out on 

the SDTA Mettler STARe. Fresh (used as a reference) 

and used catalysts were stabilized under nitrogen flow at 

250 °C for 1 h before starting the experiments of TPO. The 

samples (0.010 g) were heated at 5 °C⋅min–1 from 250 to 

500 °C under air flow.

2.6. Catalytic test in n-decane dehydrogenation

The catalysts (0.500 g) were tested in the n-decane 

dehydrogenation reaction in a continuous flow reactor at 

465 °C and 0.1 MPa. The reactor was fed with a mixture of 

H2 and C10H22 (molar ratio H2/C10H22 = 4) using a LSVH =

= 40 h–1. Prior to the reaction, samples were reduced with 

hydrogen at 500 °C for 3 h. The reaction products were 

analyzed along the reaction time using a GC chromato-

graph with a FID detector coupled to a PONA column. 

The reaction products detected by chromatographic anal-

ysis were:

1) gaseous products (C<5);

2) light paraffins (C5—C9) produced by cracking reac-

tions (< C10);

3) 1-decene or α-C10 monolefins;

4) other mono-olefins (positional isomers, conjugated 

and non-conjugated diolefins, n-dienes, n-trienes, exclu-

ding 1-decene (C=10);

5) non-linear hydrocarbons (this group includes: iso-

paraffins, iso-olefins, cyclization products, aromatics, al-

kyl aromatics, etc.). In all cases the liquid yield (C<5) ran-

ged between 98 and 99 % (Ci-c 10). 

The n-decane conversion was calculated as the sum of 

the chromatographic areas of all products (except H2) af-

fected by the corresponding response factors. The selec-

tivity to different groups of products (Sj) was defined as 

follows:

Sj = nj/Σnj,

where nj is the number of moles of product j; Σnj is the total 

number of moles of the products (except H2).

The yield to 1-decene (Y1-decene) was defined as:

Y1-decene = X⋅S1-decene

where X is the total conversion; S1-decene is the selectivity 

to 1-decene.

Conversions, selectivities and yields were calculated at 

different reaction times (10—120 min). It is worth noticing 

that even though the catalysts were tested at conversions 

between 2 and 13 %, no important selectivity changes were 

obtained at different conversions.

3. Results and discussion
3.1. Support characterization

Fig. 2 shows the microphotography of the transversal 

section of α-Al2O3 covered by layers of γ-Al2O3 (γ-A/α-A). 

The thickness of the γ-Al2O3 deposited layers was about 

10—20 μm. Besides, the SBET of the substrate and the de-

posited layer by coating were determined, being 4.70 and 

282 m2⋅g–1, respectively. In order to verify the deposition 

of layers of gamma alumina, a XRD determination after 

the thermal treatment at 500 °C was made and the spec-
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trum is shown in Fig. 3. It can be only observed the charaс-

teristic lines of γ-Al2O3 (File № 10-0425). The presence 

of other transition alumina could be possible. To verify the 

layer stability, the adherence of the alumina layer on the 

supports has been evaluated too. The ultra-sonic test in 

hydrocarbon media [37] has resulted in a loss of weight of 

about 0.5—0.7 % of the original weight of the deposited 

layers.

The Li-doped support (γ-A/α-A-Li) was obtained by 

impregnation of γ-A/α-A with a salt of the alkali metal. 

On the doped and undoped supports the acidic proper-

ties were determined by TPD of pyridine (TPDP). Fig. 4 

shows the TPDPs for γ-Al2O3 CK 300, γ-A/α-A and 

γ-A/α-A-Li. The low acidity of γ-A/α-A could be due to 

the fact that γ-A (deposited on α-A) is produced by the 

thermal decomposition of boehmite [AlO(OH)] at 500 °C, 

and it is probable that under these treatment conditions 

a complete dehydroxilation is not reached, thus produc-

ing a γ-Al2O3 with low acidity. This effect can explain 

the low difference in the acidity between γ-A/α-A and 

γ-A/α-A-Li. Taking into account these results, the Li ad-

dition to γ-A/α-A can be avoided since it does not modify 

the acidity of the support in a way that it could decrease 

the undesirable lateral reaction of coking and polymeriza-

tion in an important magnitude.

3.2. PtSn catalysts characterization

The study of the metallic phase of Pt and PtSn cata-

lysts supported on γ-A/α-A was first carried out by TPR. 

Fig. 5, a shows the TPR profiles of PtSn (0.3 and 0.5 wt.%) 

catalysts previously calcined at 500 °C as well as those of 

the supported monometallic catalysts (Pt and Sn). The 

Pt/γ-A/α-A catalyst shows two reduction peaks, one at 

250 °C which can be assigned to Pt oxide reduction, and 

another one with a lower intensity placed at 400 °C, that 

could be attributed to different Pt-oxychlorinated spe-

cies [38]. The Sn(0.5 wt.%)/γ-A/α-A catalyst displays 

a broad peak placed at temperatures higher than 450—

500 °C. In the study of PtSn/γ-A/α-A catalysts, it is ob-

served that when Sn is added to Pt/γ-A/α-A catalyst the 

main reduction peak is shifted to higher temperatures 

(250—280 °C) and the peaks are broader when the Sn 

loadings are higher. The broadening of the first peak could 

be due to a co-reduction of both metals or alloy formation. 

Moreover, a second broad reduction peak at T > 450 °C 

can be observed in PtSn catalysts, which can mainly be at-

Fig. 2. Transversal section of a α-Al2O3 sphere with 
the γ-Al2O3 layers deposited by dip-coating. Sample γ-A/α-A

Fig. 3. XRD spectrum of the deposited γ-Al2O3 layers

Fig. 4. TPD of pyridine for different samples (layers of γ-A, 
γ-A-Li and γ-Al2O3 CK 300)
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tributed to the reduction of Sn oxidized species stabilized 

on the support.

Besides, the test reactions of the metallic phase, cy-

clohexane dehydrogenation (CHD, structure-insensitive 

reaction [39, 40]) and cyclopentane hydrogenolysis (CPH, 

structure-sensitive reaction [41—44]) were performed in 

order to study the state of the metallic phase. It should be 

noted that Sn is inactive for the above mentioned reac-

tions. Table 1 shows the values of the initial reaction rate 

of CHD (R0
CH) and CPH (R0

CP), the activation energy in 

CHD and the chemisorbed hydrogen (VH2
) for the diffe-

rent catalysts. It can be observed that the addition of in-

creasing amounts of Sn to Pt/γ-A/α-A catalyst produces 

the consequent decrease of the dehydrogenating activity, 

according to the decrease of R0
CH. It must also be indi-

cated that the Sn addition to Pt does not lead to a signifi-

cant modification of the activation energy of CHD. This 

behavior would indicate that there is no important elec-

tronic modification of Pt by Sn. It is also observed that the 

Sn addition to Pt markedly decreases the hydrogenolytic 

capacity of the metallic phase. Taking into account that 

this is a structure-sensitive reaction, which needs the en-

semble of several Pt atoms, it can be concluded that the 

decrease of the CPH rate by the Sn addition to Pt is due 

to a geometric effect of Sn species on Pt ones (dilution or 

blocking). The decrease of the chemisorbed hydrogen by 

the Sn addition to the monometallic catalyst would also 

indicate a geometric effect.

In order to study in more detail the state of the metal-

lic phase, XPS measurements were carried out on sam-

ples previously reduced in hydrogen at 530 °C. The ex-

periments were performed on PtSn(0.5 wt.%)/γ-A/α-A 

(level Sn 3d). In the XPS spectra of the Pt 4d level for 

PtSn/γ-A/α-A, a doublet can be observed at 313.5 and 

314 eV corresponding to zerovalent Pt [44]. The XPS spec-

trum of Sn 3d presents two peaks, as shown in Fig. 6. The 

first peak at 483.0 eV can be attributed to Sn(0) while the 

second peak at 485.8 eV can be assigned to Sn(II—IV) 

species. It must be noted that the difference of binding 

energies (BE) between Sn(II) and Sn(IV) is very small [44]. 

Hence, it is not possible to discriminate these species from 

XPS results. Table 2 shows that the percentage of Sn(0) 

Table 1
Initial reaction rates in CHD and CPH, activation energy of CHD and chemisorbed hydrogen for Pt, PtSn 
and PtGe catalysts supported on γ-A/α-A

Catalyst
Initial reaction rates, mol/(h·g catal.) Activation energy 

in CHD, kJ/mol
Chemisorbed hydrogen (VH2

), 
ml H2 STP/g catal.R0

CH (400 °C) R0
CP (500 °C)

Pt 67.6 3.00 25 4.6

PtSn(0.3) 33.0 0.70 19 2.0

PtSn(0.5) 9.9 0.05 21 2.2 

PtGe(0.18) 30.4 0.07 54 1.4

PtGe(0.3) 15.9 0.05 50 1.7

Fig. 5. TPR profiles of PtSn(0.3 and 0.5 wt.%) (a) and 
PtGe(0.18 and 0.3 wt.%) catalysts supported on γ-A/α-A (b). 
TPR of monometallic ones are added as reference

Fig. 6. XPS signals of Sn3d in the PtSn(0.5)/γ-A/α-A catalyst



14 Катализ в промышленности, № 2, 2013

Катализ в химической и нефтехимической промышленности

calculated form XPS experiments was 4 % for this catalyst 

and the Sn/Pt surface atomic ratio was 5.4, which indi-

cates a surface Sn enrichment of the metallic phase since 

the atomic Sn/Pt bulk ratio was 2.7.

XPS results confirm that the metallic phase of these 

PtSn/γ-A/α-A catalysts appears to be composed by free 

Pt(0) particles, Pt particles blocked and/or diluted by Sn, 

a small concentration of alloyed particles and oxidized Sn 

particles stabilized on the support. These results are in 

agreement with the ones obtained from reaction tests, hy-

drogen chemisorption and TPR. Moreover, it must be in-

dicated that for these bimetallic catalysts, a fraction of Sn 

would be segregated on the surface of the metallic phase in 

a similar way to those supported on γ-Al2O3 [46, 47].

3.3. PtGe catalysts characterization

Fig. 5, b shows the TPR profiles of PtGe (0.18 and 

0.3 wt.%) catalysts supported on γ-A/α-A previously cal-

cined at 500 °C. The TPR profiles of Pt and Ge supported 

monometallic catalysts are also shown as reference. In the 

Ge(0.3 wt.%)/γ-A/α-A catalyst, a broad reduction peak 

with a maximum at about 600—650 °C was found which 

can be attributed to the reduction of Ge+4 species [48]. In 

the case of bimetallic PtGe/γ-A/α-A catalysts, the first 

reduction peak is slightly shifted at higher temperatures 

with respect to that of the monometallic one. Besides, this 

peak broadens when the Ge loading increases. This first 

reduction peak can be attributed to a Pt and Ge co-reduc-

tion with probable alloy formation. In the PtGe/γ-A/α-A 

catalyst, a reduction zone can be observed at temperatures 

where Ge is reduced in the monometallic Ge catalyst. 

This zone can be assigned to the reduction of Ge species 

stabilized on the support.

Table 1 shows the values of the initial reaction rate of 

CHD (R0
CH) and CPH (R0

CP), the activation energy in 

CHD and the chemisorbed hydrogen (VH2
) for the diffe-

rent catalysts. It should be noted that Ge is also inactive for 

the above mentioned reactions. When increasing amounts 

of Ge are added to Pt/γ-A/α-A catalyst, an important 

decrease of the CHD rate is observed with respect to the 

monometallic ones. An important increase of the activa-

tion energy in CHD also takes place, which would indicate 

an important interaction between Pt and Ge with prob-

able alloy formation with charge transfer from Pt to the 

promoter. The important decrease of the CPH rate when 

Ge is added to Pt can be interpreted as the strong decrease 

of the concentration of Pt ensembles by alloy formation 

and also by a probable blocking/dilution effect of Ge on Pt 

sites. In this case, taking into account the increase of the 

activation energy in the CHD, an alloy formation between 

Pt and Ge could be considered, in contrast with the results 

observed for the PtSn/γ-A/α-A system. It must be noted 

that the strong decrease of the CPH rate is simultaneously 

followed by a strong decrease of the chemisorbed hydro-

gen. The hydrogenolytic capacity strongly decreases when 

Sn or Ge loadings increase, these effects being more pro-

nounced for Ge addition. Castro et al. [6] found that the 

addition of Sn, Ge and Pb to the Pt/γ-Al2O3 catalyst leads 

to an important decrease of the hydrogenolytic capacity of 

the metallic phase.

In this way, for PtGe/γ-A/α-A catalyst it is possible to 

postulate that the metallic surface is composed by alloy 

particles with low dehydrogenation and hydrogenolytic 

capacities [48—53], particles of oxidized Ge blocking or 

diluting the Pt clusters, Ge oxidized species stabilized on 

the support and probably particles of free Pt(0). The lite-

rature [49, 50] indicates that Ge is reduced to Ge(0) in 

PtGe/Al2O3 catalyst and this Ge(0) species would have a 

strong interaction with Pt and could form alloys or PtGe 

clusters. In these alloyed particles Ge could increase the 

electrophilic character of Pt.

Besides, XPS measurements on PtGe(0.3 wt.%)/γ-A/

α-A (level Ge 3d5/2) were carried out on samples previously 

reduced at 530 °C in hydrogen. The XPS spectra of the Pt 4d 

level for this bimetallic catalyst also display the doublet at 

313.5 and 314 eV, which corresponds univocally to Pt(0) 

[44]. The XPS experiments of the Ge 3d5/2 level showed 

two peaks at 28.5 and 30.4 eV, respectively, as shown in 

Fig. 7. The first peak can be assigned to Ge(0) species and 

the second one to Ge(II—IV). It is to be noted that Ge(II) 

and Ge(IV) signals cannot be discriminated since the BE 

of both Ge oxides are very close [44]. From XPS results it 

was possible to determine the percentage of the reduced 

Table 2
Binding energies, bulk and XPS surface atomic 
Sn/Pt and Ge/Pt ratios for the different samples 
supported on γ-A/α-A

Catalyst
Binding energies (BE), eV

Atomic ratios 
(Sn/Pt 

or Ge/Pt)

Sn3d5/2 Ge3d5/2 Bulk Surface 

PtSn(0.5)

483.0
Sn° (4 %)

485.8
Sn(II/IV) (96 %)

– 2.8 5.4

PtGe(0.3) –

28.5
Ge° (58 %)

30.4
Ge(II/IV) (42 %)

2.8 4.2
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and the oxidized species, resulting 58 % for Ge(0) and 

the remaining value corresponds to Ge(II—IV). Moreo-

ver, from Table 2 it can be observed that there is a sur-

face Ge enrichment (surface atomic ratio Ge/Pt = 4.21 

and bulk atomic ratio Ge/Pt = 2.8). The results also show 

the existence of an important amount of Ge(0), which can 

be alloyed with Pt, together with an important fraction 

of oxidized Ge, which can be placed both in the metallic 

phase and on the support. These conclusions confirm the 

results obtained from test reactions, hydrogen chemisorp-

tion and TPR. It should be remarked that PtGe catalysts 

would show an important fraction of intermetallic alloys, 

much higher than PtSn.

These latter results are in agreement with those re-

ported in the literature for other supports. Thus, Borgna 

et al. [51] found that the Ge addition to Pt in catalysts 

supported on γ-Al2O3 produces an increment of the elec-

trophilic character of Pt and it also geometrically modifies 

the surface Pt with the consequent decrease of the dehy-

drogenation activity. De Miguel et al. [50] reported that in 

PtGe/γ-Al2O3 catalysts, small amounts of free Pt would 

exist and the alloyed phase would be important. More-

over, a certain blocking effect of Pt by Ge was also found.

3.4. Catalytic test in n-decane dehydrogenation

Monometallic and bimetallic catalysts (PtSn and PtGe 

with different Sn or Ge contents) supported on γ-A/α-A 

were tested in n-decane dehydrogenation at 465 °C using 

a continuous flow equipment. Fig. 8 shows the initial (X0) 

conversion of n-decane (at 10 min of the reaction time) 

and final conversion (Xf) measured at 120 min of reaction 

time. It can be observed that all the bimetallic catalysts 

display a better activity than the monometallic one except 

the PtGe(0.18)/γ-A/α-A catalyst which displays a beha-

vior very similar to the monometallic catalyst.

It can also be observed that the PtSn catalysts show 

a better conversion than the PtGe series. For both cata-

lyst series the n-decane total conversion (initial and fi-

nal ones) is higher when the Sn or Ge loadings increase. 

Moreover, the apparent increase of the initial activity 

(n-decane conversions) of bimetallic catalysts with respect 

to the monometallic one can be related to the electronic 

and/or geometric modification of Pt by Sn or Ge addi-

tion. It is expected that in the first steps of the reaction 

the monometallic catalyst can be more active than the 

bimetallic ones, but in the first reaction steps the carbon 

deposition on the monometallic catalyst can be higher 

than in the bimetallic ones producing a higher catalyst 

deactivation of Pt (in Pt/γ-A/α-A catalyst) with the con-

sequent activity loss. This behavior was found in propane 

and n-butane dehydrogenation using pulse techniques on 

PtGe and PtSn catalysts supported on doped alumina, 

spinels of Mg or Zn and catalysts prepared by dip coa-

ting [23, 54—62]. According to the results obtained by the 

characterization of the metallic phase of the bimetallic 

catalysts, PtGe catalysts would show an important frac-

tion of intermetallic alloys (much higher than PtSn) but a 

poorer catalytic performance, which could be due to the 

different alloy concentrations in both catalysts. It must 

be noted that dehydrogenation reaction is carried out on 

the surface of platinum and the side reactions of cracking 

and isomerization are mainly performed by a bifunctional 

mechanism that involves the acid centers of the catalysts, 

i.e. on the support and the metallic sites [63]. Only olefins 

undergo cracking and isomerization reactions.

It can be observed that, the PtSn catalysts chemisorbed 

more hydrogen than the PtGe ones which is reflected in 

Fig. 7. XPS signals Ge3d in the PtGe(0.3)/γ-A/α-A catalyst

Fig. 8. Initial and final n-decane conversion for Pt/γ-A/α-A, 
PtSn(0.3 and 0.5 wt.%)/γ-A/α-A and PtGe(0.18 and 
0.3 wt.%)/γ-A/α-A
X0 – initial conversion at 10 min of the reaction time, Xf – final 
conversion at 120 min
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the higher activity (Table 1). Timofeyeva et al. [64, 65] re-

ported that it is probable that at low H2 chemisorption va-

lues, not all Pt centers are capable of adsorbing hydrogen 

but they show certain activity for the dehydrogenation of 

large n-paraffins, while for high hydrogen chemisorption 

values, the fraction of active sites capable of catalyzing this 

reaction increases. This would explain the difference in 

activity between these catalysts.

On the other hand, the apparent increase in the ini-

tial activity of the bimetallic catalysts with respect to the 

monometallic one may be related to the modification of 

the metallic phase of Pt by the second metal (Sn or Ge), 

either geometrically or by probable alloy formation, which 

results in a reduced formation of carbonaceous deposits at 

the beginning of the reaction. With respect to the addition 

of Ge, this produces an increase in the CH activation ener-

gy and a significant reduction of the R0
CH in CHD reac-

tion indicating electronic and/or geometric modifications 

of the metallic phase (see Table 1). This could be due to 

the existence of low amounts of free Pt and the alloyed 

phase, which would be in higher concentration when Ge is 

used instead of Sn. Moreover, there would also be cover-

age of Pt atoms by Ge or by the Pt-Ge particles or alloys, 

producing both the lower activity of dehydrogenation and 

the hydrogen chemisorption.

Fig. 9 shows the deactivation parameter DP [DP =

= 100 %⋅(Xf – X0)/X0, where X0 is the initial conversion at 

10 min of the reaction time and Xf is the final conversion 

at 120 min of the reaction time] as a function of the carbon 

content (wt.% C) at the end of the reaction for Pt, PtSn 

and PtGe catalysts supported on γ-A/α-A. It can be ob-

served that bimetallic catalysts show a lower deactivation 

parameter than that of the monometallic one. Besides, it 

can be noted that PtGe catalysts display a lower carbon 

deposition than PtSn ones. The latter samples show a 

lower deactivation than the monometallic one, despite the 

fact that both catalyst types display a similar carbon depo-

sition. This behavior could be related to a different toxicity 

and localization of carbon in the bimetallic samples with 

respect to the monometallic one. Fig. 10 illustrates that 

the TPO profile for catalyst Pt/γ-A/α-A shows a signal at 

lower temperature than that corresponding to the bimetal-

lic catalysts and this could be attributed to a C deposition 

on the metallic phase [66—68]. PtSn and PtGe catalysts 

show that the TPO peak is shifted to higher temperatures, 

thus indicating a higher C deposition on the support [69—

71]. This means that the deactivation depends not only on 

the coke content but also the nature and localization of 

the carbon.

The selectivity to 1-decene is a very important parame-

ter, since this compound is one of the reagents for the 

production of biodegradable detergents. Fig. 11 shows the 

modification of the selectivity to 1-decene as a function 

of the reaction time for mono- and bimetallic catalysts. 

It can be observed that both bimetallic catalyst types are 

more selective to 1-decene than the monometallic one. 

Besides, the increase of the Sn loading has a slight effect 

on the selectivity. In the case of PtGe catalysts it was found 

Fig. 9. Relationship between the deactivation and carbon 
content (measured at the end of the reaction) for Pt, PtSn 
and PtGe catalysts supported on γ-A/α-A

Fig. 10. TPO profiles for catalysts Pt, PtSn and PtGe suppor-
ted on γ-A/α-A measured at the end of the reaction
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that the selectivity to 1-decene was slightly higher for 

0.18 wt.% Ge. However, it must be noted that the selectivi-

ties of both bimetallic catalyst series were very similar. One 

possible explanation about the high selectivity to 1-decene 

of the bimetallic catalysts (PtSn and PtGe) supported on 

γ-A/α-A with respect to the monometallic one would be 

related to a decrease in the Pt-olefin interaction strength 

due to the presence of Sn or Ge in the vicinity of Pt, such 

as it was explained by other authors [9]. In this way, the 

successive dehydrogenation of monoolefins is decreased 

since they are rapidly desorbed. Consequently, the second 

dehydrogenation step would be limited in the bimetallic 

catalysts, thus being more selective to 1-decene than the 

monometallic one.

Fig. 12 shows the initial (Y0) and final (Yf) yields to 

1-decene defined as the product between the conversion 

and selectivity to 1-decene for mono- and bimetallic cata-

lysts supported on γ-A/α-A. From these results, it can be 

observed that the best yield to 1-decene is obtained over 

PtSn(0.5 wt.%) catalysts. PtGe supported catalysts show 

lower yields than PtSn ones, though in all cases the yields 

of bimetallic catalysts are higher than that of the mono-

metallic one. It is remarkable that the catalytic perfor-

mance of these catalysts is comparable to that reported in 

the patents [32—35].

Fig. 13 shows the average selectivity (along the reaction 

time) to C<10, C=10 and Ci-c 10 for mono- and bimetallic 

catalysts supported on γ-A/α-A. The selectivity to light 

paraffins (SC<10
) or cracking products (Fig. 13, a) for all 

bimetallic catalysts is lower than that for the monometal-

lic one. The light paraffins can be produced by two dif-

ferent ways: acid route (cracking) or metallic route (hy-

drogenolysis). As mentioned above, the support (γ-A/α-A) 

prepared by dip coating of boehmite has a low concentra-

tion of acidic sites in comparison with γ-Al2O3 CK-300. 

This low acidic character of the support would be respon-

sible for the low amount of cracking products. Besides, it 

must be indicated that Sn or Ge has a poisoning effect on 

the acidity of the support, mainly Sn [8, 9, 48]. It must 

be noted that the PtSn catalysts have a lower selectivity 

than PtGe ones, probably due to the different capacity of 

Fig. 11. Initial (S0) and final (Sf ) selectivity to 1-decene 
for the Pt, PtSn(0.3 and 0.5 wt.%) and PtGe(0.18 and 
0.3 wt.%) supported on γ-A/α-A

Fig. 12. Initial (Y0) and final (Yf ) yields to 1-decene for Pt, 
PtSn(0.3 and 0.5 wt.%) and PtGe(0.18 and 0.3 wt.%) suppor-
ted on γ-A/α-A

Fig. 13. Mean selectivity values to C<10 (a), C=10 (b) 
and Ci-c 10 (c) for Pt, PtSn(0.3 and 0.5 wt.%) and PtGe(0.18 
and 0.3 wt.%) supported on γ-A/α-A
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both metals to poison the acidic sites. Analizing the hy-

drogenolysis on the metallic sites, the Sn or Ge additions 

lead to catalysts with lower hydrogenolytic capacity than 

the monometallic one (see Table 1). Finally, the amount of 

Sn or Ge added to Pt has a low effect on the SC<10
.

The selectivity to other monoolefins, diolefins and 

trienes (SC=10
) is also shown in Fig. 13, b. The monometal-

lic catalyst was more selective than the bimetallic ones, 

probably due to the fact that Pt improves the adsorp-

tion of monoolefins and the subsequent transformation 

to dienes and more unsaturated hydrocarbons. In this 

sense, PtSn(0.5 wt.%)/γ-A/α-A shows the lowest selecti-

vity to C=10 of all the other bimetallic catalysts caused by 

the lower adsorption strength of monoolefins, but it has 

a high capacity to produce 1-decene. In the case of the 

PtGe catalyst, it can be observed that when the Ge con-

tent increases the selectivity decreases, probably because 

the adsorption strength is lower when the Ge concentra-

tion increases. The selectivity to non-linear hydrocarbons 

Ci-c 10 includes branched chains, isoparaffins, isooleffins, 

aromatics, alkyl-aromatics, etc. and it is shown in Fig. 13, c. 

It can be observed that the Sn or Ge addition to the mono-

metallic catalyst increases the selectivity to Ci-c 10, except 

for PtGe(0.18). As previously indicated the selectivity va-

lues are the average ones and were calculated after 10 min 

reaction time. During this period, the carbon deposition 

had an important incidence on the catalytic properties, 

mainly in the monometallic catalyst. This catalyst dis-

plays a high carbon deposition in the first reaction step 

than the bimetallic one, thus inhibiting a higher degree of 

isomerization and cyclization reactions than in bimetal-

lic catalysts for reaction times longer than 10 min. It must 

also be indicated that the Sn addition to Pt/Al2O3 cata-

lyst has a promoting effect on the aromatization reaction, 

as found by Hoang Dang Lanh et al. [72]. These authors 

observed a similar behavior using bulk Pt-Sn alloys. It is 

probable that the Ge addition to Pt/Al2O3 catalyst has a 

similar effect than that of the Sn addition, though in a dif-

ferent magnitude. According to Cortéz [73] when the Sn 

content increases, the conversion of olefins into aromatic 

compounds also increases and it does not depend on the 

reaction temperature in the 445—535 °C range.

4. Conclusions

This work is related to a dehydrogenation process of n-

decane to obtain α-monoolefins using structured metallic 

catalysts. This technology includes an efficient method to 

make the washcoat on a very complex spherical geometry. 

Moreover, other novelty of the support is that the thermal 

transformation of bohemite to gamma alumina leads to a 

support with a very low acidity, thus avoiding in this sense 

the addition of Li or other alkali metal to the support what 

implies an economical advantage. Finally, layered cata-

lysts were obtained with a fewer number of elements in 

comparison to those mentioned in patents, what repre-

sents an economical advantage.

PtSn catalysts supported on γ-A/α-A showed bet-

ter catalytic performance than the PtGe ones, this being 

more noticeable at higher Sn loadings. In general, PtGe 

bimetallic catalysts had a higher selectivity to C=10 and 

produced lower amounts of non-linear chains Ci-c 10 than 

the PtSn ones.
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При производстве биоразлагаемых детергентов 

(синтетических моющих веществ) одними из ос-

новных компонентов являются линейные алкил-

бензолы и алкилбензосульфонаты (ЛАБ, ЛАБС), 

получаемые алкилированием бензола линейными 

α-моноолефинами C10–C14. Повышающийся спрос 

на детергенты диктует рост потребности в α-моно-

олефинах. Одним из способов получения α-моно-

олефинов является процесс дегидрирования н-де-

кана. Настоящая статья посвящена изучению этой 

реакции с участием структурированных катализа-

торов. Для их приготовления использовали DIP-

процесс (dip-coating) – нанесение покрытия (путем 

погружения носителя в суспензию) с последующим 

закреплением его в процессе термической обработ-

ки. Это эффективный и простой метод, позволяю-

щий покрывать сферические или имеющие очень 

сложную геометрию поверхности.

ДЕГИДРИРОВАНИЕ н-ДЕКАНА 
НА БИМЕТАЛЛИЧЕСКИХ PtSn И PtGe КАТАЛИЗАТОРАХ, 

ПРИГОТОВЛЕННЫХ С ИСПОЛЬЗОВАНИЕМ DIP-ПРОЦЕССА
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В работе изучены каталитические свойства Pt, 

PtSn и PtGe на γ-Al2O3 (γ-A), нанесенном на сфе-

ры α-Al2O3 (α-A) путем погружения их в бемитный 

гель. Кроме того, рассмотрено влияние данного ме-

тода приготовления на характеристики (активность, 

селективность и выход) биметаллических катализа-

торов PtSn и PtGe, нанесенных на γ-A/α-A, в селек-

тивном дегидрировании н-декана. В данном случае 

слои γ-Al2O3, расположенные на внешней границе 

частиц α-Al2O3, служили носителем. Удельная по-

верхность слоя γ-Al2O3 составляла 282 м2/г, а тол-

щина – 10–20 мкм. Особенностью приготовленного 

таким способом носителя является также то, что в 

результате термической трансформации бемита в 

γ-Al2O3 получается носитель с очень низкой кислот-

ностью. Это позволяет избежать дополнительного 

введения в него добавок лития или другого щелоч-

ного металла.
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Изучено влияние введения второго металла в 

качестве добавки к платине (Sn – 0,3 или 0,5 мас.%, 

Ge – 0,18 или 0,3 мас.%) на свойства катализаторов 

в реакциях дегидрирования циклогексана, гидроге-

нолиза циклопентана. Исследования проводились с 

использованием комплекса методов, включающего 

температурно-программируемое восстановление 

(ТПВ), хемосорбцию водорода, фотоэлектронную 

спектроскопию (электронную спектроскопию для 

химического анализа, ЭСХА), термогравиметри-

ческий анализ (ТГА) и сканирующую электронную 

микроскопию (СЭМ). Катализатор Pt(0,5)Sn/γ-A/

α-A продемонстрировал наилучшие характеристи-

ки; отмечено слабое электронное взаимодействие 

между металлами, поверхностная сегрегация олова 

и наличие окисленного олова, стабилизированно-

го на носителе. В PtGe катализаторах обнаружено 

сильное взаимодействие между металлами, возмож-

но образование сплава.

Биметаллические катализаторы по сравнению 

с монометаллическими показали более высокие 

активность и селективность по 1-децену, а также 

меньшую степень дезактивации. Каталитические 

характеристики PtSn/γ-A/α-A были лучше, чем у 

PtGe катализаторов, что особенно заметно прояв-

лялось при более высоких концентрациях олова. 

Добавление Sn или Ge к монометаллическому ката-

лизатору снижало селективность по С<10, при этом 

катализаторы PtSn были менее селективны по С<10, 

чем PtGe. В целом биметаллические катализаторы 

PtGe показали более высокую селективность по С=10 

и давали меньшие количества нелинейных цепочек 

Сi-c 10, чем PtSn. По каталитическим свойствам эти 

катализаторы сравнимы с описанными в имеющих-

ся патентах.

По результатам изучения металлической фа-

зы катализаторов сделаны следующие выводы: в 

PtSn/γ-A/α-A добавка второго металла к платине 

снижает начальные скорости реакций дегидриро-

вания циклогексана и гидрогенолиза циклопента-

на (соответственно, R 0
CH и R 0

CP), а также хемосорб-

ционную емкость по водороду. При добавлении 

олова энергия активации реакции дегидрирования 

циклогексана существенно не изменяется, следо-

вательно, заметных преобразований в электрон-

ной сфере Pt не происходит. Поверхностные атомы 

платины, видимо, блокированы или разбавлены 

атомами олова, что влияет на значения активно-

сти, селективности, а также хемосорбции водоро-

да. Атомы олова, снижая кислотность носителя и 

взаимодействуя с платиной, уменьшают концент-

рацию ансамблей Pt, которые необходимы для об-

разования кокса.

В PtGe/γ-A/α-A катализаторах, согласно значе-

ниям энергии активации, R 0
CP и R 0

CH, обнаружено 

геометрическое (блокирование/разбавление) и элек-

тронное модифицирование платины германием. 

Это проявилось в снижении количества хемосорби-

рованного водорода. В катализаторе PtGe/γ-A/α-A 

часть германия сегрегирована и стабилизирована на 

носителе. На поверхности имеется несколько видов 

нанесенных частиц: частицы сплава с низкой ак-

тивностью в дегидрировании и гидрогенолизе, сво-

бодные частицы Ge (II-IV) и, возможно, свободные 

Pt(0) частицы. Такая модель металлической фазы 

была предложена по результатам тестовых реакций, 

ТПВ и ЭСХА. 

Изученные в работе структурированные ката-

лизаторы по своим характеристикам сравнимы с 

описанными в цитируемых патентах, но имеют эко-

номическое преимущество, поскольку содержат мень-

шее число элементов.


