Katanus B xumnyeckon u HeCl)TeXI/IMVI‘«{ECKOVI NPOMBbILWIEHHOCTHN

UDK 66.094.258.097 :
: 547.217.4 : 546.9'289'811

n-DECANE DEHYDROGENATION

ON BIMETALLIC PtSn
AND PtGe CATALYSTS PREPARED
BY DIP-COATING

© 2013 r. A.D. Ballarini,
S. de Miguel, A. Castro,
0. Scelza

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 C;,—C,, 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 C;y—C4 [3, 4]
which allows a fast biodegradation. These biodegradable
detergents are synthesized by alkylation of benzene with
linear o.-mono-olefins of C;y—C,4. 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. y-A/a-A
(layers of y-Al,05; deposited on the periphery of the
0.-Al,0O5 nucleus) was used as a support. It is known that
v-Al,0O5 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 y-Al,05 (10—20 pm
of thickness) deposited on non-porous a-Al,Os; spheres
(support named y-A/o-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 y-A/o-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 y-A/a-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:
v-A/o-A and y-A/o-A-Li

A layer of y-Al,O; was deposited on o-Al,0; CERALOX
(substrate) with the following characteristics: bulk densi-
ty — 0.83 gml™!, mean sphere diameter — 0.95 cm, spe-
cific surface area (Sggt) — 4.70 m>g™~!, mean pore size —
1.44 nm. The deposition of a thin layer of y-Al,0O5 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 HCl,q
(IN for 24 h) in order to develop surface rugosity, which
favoured the adherence and stability of the y-Al,O5 lay-
ers. The ratio between the volume of aqueous HCI solution
and the mass of a.-Al,0; was 1.4 ml-.g~!. 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 HNO; equal to 0.2N;

3) deposition of boehmite on the substrate. For this
purpose, the dip-coating method was used. The spheres of
0.-Al,O5 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~!. Then the vessel was suspended
until finishing the drip of the gel. The spheres were dried
with air flow in two steps: one at slow drying rate (5 m-s~!
of air flow) for 0.5 h at high temperature (50 °C) and the
other with a fast drying rate (10 m-s~! of air flow) 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 y-Al,05 [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 y-Al,03
layer was 282 m2g ™! and the thickness of layers was about
10—20 pm.

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 y-A/o-A-Li (0.1 wt.%) support was prepared
by doping y-A/o-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~!. 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.%)/y-A/0-A

The monometallic Pt catalyst was prepared by im-
mersion of the spheres of the substrate with the layers of
v-Al,05 deposited on the periphery of a-Al,O5 into an
aqueous solution of H,PtCle. The concentration of the
H,PtClg (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~". 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/y-A/o-A.

2.3. Preparation of PtSn(0.3 or 0.5 wt.%)/y-A/c-A
and PtGe(0.18 or 0.3 wt.%)/y-A/0-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 (y-A/o-A) with an aqueous solution of
H,PtClyg, dried at 120 °C for 12 h and then impregnated
with hydrochloric solution (1.2M) of SnCl,. 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 H,PtClg, dried at
120 °C for 12 h and then impregnated with a hydrochloric
solution of GeCly. 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~! 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)/y-A/a-A and
PtGe(0.18 or 0.3)/y-A/a-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 (Sgg) 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~* 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 Sggt was obtained by
linearizing the BET equation.

The samples (powders) were analyzed in a Shimadzu
X-ray diffractometer using a CuKo 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~' 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~'. 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 y-Al,05 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 H,/CH and H,/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~!). The activation energies were ob-
tained from slope of the curve In R’ vs 1/7T (T — tempera-
ture, K). R” 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 H, (60 mlmin~")
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~* 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~! from room
temperature up to 800 °C. The reductive mixture, H,
(5 % v/v)—N, was fed to the reactor with the flow rate of
10 ml-min~!. Catalysts were previously calcined in situ at
500 °C for 3 h with an air flow rate of 160 ml-min~".

XPS measurements were carried out in a SPECS spec-
trometer, which operates with an energy power of 50 eV
(radiation MgKo, Av = 1253.6 ¢V for PtSn or radiation
AlKo, hv = 1486.6 eV for PtGe). The pressure of the ana-
lysis chamber was kept at 4-1071 mm Hg. Samples were
previously reduced in hydrogen at 500 °C for 3 h. Binding
energies (BE) were referred to the Cls 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 STAR®. 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~" 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
H, and C,yH,, (molar ratio H,/C,,H,, =4) usinga LSVH =
=40 h~". 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.s);

2) light paraffins (C5—Cg) produced by cracking reac-
tions (< Cyy);

3) 1-decene or a.-C,y monolefins;

4) other mono-olefins (positional isomers, conjugated
and non-conjugated diolefins, n-dienes, n-trienes, exclu-
ding 1-decene (C_();

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.s) ran-
ged between 98 and 99 % (Ci_. 10)-

The n-decane conversion was calculated as the sum of
the chromatographic areas of all products (except H,) af-
fected by the corresponding response factors. The selec-
tivity to different groups of products (S)) was defined as
follows:

S =/ xn,

where 7; is the number of moles of product j; Zn; is the total
number of moles of the products (except Hj).
The yield to 1-decene (¥]_gecene) Was defined as:

Yl—decene =X Sl—decene

where X is the total conversion; S]_gecene 1 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 a.-Al,O5 covered by layers of y-Al,05 (y-A/a-A).
The thickness of the y-Al,05 deposited layers was about
10—20 pm. Besides, the Sggt of the substrate and the de-
posited layer by coating were determined, being 4.70 and
282 m2g~!, 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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Fig. 2. Transversal section of a ct-Al,05 sphere with
the y-Al,05 layers deposited by dip-coating. Sample y-A/o-A
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Fig. 3. XRD spectrum of the deposited y-Al,05 layers

trum is shown in Fig. 3. It can be only observed the charac-
teristic lines of y-Al,O5 (File Ne 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 (y-A/o-A-Li) was obtained by
impregnation of y-A/a-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 y-Al,0; CK 300, y-A/o-A and
v-A/o-A-Li. The low acidity of y-A/a-A could be due to
the fact that y-A (deposited on a-A) is produced by the
thermal decomposition of boehmite [AIO(OH)] at 500 °C,
and it is probable that under these treatment conditions
a complete dehydroxilation is not reached, thus produc-
ing a y-Al,O5 with low acidity. This effect can explain
the low difference in the acidity between y-A/o-A and

-AL0,-CK 300

FID signal, a.u.

100 200 300 400 t,°C

Fig. 4. TPD of pyridine for different samples (layers of y-A,
v-A-Li and y-AL,05 CK 300)

v-A/o-A-Li. Taking into account these results, the Li ad-
dition to y-A/o-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 y-A/o-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/y-A/o-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.%)/y-A/o-A catalyst displays
a broad peak placed at temperatures higher than 450—
500 °C. In the study of PtSn/y-A/o-A catalysts, it is ob-
served that when Sn is added to Pt/y-A/a-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 7> 450 °C
can be observed in PtSn catalysts, which can mainly be at-
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PtSn(0.5)/y-A/o-A PtGe(0.3)/y-A/0-A

7

PtSn(0.18)/y-A/a-A

Ge(0.3)/y-A/a-A

100 300 500 100 300 500

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

PtGe(0.18 and 0.3 wt.%) catalysts supported on y-A/o-A (b).
TPR of monometallic ones are added as reference

PtSn(0.3)/y-A/a-A

;

H, consumption, a.u

Sn(0.5)/y-A/a-A

Pt(0.3)/y-A/0-A

t °C

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 (R%y;) and CPH (R%p), the activation energy in
CHD and the chemisorbed hydrogen (VHz) for the diffe-
rent catalysts. It can be observed that the addition of in-
creasing amounts of Sn to Pt/y-A/o-A catalyst produces
the consequent decrease of the dehydrogenating activity,
according to the decrease of R%. 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

Table 1

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.%)/y-A/a-A
(level Sn 3d). In the XPS spectra of the Pt 4d level for
PtSn/y-A/o-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(I) 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)

Sn3d

CPS, a.u.

480 482 484 486 488  BE,eV

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

Initial reaction rates in CHD and CPH, activation energy of CHD and chemisorbed hydrogen for Pt, PtSn

and PtGe catalysts supported on y-A/a-A

Catalvst Initial reaction rates, mol/(h-g catal.) Activation energy | Chemisorbed hydrogen (Vy,),
! R (400 °C) | R%p (500 °C) in CHD, kJ/mol mlH, STP/g catal.
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
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Table 2

Binding energies, bulk and XPS surface atomic
Sn/Pt and Ge/Pt ratios for the different samples
supported on y-A/o-A

Atomic ratios
Binding energies (BE), eV (Sn/Pt
Catalyst or Ge/Pt)
Sn3ds /, | Ge3ds, Bulk |Surface
483.0
PtSn(0.5) Snzggf;“) - 28 54
Sn(II/1V) (96 %)
28.5
PtGe(0.3) - Ge°3(05i *) o8 42
Ge(II/IVi (42 %)

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/y-A/o-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 y-Al,05 [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 y-A/a-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.%)/y-A/o-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** species [48]. In
the case of bimetallic PtGe/y-A/o-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/y-A/0-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 (R%}) and CPH (R%p), the activation energy in
CHD and the chemisorbed hydrogen (V) 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/y-A/o-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
Geisadded 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/y-A/a-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/y-Al,O; catalyst leads
to an important decrease of the hydrogenolytic capacity of
the metallic phase.

In this way, for PtGe/y-A/a-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/Al,0; 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.%)/y-A/
o-A (level Ge 3ds,) 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 3ds, 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(1I)
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
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Ge3d

CPS, a.u.

32 34 BE, eV

Fig. 7. XPS signals Ge3din the PtGe(0.3)/y-A/a-A catalyst

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 y-Al,O5 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/y-Al,O5 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 y-A/o-A
were tested in n-decane dehydrogenation at 465 °C using
a continuous flow equipment. Fig. 8 shows the initial (X°)
conversion of n-decane (at 10 min of the reaction time)
and final conversion (X) 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)/y-A/o-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/y-A/o-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

5 Conversion, %

m X’
X

éhhhhh

PtSn(0.3) PtSn(0.5) PtGe(0.18) PtGe(0.3)
Catalysts

Fig. 8. Initial and final n-decane conversion for Pt/y-A/a-A,
PtSn(0.3 and 0.5 wt.%)/y-A/c-A and PtGe(0.18 and

0.3 wt.%)/y-A/a-A

X0 — initial conversion at 10 min of the reaction time, X/ - 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 H, 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 ROCH 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 %- (X — X°)/X°, where X is the initial conversion at
10 min of the reaction time and X’ 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

DP, %
0
60 APt
PtGe(0.3)
404 A A Arsns)
PtGe(0.18)
A PtSn(0.3)

20 T T T T

0 0.2 0.4 0.6 0.8 1.0

Carbon content, wt.%

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

Intensity, a.u.

)

250 350 450 t oC

Fig. 10. TPO profiles for catalysts Pt, PtSn and PtGe suppor-
ted on y-A/oi-A measured at the end of the reaction

and PtGe catalysts supported on y-A/o-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/y-A/a-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
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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
v-A/o-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 (¥°) and final (¥) yields to
1-decene defined as the product between the conversion
and selectivity to 1-decene for mono- and bimetallic cata-
lysts supported on y-A/o-A. From these results, it can be

S %

1-decene’ 7

50

s’
s

40
30
20-

10

0-

Pt PtSn(0.3) PtSn(0.5) PtGe(0.18) PtGe(0.3)

Catalysts
Fig. 11. Initial (S°) and final (5') selectivity to 1-decene

for the Pt, PtSn(0.3 and 0.5 wt.%) and PtGe(0.18 and
0.3 wt.%) supported on y-A/oi-A

Yield, %

4 0
Y
Iy’

3_

2_

] h

0_

Pt PtSn(0.3) PtSn(0.5) PtGe(0.18) PtGe(0.3)

Catalysts
Fig. 12. Initial (Y°) and final (¥/) yields to 1-decene for Pt,
PtSn(0.3 and 0.5 wt.%) and PtGe(0.18 and 0.3 wt.%) suppor-
ted on y-A/oi-A

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.jg, C—jy and C,_; | for mono- and bimetallic
catalysts supported on y-A/o-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 (y-A/c-A)
prepared by dip coating of boehmite has a low concentra-
tion of acidic sites in comparison with y-Al,03 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

40 Selectivity to C_;y, %

204
O | — | — ,_l
Pt PtSn(0.3) PtSn(0.5) PtGe(0.18) PtGe(0.3)
Catalysts
Selectivity to C_,o, %
b
40+
204
0

Pt PtSn(0.3) PtSn(0.5) PtGe(0.18) PtGe(0.3)
Catalysts

40 Selectivity to C,_ 15, %

20

Pt PtSn(0.3) PtSn(0.5) PtGe(0.18) PtGe(0.3)

Catalysts

Fig. 13. Mean selectivity values to C_qq (@), C_y ()
and C;_. 14 (c) for Pt, PtSn(0.3 and 0.5 wt.%) and PtGe(0.18
and 0.3 wt.%) supported on y-A/oi-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_, .

The selectivity to other monoolefins, diolefins and
trienes (Sc_, ) is also shown in Fig. 13,5. 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.%)/y-A/o-A shows the lowest selecti-
vity to C_,, 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
C;_c10 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 C;_.,, 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/Al,O; 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/Al,05 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 o.-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 y-A/a-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_;, and
produced lower amounts of non-linear chains C,_; | than
the PtSn ones.

The authors wish to acknowledge the financial support received
from Universidad Nacional del Litoral and ANPCY T-Argentina.
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DETUAPUPOBAHUE #-AEKAHA
HA BUMETAJUTUYECKUX PtSn U PtGe KATAJIU3ATOPAX,
NMPUTOTOBJEHHbLIX C UCNOJIb3OBAHUEM DIP-NMPOLIECCA

© 2013 r. A.l. bannapuuu, C. ge Muryans, A. Kactpo, 0. Llensa

Hay4yHo-nccnepoBaTeNbCKMn HCTUTYT KaTanmu3a u HedpTexmmmn,
takynbTeT HXEHepHOo xumumn (HaunoHanbHbl yHuBepcuteT Jiutopans), CaHta-®e, ApreHTuHa

IIpn mpom3BomcTBe OHMOpa3IaraeMbIX IETEPTCHTOB
(CMHTEeTUUECKHNX MOIOIINX BEIIECTB) OOHUMH U3 OC-
HOBHBIX KOMITOHEHTOB SIBJISIIOTCSI JIMHEHHBIC aJIKUJI-
6en3onbl U ankmiabeHsocynbdoHaTel (JIAB, JIABC),
ToJiydyaeMble aJKUJIMpOBaHWEM OEH30JIa JTMHEHHBIMU
o-MoHooneduHamu Ciq—Ciy. IoBblIaomuiica cnpoc
Ha IEeTePTeHTHI TUKTYeT POCT IMIOTPEOHOCTU B O.-MOHO-
onepuHax. OMHUM U3 CIIOCOOOB MOJYUYEHUS O-MOHO-
071e(PpHOB SIBASETCS IMPOLECC NeTUIPUPOBAHUS H-IE-
KaHa. Hacrosimast cTaThs mOCBSIIIEHA U3YUYCHHUIO ITOM
peakInu ¢ y9acTUEM CTPYKTYPHPOBAaHHBIX KaTaJIn3a-
TOpoB. s MX NMPUTOTOBJEHMUS HCIoJb3oBaau DIP-
npoiecc (dip-coating) — HaHeCeHUE TMTOKPHITUS (ITyTeM
TIOTPYKEHUSI HOCUTEJIS B CYCITIEH3UIO) C TTOCIeAYIOIIUM
3aKperIeHUEM ero B Ipoliecce TePMUUYECKO 00paboT-
KU. D10 3(pPEKTUBHBIN U IIPOCTOM METOJ, TTO3BOJSIIO-
IUI TTOKPHIBaTh cheprudyecKue MM MUMEIoINe OYeHb
CJIOXXHYIO TEOMETPUIO IOBEPXHOCTH.

B pabore m3yyeHbl KaTaJuTUyecKue cBoiicTBa Pt,
PtSn u PtGe na y-Al,O;3 (y-A), HaHeceHHOM Ha cde-
pol 0-Al,O3 (0-A) yTeEM NOTPYKEHUS UX B OEMUTHBII
rejb. Kpome Toro, paccMoTpeHo BANSHNAEC JaHHOTO Me-
TOIA MPUTOTOBJIEHU I HA XapaKTepPUCTUKH (AKTUBHOCTb,
CEJICKTUBHOCTD U BBIXOI) OMMeETaUIMYECKUX KaTaau3a-
topoB PtSn u PtGe, HaHeceHHBIX Ha Y-A/0-A, B cellek-
TUBHOM JIETUIPUPOBAHUM H-IeKaHa. B maHHOM ciydae
ciou y-Al,Os, pacrnonoxeHHble Ha BHELIHEH TpaHulie
yactul o-Al,O3, CIlyXUIU HOCUTEJIEM. YIelbHasl MO-
BEpXHOCTH crost Y-Al,O5 cocTapisna 282 Mm%/, a Ton-
muHa — 10—20 MKM. OcOOEHHOCTBIO IPUT'OTOBJIEHHOTO
TaKMM CIIOCOOOM HOCHUTEJS SIBJISICTCS TaKXKe TO, YTO B
pe3yjibTaTe TepMUYECKOW TpaHchopMaluu OGemMuTa B
v-Al,O3 mosyyaeTcss HOCUTENb C OYEHb HU3KOW KMCIOT-
HOCTBIO. DTO TO3BOJISIET M30eXaTh JOMOJTHUTEIBHOTO
BBEICHUST B HETO OOABOK JIUTUS WJIHM APYTOTO IIEI0U-
HOTO MeTaJja.
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N3yvyeHo BAMsSIHUE BBeNEHUS BTOPOro MeTajja B
KauyecTBe 1006aBKM K rutatuHe (Sn — 0,3 nam 0,5 mac.%,
Ge — 0,18 um 0,3 Mac.%) Ha CBOMCTBaA KaTaJu3aTOPOB
B peaKIMIX IeTUAPUPOBAHUS ITUKJIOTEKCaHa, TUApOTe-
HOJIM3a LUKJIONeHTaHa. MccnenoBaHus MpoBOAUIUCH C
WCTIOJIb30BAHMEM KOMTIJIEKCAa METOMIOB, BKJIIOUYAIOIIETO
TeMIlepaTypHO-IIPOrpaMMHUPYeMOe  BOCCTaHOBJIECHUE
(TIIB), xemocopbuuio Bogopoaa, (POTOITEKTPOHHYIO
CTMIEKTPOCKOIUIO (3IEKTPOHHYIO CIEKTPOCKOTUIO IS
XUMHUYeckoro aHanuza, DCXA), TepMorpaBUMETpPH-
yeckuii aHanau3 (TTA) u ckaHUPYIONIYIO BJIEKTPOHHYIO
mukpockonuio (COM). Karanuzarop Pt(0,5)Sn/y-A/
0-A TIPOIEMOHCTPUPOBAT HAMJIYYIINE XapaKTepUCTU-
KM; OTMEUYEHO ciaboe 3JeKTPOHHOE B3auMMOICHCTBUE
MEXy METaJIaM¥, TIOBEPXHOCTHAS CeTperaius 0JoBa
W HaJW4ue OKMCJICHHOTO 0JIOBa, CTaOMJIM3MPOBAHHO-
ro Ha Hocutene. B PtGe karanuszaropax oOHapyKeHO
CUJIbHOE B3aUMOJIECTBIE MEXIY MEeTalJTaAMU, BO3MOX-
HO 00pa3oBaHUeE CIlIaBa.

bumeTannnyeckue KaTaau3aTopbl MO CPABHEHUIO
C MOHOMETAJIUYEeCKMMHU ToKa3anu 0ojiee BBHICOKUE
aKTMBHOCTh M CEJIEKTMBHOCTB IO 1-IelleHy, a TaKXe
MEHBIIYI0 CTeneHb Ae3akTuBanuu. Karamutuueckue
xapaktepuctuku PtSn/y-A/o-A ObLIM Jydlne, 4yeM y
PtGe karanu3aTopoB, 4YTO OCOOEHHO 3aMETHO IMPOSIB-
JISIIOCh TIpU 0oJiee BBICOKMX KOHLEHTpALMSIX OJIOBa.
Hob6asnenue Sn unu Ge K MOHOMETaITMYEeCKOMY KaTa-
JIM3aTOPY CHUXKAJIO CENEKTUBHOCTH Mo C. o, IPU 3TOM
kartajqu3atopsbl PtSn 6b11u MeHee cenekTuBHBI 10 C g,
yeMm PtGe. B menoMm 6mMmerainyecKue KaTaJau3aTOPHI
PtGe nokasanu 0ojiee BBICOKYIO CEJEKTUBHOCTD 10 C_ g
U aBaJIu MEHbIIVE KOTUYECTBA HETMHEHHBIX LIETIOYEK
Ci_c 10> ueM PtSn. TTo kaTanuTH4YeCKUM CBOWCTBAM 3TU
KaTajanu3aTopbl CPAaBHUMBI C OMMCAHHBIMU B UMEIOTIIU X~
csl TaTeHTaXx.

Ilo pesynbpraTam u3y4YeHUS MeTalIndecKkoil da-

3bl KaTaJW3aTOPOB CHejaHbl CIEeNYIOIINe BHIBOIBI: B
PtSn/y-A/a-A nobGaBka BTOpOro mertajijia K IJaTUHE
CHMXAaeT HayaJbHBIC CKOPOCTU PeaKINil JeTUIPHUPO-
BaHUS IIUKJIOTeKCaHa U THAPOTeHOIM3a IIMKJIOTIEHTa -
Ha (COOTBETCTBEHHO, ROCH u ROCP), a TaK3ke XxeMocop0-
UOHHYIO €MKOCTh MmO Bomopony. [Ipm mobaBieHUU
0JI0Ba 9HEPTUs aKTUBAIIMU PeaKIIMU JeTUIPUPOBAHU S
IIIKJIOTeKCaHa CYIIECTBEHHO HE M3MEHSETCS, CIeno-
BaTeJbHO, 3aMETHBIX IIPeOOpa30BaHMUIl B DJIEKTPOH-
Hoii chepe Pt He mpoucxonuT. [ToBepXHOCTHBIE aTOMBI
IJaTUHBI, BUAMMO, OJIOKUPOBAaHBI MM pa30aBJCHBI
aToMaMH 0JIOBa, YTO BJAMSIET Ha 3HAUYCHUS aKTHUBHO-
CTH, CEJICKTUBHOCTH, a TaKXe XeMOCOPOIIMU BOJIOPO-
Ia. ATOMBI 0JIOBa, CHUKasl KMCJIOTHOCTb HOCUTEJST U
B3aMMOACUCTBYS C TUIATUHOM, YMEHBIIAIOT KOHIIEHT-
pauuio aHcaMbOieit Pt, koTopble HEOOXOAUMBI IJIsI 00-
pa3oBaHU S KOKca.

B PtGe/y-A/o-A karanumzaTopax, COTJIaCHO 3Haye-
HUAM dHepruy akTuBarmu, REp u Ry, o6HapyxeHo
reoMeTpuueckoe (010KMpoBaHue,/pa30aBIeHUE) U BJIEK-
TPOHHOE MOIMMUIINPOBAHWE TIJATUHBEI TepPMaHUCM.
DTO MPOSIBUIIOCH B CHUXKEHU U KOJIMIECTBA XEMOCOPOU-
poBaHHOTO Bonopona. B karamnuzatope PtGe/y-A/o-A
YacTh FTepMaHUSsI CeTPeTMpoOBaHa U CTaOMIN3NPOBaHa Ha
HocuTesie. Ha moBepXHOCTH UMeeTCsT HECKOJIBKO BUIOB
HAHECEHHBIX YaCTUII: YAaCTUIIBI CIJIaBa ¢ HU3KOM ak-
TUBHOCTHIO B IETHUAPUPOBAHUN U TUIPOTCHOIN3E, CBO-
o6onHbie yacTuubl Ge (I1-1V) u, Bo3MoOXHO, CBOOOIHBIE
Pt(0) yactuusl. Takass Momesnb MeTaJUIMUECKOM a3bl
OBIJIa TIpeIJIOKEHA TI0 Pe3yIbTaTaM TECTOBBIX PEAKIINIA,
TIIB u DCXA.

WUsyyeHHble B paboTe CTPYKTYpHMPOBAHHBIE KaTa-
JIM3aTOPEl II0 CBOMM XapaKTCPUCTUKAM CPaBHUMBI C
OIMMCAaHHBIMU B IUTUPYEMBIX IMATEHTaX, HO MMEIOT 9KO-
HOMMYECKOE TTPEMMYIIEeCTBO, IOCKOJIbKY COMEPKAT MEHb-
Iee YHUCJIO 3JIEMEHTOB.
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