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Abstract

Ge was added to 1% Pt/Al,O3 catalyst by controlled surface reaction of Ge(n-C4Hg)4 in amounts corresponding nominally to 1/12,1/8, 1/2,
1, or 2 monolayers. These Pt—-Ge/Al,O3 catalysts were characterized by FTIR of CO, TEM, H, chemisorption, and EXAFS as well as tested in
catalytic reactions, that is, transformation of hexane, benzene and cyclohexene in the presence of excess hydrogen. Loading of Ge in amounts
of 1/12-1/2 monolayers resulted in catalysts with “bimetallic surface.” Loading of 1/12 monolayer of Ge resulted in randomly deposited Ge
atoms on the surface of Pt. It hardly affected the catalytic behavior as compared with the Ge-free parent catalyst; 1/8 monolayer of Ge was still
located on Pt as single atoms (as shown by EXAFS), but Ge selectively poisoned high coordination sites, active in benzene hydrogenation. This
reaction was completely suppressed here, whereas this catalyst was most active in cyclohexene transformation. Pt with 1/8 and 1/2 monolayers
of Ge transformed hexane with high selectivity into saturated Cg products and formed hardly any benzene. The formation of cyclohexane from
hexane was also observed, not typical for monofunctional Pt catalysts. Adding 1-2 monolayers of Ge caused a new type of interaction between Pt
and Ge containing sites that adsorbed CO but did not adsorb hydrogen. A solid solution of Pt—-Ge may have arisen here, creating “bulk bimetallic
catalysts” with somewhat more surface Pt atoms not interacting with Ge. These catalysts behaved similarly in hydrocarbon transformations as the
original parent catalyst. The possible reaction mechanism of hexane transformation is discussed in detail, in terms of thermodynamic limitations
of benzene formation and possible surface species.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction tive component modifies the properties of the pure metal is not
yet fully elucidated, however.
Chemical industry needs more and more catalysts produc- Two main types of controlled surface reaction (CSR) are

ing the desired products with high selectivity generating less ~ USed to prepare tailor-made bimetallic catalysts: surface redox
waste. These so-called “tailor-made” catalysts generally require ~ 'eactions [2,5-7] and organometallic grafting [3,8-14]. These

special, novel catalyst preparation processes. A deeper under- meI::_hods Ite?d Eo specm(; n;etal—rn_(;f[al_ Interactions, ?Pd the rer;
standing of preparation methods and improved bimetallic cat- sufting calalysts appear 10 be SPECITIC In various reactions, suc

. . . as selective hydrogenation of unsaturated compounds [7,9,15,
alytic systems are important research areas. The behavior of

bimetallic catalysts are obviously different from monometallic 16] and transformation of hydrocarbons [9,12-14,17,18].

talvsts i . i 1-41. Th in which the addi Platinum-based monometallic and bimetallic catalysts are
catalysts in various reactions [1-4]. The way in which the addi- of great interest of naphtha reforming. Commercial reforming

commonly involves Pt-Re, Pt-Ir, Pt-Sn, and possibly Pt-Ge

catalysts [19]. The addition of a second metal to Pt has a bene-

* Corresponding author. Fax: +36 1 392 2533. ficial effect on the catalytic performance [20]. Metals with low
E-mail address: wootsch@iki.kfki.hu (A. Wootsch). dehydrogenation activity, such as Re, Sn, and Ge, hinder the
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formation of unsaturated surface species that can form carbona-
ceous deposits [1,21-23]. Others, such as Ir and Rh, fragment
the coke precursors and thereby hamper deactivation [1,21-23].
The addition of a second metal also impedes deactivation by en-
semble effect [1]. The second metal (particularly Sn) prevents
the sintering of Pt particles during the refining process [19,24].
Industrial reforming requires further development [25-27] due
to strict environmental requirements, such as a decrease in the
permitted amount of aromatics in gasoline [28]. The desired
aims can be achieved by modifying the catalyst support [29]
and/or modifying the metallic particles [14].

In a preliminary study [14], we added germanium by con-
trolled surface reaction to a 1% Pt/alumina catalyst in nominal
amounts of 1/8 and 2 monolayers. These samples were tested
in transformation of hexane, cyclohexene, and benzene in the
presence of excess hydrogen. With addition of 1/8 monolayer
of added germanium, the catalyst showed high selectivity to
produce saturated Cg products in hexane transformation [14].
At the same time, it was inactive in benzene hydrogenation
but was able to hydrogenate cyclohexene. In contrast, the cata-
lyst containing 2 monolayers of germanium behaved similarly
to the Ge-free “parent” sample and gave the highest reaction
rates, likely by preventing accumulation of deactivating car-
bonaceous residues. These latter catalysts were active in both
cyclohexene transformation and benzene hydrogenation. It was
concluded that adding small amounts of Ge decreased the abun-
dance of triangular three-atom Pt ensembles necessary for the
chemisorption of the aromatic ring parallel to the surface [30],
thereby hampering both hexane aromatization and benzene hy-
drogenation [14].

In the present paper we extend our earlier study [14] to a
wider range of catalysts, including 1/12—2 monolayers of Ge on
Pt/Al,O3. The unusual catalytic properties (arising as a conse-
quence of a special preparation technique) are interpreted based
on combining detailed catalyst characterizations and appropri-
ate catalytic test reactions.

2. Methods
2.1. Catalysts preparation

The parent (P) monometallic Pt/Al,O3 catalyst was pre-
pared by ion exchange of Pt(NH3)2(NO3)2 in ammonia solution
(pH = 12) on a Degussa §-alumina (surface area, 100 m? g~1;
particle size, 0.1-0.25 mm). The Pt content was 1 wt%. After
drying overnight at 393 K, the catalyst powder was calcined in
flowing air at 773 K for 4 h and then reduced at 773 K for 8 h in
pure hydrogen flow. The dispersion was 72—-76% as measured
by different techniques (Table 1).

Bimetallic Pt-Ge samples were obtained by using the sur-
face organometallic grafting method [2,3,8,9,12-14,31] in an
in situ reactor [8,12-14]. The prereduced parent sample (using
H, flow at 473 K for 2 h, followed by cooling in Ar flow) was
immersed in heptane solution in Ar atmosphere. After hydro-
gen adsorption (293 K for 1 h), the organometallic compound,
Ge(n-C4Hg)s, was anchored in Ar at 343 K for 6 h. The sam-
ples were then washed with heptane and dried in Ar flow at

393 K for 1 h and finally reduced in Hy flow (473 K for 4 h).
The amount of Ge(n-C4Hg)4 introduced was selected in such a
way as to obtain 1/12,1/8,1/2, 1, and 2 monolayers of Ge, as
calculated for surface Pt atoms.

2.2. Catalyst characterizations

The metal accessibility was determined by three different
techniques: hydrogen chemisorption, electron microscopy, and
CO-FTIR measurements. The volumetric hydrogen chemisorp-
tion was carried out on prereduced samples (473 K, p = 75 kPa,
H, flow for 1 h) after evacuation at room temperature in an
apparatus described previously [12]. Transmission electron mi-
croscopy (TEM) was performed with a Philips CM120 electron
microscope operating at 120 kV with a theoretical resolution
of 0.35 nm. Samples were included in a polymeric resin and
cut into small (about 40 nm) sections with a diamond knife.
Cuts were put onto a TEM grid. The average particle size (av-
erage diameter) was determined on several pictures using the
formula }"n;d®/ 3" n;d?. The Fourier transformation infrared
(FTIR) spectra were collected with a Nicolet Magna-750 spec-
trometer. The samples (about 40 mg) were pressed into pellets
and reduced in situ in the spectrometer at 473 K in Ha flow for
1 h, followed by outgassing and cooling to ambient tempera-
ture. CO chemisorption was performed at room temperature by
injecting pulses in the cell until the apparent saturation of the
catalysts was reached. The dispersion was determined from the
peak area of the linearly adsorbed CO species (~2060 cm—1)
using a predetermined calibration curve [32].

Details of EXAFS experiments and their evaluation have
been reported earlier [33]. Briefly, synchrotron radiation from
a DCI storage ring of 1.85 GeV with an average current of
250 mA was used at the XAS-1V station at the Laboratoire
d’Utilisation du Rayonnement Electromagnétique (LURE) in
Orsay, France. The measurements were collected at the Ly
edge of Pt (11.564 keV) using a Si(111) monochromator. The
X-ray energy was typically varied from 150 to 600 eV. Spectra
were recorded at room temperature in transmission mode using
fine powder of the samples, in the range of 11450-12300 eV
to exclude the K edge of germanium (11103 eV) from the
analysis. The EXAFS signal was extracted from raw data by
a conventional procedure to isolate the contribution of the first
coordination sphere of Pt [34]. Phase shifts and backscattering
amplitudes were obtained from reference compounds (3-PtO»,
Pt metal) under same conditions. Because no good reference
compound was available for Pt—-Ge in the L), edge of Pt, theo-
retical parameters were used considering the PtGe; system [35].

2.3. Catalytic test

Catalytic tests were carried out in a closed-loop reactor
(~70 ml volume) described previously [36,37]. It was filled
with a mixture of 1.3 kPa hydrocarbon—hexane (nH), ben-
zene (B), or cyclohexene (cH™)—and hydrogen (8-64 kPa).
The hexane conversion was studied in the temperature range
of 513-633 K, whereas the transformation of benzene and cy-
clohexene was studied at 363-473 K. Two lots of all catalysts
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were used (ca. 20 mg each), one in hexane reaction, prereduced
in situ at 653 K with 53 kPa H» for 1 h and the other in benzene
and cyclohexene transformation, prereduced in situ at 483 K
with 53 kPa Hy for 1 h. Product analysis was performed by
gas chromatography using a 50-m CP-Sil 5CB glass capillary
column and a flame ionization detector [36,37]. Turnover fre-
quency (TOF) values [38] were calculated as the number of
hexane molecules reacted per surface Pt atom, calculated from
either CO or hydrogen adsorption (Table 1), using the length
of the run as the “contact time” [37]. Regeneration between the
runs was carried out at the reaction temperature with 4 kPa air
for 2 min, followed by evacuation and hydrogen treatment for
3 min at 13.3 kPa. Standard test reactions [39-42] of hexane
transformation (p(nH):p(Hz) = 1.3:16 kPa; T = 603 K) were
also carried out after exposing the catalysts to hexane/hydrogen
mixture at 603 K, p(nH):p(H2) = 1.3:8.0 kPa for 20 min
without regeneration. Results obtained on these intentionally
carbonized samples (TOF and S) were compared with repro-
ducible results [36,41] on regenerated catalysts (TOFg, Sp).

3. Resaults
3.1. Characterization

The accessibility of surface Pt atoms was measured by H;
chemisorption and CO adsorption techniques. Average particle
size was calculated based on these measurements considering
pure Pt, and compared with data measured by TEM (without
distinguishing between Pt and Ge). Different techniques gave
coherent results for samples with low Ge loading (Table 1).
But the H, chemisorption values gave significantly less sur-
face Pt than that measured on IR spectroscopy of CO adsorption
for Gel and Ge2 catalysts (Table 1). Accordingly, the particle
size values from H, chemisorption (Table 1) were significantly
higher, but these may not have much physicochemical meaning
in this case. Further, the average particle size estimated from
CO adsorption was in fair agreement with those measured by
TEM (Table 1).

Because germanium does not adsorb hydrogen or CO, and
further TEM and EXAFS results exclude sintering of Pt crys-
tallites, we can assume that the presence of Ge on Pt ensembles
induced this special adsorption pattern. The chemisorption of

Table 1

hydrogen occurs after dissociation of the Ho molecule; there-
fore, it requires two neighboring active surface sites. In turn, CO
(with its lone electron pair) could chemisorb after impinging on
a surface. These two catalysts have single Pt atoms surrounded
by Ge that can apparently adsorb CO in the linear mode (as
confirmed from IR spectra; not shown), whereas fewer active
doublets are available for H, dissociation.

Typical raw Fourier transform EXAFS plots at the L,;; edge
of platinum obtained for Gel/2 is presented in Fig. 1. These
plots exhibit two predominant peaks for all samples. The first
peak corresponds to Pt-O bond (2.04 A in the reference) and the
second peak corresponds to Pt—Pt or Pt—-Ge distances (Fig. 1b).
This latter peak was 2.775 A for the platinum reference and
2.76 A calculated from FEFF code in agreement with earlier
findings [35]. No acceptable fitting accuracy (accuracy factors
in the range of 4.2-7.5 x 10~2) was obtained when considering
only the Pt—O and Pt-Pt contributions to modeling the EXAFS
signal. Better accuracy factors within one order of magnitude
(5.9-8.2 x 10~*) were, however, achieved by also introducing
the Pt-Ge contribution (see Fig. 1a). These results confirmed
the presence of Ge in the first coordination sphere of platinum
in all samples. Results of EXAFS characterization are sum-
marized in Table 1, including N (coordination number) and
R (bond length) values of Pt with its Ge neighbors. Pt and O
neighbors are omitted, because all samples exhibited similar be-
havior:

(i) A relatively low Pt—Pt coordination number (near 5.9) in-
dicates the presence of small clusters in correlation with
TEM results.

(ii) The Pt—Pt distance (2.72 A) was slightly smaller than the
theoretical value.

(iii) A high Pt-O contribution (N = 2.3-3.0) was in accor-
dance with the storage of the samples in air.

(iv) The Pt-O distance (2.05 A) was very close to the expected
distance (2.04 A).

The values in Table 1 focus on Pt—Ge distance and the number
of Ge in the first coordination sphere of platinum. They sug-
gest that Ge is located mostly on Pt surface in the Gel/12,
Gel/8, and Gel/2 samples. We call these samples “surface
bimetallics.” Here Pt had few Ge neighbors and had longer
Pt—-Ge bonds (Table 1). In contrast, in the Gel and Ge2 sam-

Nominal Ge content, metallic accessibility values of the Pt-Ge/Al, O3 catalysts as measured by different techniques, and structural parameters of Ge only neighbors
in the Pt environment as determined by EXAFS characterization (Pt and O neighbors are omitted)

Catalysts Introduced Ge Accessible Pt (%) Particle size (nm) EXAFS
Monolayer ppm H, ads. CO-IR TEM Ho ads.2 CO-IR? Ge [N, RIP (Nge/Npp)©

P 0 0 76 72 1.6 1.3 1.4 - -

Gel/12 1/12 230 62 63 15 1.6 1.6 [0.10, 2.52] 0.03

Gel/8 1/8 350 65 65 13 15 15 [0.10, 2.54] 0.02

Gel/2 1/2 1400 62 63 1.3 1.6 1.6 [0.15, 2.54] 0.03

Gel 1 2800 34 57 1.4 3 1.8 [0.35, 2.46] 0.06

Ge2 2 5600 15 49 1.7 6.8 2.0 [0.40, 2.46] 0.08

@ Calculated upon the number of accessible Pt using spherical particle model.

b N is the coordination number of Ge; R is their mean distance, in Angstrom units.

¢ Atomic ratio.
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Fig. 1. Typical example of the agreement between experimental (exp) and fitted (th) data for Gel/2 sample. Reciprocal space (a), direct space: modulus (b) and

imaginary (c) parts of the Fourier transformation are shown.

ples, more Ge was found in the neighborhood of Pt (Npt/Nge
increased) and the Pt—-Ge bond length was shortened. This indi-
cates that Ge atoms (or small Ge ensembles) were intercalated
in the Pt subsurface layers or in the particles, likely forming

Pt,Ge, solid solutions. Thus, a “bulk bimetallic system” was
formed.

The low Nge/Npy ratio as opposed to that expected suggests
that a part of Ge atoms may not interact with Pt. Germanium
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pressure at 7 = 603 K (b). TOF values were calculated upon accessible Pt atoms measured by CO-IR (Table 1) and length of the run # = 5 min as the “contact time.”

Table 2

Turnover frequency (TOF) values (in h—l) in hexane transformation calculated
upon accessible Pt atoms measured by hydrogen adsorption (Table 1) in the
same run shown in Fig. 2, p(nH) = 1.3 kPa, r = 5 min

T (K) 513 543 573 603 633
p(Hp)(kPa) 16 16 16 8 16 32 48 64 16

P 9 19 27 23 43 56 67 80 34
Gel/12 14 44 64 45 8 136 197 188 78
Gel/s 12 33 51 39 72 112 136 153 56
Gel/2 8 13 25 20 46 58 60 52 20
Gel 21 50 81 67 112 164 203 221 92
Ge2 37 86 144 96 185 248 300 262 139

was also present in the form of GeO, that can even be located
in the vicinity of Pt particles.

3.2. Reactions of hexane

The activity in hexane transformation was expressed as TOF
values. The number of Pt was calculated from the CO-IR
data (Fig. 2). In general, the Gel/2 sample had the lowest activ-
ity, and Gel/8 and Gel/12 were most active in hexane transfor-
mation (Fig. 2). The Gel and Ge2 samples were slightly more
active than the monometallic P sample. The dispersion values
calculated from H, chemisorption indicate the surface fraction
where hydrogen dissociation can occur. Because any reaction
of hexane starts with C—H bond dissociation, it may not be an
oversimplification to consider those sites as representing the ac-
tive surface fraction. Table 2 shows that “bulk bimetallics” Ge2
and Gel also resulted in high TOF values when calculated from
H> chemisorption, because the number of potentially active sur-
face Pt atoms in the denominator was much smaller than those
calculated from CO-IR and TEM measurements (Table 1). The
activity of Gel/2 is apparently the lowest (Fig. 2; Table 2) be-
cause it contains the most Ge in the surface position (EXAFS
results).

These results point to one possible weakness of the TOF cal-
culation. TOF is rather sensitive to the method of determining
the accessible active sites, usually estimated as the number of
surface noble metal atoms from dispersion measurements. But
one cannot be sure which inherent deficiencies of the applied
method are inadvertently involved. For example, there may be
sites that cannot adsorb hydrogen, but determining whether they

are completely inactive is difficult. In the case of bulk bimetal-
lic samples with high Ge loading, certain sites can adsorb CO
while limiting hydrogen adsorption (Table 1). These special
sites can or cannot adsorb hexane molecules, although if no
neighboring hydrogen is present, then these adsorbed entities
are likely inactive. The available experimental results are insuf-
ficient to provide a final answer to this problem.

The TOF curves exhibited maxima as a function of hydrogen
pressure inthe Gel/12, Gel/2, and Ge2 samples (Fig. 2b). Only
the positive hydrogen order branch [43] appeared in other cases;
the maxima must be around 64 kPa (Fig. 2b). The maximum
activity as a function of hydrogen pressure indicates the opti-
mum hydrogen pressure at a given temperature [44,45]. This
optimum is around 52-64 kPa at 603 K for monofunctional Pt
catalysts [37], in good agreement with the results presented in
Fig. 2b. These maxima shift to higher hydrogen pressure with
increasing temperature [44]. As opposed to monometallic Pt
catalysts [36,37,43,44], the negative hydrogen order range can
be reached at high temperatures only with our Pt-Ge samples.
This is clearly visible in Fig. 2a, because the activity values
have a maximum at 603 K as a function of temperature when
p(nH):p(H2) = constant = 1.3:16.0 kPa. The rather parallel
activity curves indicate that the optimum hydrogen pressure is
similar for all samples; consequently, the differences between
the samples should be due to the different structure of active
sites rather than to the different effective surface hydrogen pres-
sures [46].

Some representative selectivity data in hexane transforma-
tion are presented in Table 3. The Cg saturated products (i.e.,
isomers + MCP + cyclohexane) were most abundant in all
cases. Selectivity toward isomer formation increased as a func-
tion of hydrogen pressure, whereas that of MCP decreased
proportionally, as observed earlier on Pt [37,43]. Compared
with MCP and isomers, the selectivity of benzene and frag-
ments showed smaller changes as a function of hydrogen pres-
sure and temperature. Traces of hexenes appeared. Ge2 was
the only sample resulting in a noticeable amount (~3%) of
open-chain hexenes at low Hy pressure and high temperature
(p(H2) = 8 kPa; T = 663 K). This result is in agreement with
the earlier observation that dehydrogenation can occur on small
Pt islands or even on a single Pt atom [36,47]. The number
and/or the activity of the presumed single Pt sites surrounded
by Ge atoms can be large in this case.
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Table 3

Selectivity (in %) of different product classes in hexane transformation at selected conditions on different samples; p(nH)= 1.3 kPa and + =5 min in all cases.

Corresponding activity data can be found in Fig. 2 and Table 2

P Gel/12 Gel/8 Gel/2 Gel Ge2

T (K) 543 603 543 603 543 603 543 603 543 603 543 603

p(Hyz) (kPa) 16 16 64 16 16 64 16 16 64 16 16 64 16 16 64 16 16 64
<Cg 7 11 20 4 9 10 6 9 14 9 15 31 7 9 24 5 10 16
Isomers 43 40 60 44 26 64 30 26 64 45 29 50 48 31 55 52 32 61
Hexenes 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 1 0
MCP? 41 28 4 44 48 14 58 43 8 37 38 7 36 41 8 33 40 7
Benzene 9 21 16 8 16 12 0 17 1 9 18 11 9 18 13 9 18 17
Cyclohexane 0 0 0 0 0 0 6 0 13 0 0 1 0 0 0 0 0 0

Cg satu/unsatu® 9.3 3.2 39 110 43 6.5 oo° 4.3

97.4 9.1 3.7 8.5 9.3 3.8 4.8 9.4 3.9 4.0

@ Methylcyclopentane.

b Ratio of saturated and unsaturated Cg products = (isomers + MCP + cyclohexane)/(hexenes + benzene).

C *c0” sign means result is infinite.
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Fig. 3. Selectivity of different products formed from hexane on Gel/8 sample

as a function of hydrogen pressure at different temperatures; p(nH) = 1.3 kPa
and r =5 min.

The ratio of Cg saturated and unsaturated products increased
with hydrogen pressure and decreased with temperature (Ta-
ble 3). It was highest in the Ge1l/8 sample and decreased, as a
rule, with increasing Ge content above 1/8 monolayer.

Cyclohexane appeared in marked amounts only in the Gel/8
sample; trace amounts were found in Gel/2. Cyclohexane usu-
ally is not produced from hexane on monofunctional Pt cat-
alysts [37,39,40,43,44,48,49]. In this paper we extended the
range of experimental parameters compared with our prelimi-
nary work [14] for elucidating the conditions of cyclohexane

Table 4

Residual activity (TOF/TOFq) and selectivity (S/Sp) in standard test reaction
(p(nH)/p(H2) = 1.3/16 kPa, T = 603 K) at + =5 min and 50 min reaction
time after intentional carbonization by hexane/hydrogen treatment. TOFg and
So are well-reproducible results of test reaction on regenerated catalysts, while
TOF and S were obtained on samples carbonized by p(nH): p(Hy) = 1.3:8 kPa
at 7 =603 K for 20 min

P Gel/12 Gel/8 Gel/2 Gel Ge2
t (min) 5 5 5 50 5 5 5 5 5 50 5 50
TOF/TOFg 05 0.7 03 08 01 08 01 08 04 08 06 038
S/50
<Cpq 11 10 22 18 24 14 19 14 12 11 12 11

Isomers 08 09 06 0.7 09 09 10 08 08 08 0.7 0.8
Hexenes 2.2 1.1 1.0 06 00 0.7 03 08 20 14 19 13
MCP 11 10 11 10 09 10 09 10 11 11 11 11
Benzene 09 1.1 11 12 11 11 11 12 10 11 10 11

formation (Fig. 3). The amount of cyclohexane increased with
p(H2) and decreased with increasing temperature (Table 3 and
Fig. 3). The selectivity of benzene plus cyclohexane was nearly
constant as a function of hydrogen pressure (Fig. 3). The value
of that sum increased with increasing temperature. At low tem-
peratures (543 and 573 K), hardly any benzene was formed (due
in part to unfavorable thermodynamics). The selectivity of cy-
clohexane was constant as a function of p(H,) at 7 < 573 K
and p(Hy) > 160 kPa.

Table 4 shows hexane transformation in the standard test
reactions at 603 K with p(nH):p(H2) = 1.3:16 kPa, follow-
ing intentional carbonization by hexane/hydrogen treatment at
p(nH): p(H2) = 1.3:8 kPa at 603 K for 20 min. This method has
been applied for the study of deactivation of different Pt black
catalysts by carbonaceous deposits [39-42]. The Pt-Ge sam-
ples lost 40-90% of their regenerated activity on carbonizing
treatment at the beginning of the test run, r =5 min (Table 4),
but much of this activity was recovered by the end of the test
reaction, + = 50 min. Obviously, the presence of excess hydro-
gen in the test reaction mixture exerted this regeneration [39].
Comparing the ratios of the residual parameters (TOF and S)
measured at the end of the test run (t = 50 min) with the anal-
ogous values on regenerated catalysts (TOFg and Sp) demon-
strates that the TOF/TOFg and S/Sp values were about the
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same. Gel/12, Gel/8, Gel/2, and Gel displayed the lowest
residual activity at 5 min of reaction time; of these, Gel/8 and
Gel/2 had the lowest values (Table 4). The Ge2 sample be-
haved very much like the monometallic P catalyst.

Similar to earlier observations on Pt black [39-41] and on
supported Pt catalysts [42], it was the isomer selectivity that
decreased most pronouncedly on deactivation (Table 4). The
benzene and MCP selectivity remained about the same (S/So =
1.0-1.1). As a rule, the selectivity of fragments increased on
deactivated catalysts, especially in those cases with stronger de-
activation (Table 4). The opposite effect was found earlier with
monometallic Pt catalysts [39-42], in which hexene selectivity
increased dramatically under similar conditions.

3.3. Benzene and cyclohexene transformation

The only product of benzene transformation was cyclo-
hexane. The results of this reaction presented in Fig. 4. The
TOF increased continuously with p(Hz) and decreased with
temperature (Fig. 4). The order of the activity was Gel/8 <
Gel/2 « Gel/12 < P < Gel < Ge2, calculated using the dis-
persion values from CO-IR measurement. The TOF values for
Gel and Ge2 would even be higher if we applied the acces-
sible Pt atoms calculated from hydrogen adsorption. The ex-
tremely low conversion on Gel/8 catalyst reported earlier [14]
was thus confirmed by the present extended study. The possi-
ble selective deposition of Ge on the Gel/8 sample, blocking
high-coordination sites (100 and 111), is considered in detail in
Section 4.

Cyclohexene formed two products: cyclohexane and ben-
zene. The reactions include hydrogenation and dehydrogena-
tion or “disproportionation”; 3CgH1g <> CeHg + 2CgH12 (“ir-
reversible catalysis” [50]). Cyclohexene gave mostly benzene
on Pt with short contact times (in a pulse system). Recirculat-
ing it for several minutes even in He, the ratio of cyclohexane to
benzene was 2:1, corresponding to the foregoing equation [51].
Thus, the disproportionation of cyclohexene occurs through dis-
proportionation of surface hydrogen between benzene and cy-
clohexane with an active participation of hydrogen given off
during primary benzene formation and “retained” by Pt.

The activities in cyclohexene reaction are presented in Fig. 5.
The TOF values were almost constant as a function of hydro-
gen pressure between 8 and 64 kPa at 453 K (Fig. 5b). It in-
creased slightly as a function of temperature at p(H2) = 16 kPa
(Fig. 5a). The activity order in TOF values calculated using the
Ptsurs values from CO-IR measurements was almost the op-
posite of that in benzene transformation (cf. Figs. 4 and 5):
P < Ge2 < Gel < Gel/12 < Gel/2 < Gel/8. Gel and Ge2
were the most active when TOF values were calculated from
H> chemisorption data.

The ratio of benzene to cyclohexane formed from cyclohex-
ene in excess hydrogen was compared with the thermodynamic
equilibrium of these two molecules, because cyclohexene is
rather reactive under these conditions [49,52]. We reached al-
most total conversion in 5 min. Fig. 6 presents the ratios of
cyclohexane to benzene formed from cyclohexene in compari-
son with their thermodynamically calculated ratios (considering
the equilibrium reaction CgHg + 3H, <> CgHy2). Clearly, the
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Fig. 4. Turnover frequencies (TOF) on different catalysts in benzene transformation as a function of temperature at p(nH):p(H>) = 1.3:16 kPa (a) and hydrogen
pressure at T = 453 K (b). TOF values were calculated upon accessible Pt atoms measured by CO-IR (Table 1) and length of the run r = 5 min as the “contact time.”
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Fig. 5. Turnover frequencies (TOF) on different catalysts in cyclohexene transformation as a function of temperature at p(nH): p(H2) = 1.3:16 kPa (a) and hydrogen
pressure at 7 = 453 K (b). TOF values were calculated upon accessible Pt atoms measured by CO-IR (Table 1) and length of the run # = 5 min as the “contact time.”
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Table 5
The calculated free enthalpy change (Gibbs energy) and equilibrium constant
of benzene hydrogenation at different temperatures

Temperature AG K

(K) (kJ/mol)

300 —98 1.16E+17
350 —80 8.71E+11
400 —62 1.25E+08
450 —44 1.28E+05
500 —26 5.20E4-02
550 -8 5.75E4-00
600 10 1.35E—-01
650 28 5.62E—-03
700 46 3.69E—-04

amount of benzene increased with increasing temperature and
decreased with increasing hydrogen pressure. The cyclohex-
ene/benzene ratio increased in the order Ge2 < Gel $ Gel/2 <
Gel/12 < Gel/8 < P < thermodynamic equilibrium (Fig. 6).
Table 5 presents the calculated Gibbs energy values and
the equilibrium constants as a function of temperature for the
benzene <« cyclohexane equilibrium. The enthalphy and en-
tropy values were taken from a previous report [53]. The results
clearly show that it is not possible to saturate benzene to cyclo-
hexane above 600 K. The equilibrium is shifted toward cyclo-
hexane at low temperature [52]. The increased hydrogen excess
also shifts the equilibrium to cyclohexane, as shown in Table 6.
The thermodynamically calculated equilibrium ratio cannot be

Table 6

The cyclohexane-to-benzene ratio at different temperatures and hydrogen pres-
sures, if the starting mixture consists of 1.3 kPa benzene and “p%(Hy)” kPa
hydrogen

Temperature  Cyclohexane/

(K) benzene

pO(H,) (kPa) 8 16 32 48 64

300 7.13E+12 1.92E+14 2.44E+15 9.48E+15 2.41E+16
350 5.35E+07 1.45E+09 1.84E+10 7.13E+10 1.81E+11
400 7.68E+03 2.07E+05 2.64E+06 1.02E4+07 2.59E+407
450 1.25E4+01 2.13E+02 2.70E4+03 1.05E+04 2.66E+04
500 1.97E-01 1.37E+00 1.18E+01 4.26E+01 1.08E+02
550 2.83E—03 2.26E—02 1.70E—01 5.62E—01 1.32E+400
600 6.63E—05 5.30E—04 4.24E—03 1.43E-02 3.39E-02
650 2.77E—-06 2.21E—05 1.77E—04 5.97E—04 1.42E-03
700 1.82E—07 1.45E—-06 1.16E—05 3.92E—05 9.30E—05

reached in all cases. The thermodynamic parameters show the
equilibrium in spontaneous reaction, under infinite time; how-
ever, the difference between the calculated and the measured
data points to a kinetic hindrance, that is, the efficiency of
the catalyst in decreasing the activation energy of the differ-
ent reactions. The measured data of cyclohexene transforma-
tion show lower amounts of cyclohexane than were predicted
by the thermodynamic calculation. Thus cyclohexene produced
benzene relatively more easily than cyclohexane [54]. This indi-
cates that the activation energy of cyclohexene-to-cyclohexane
transformation is higher than that of cyclohexene-to-benzene
transformation. Consequently, the dehydrogenation of the first
bond may be rate-limiting in consecutive dehydrogenation of
cyclohexane to benzene. The results obtained in cyclohexene
transformation were closest to the calculated equilibrium at
high temperature and low hydrogen pressure (Fig. 6).

4. Discussion

The reactions of hexane transformation [20,43] are summa-
rized in Scheme 1. The first step can be the dissociation of
the first C-H bond of the saturated hydrocarbon reactant [20,
48,55-57]; this may even be the rate-determining step under
hydrogen-rich conditions [58]. A “reactive adsorption” (i.e.,
CgH14 + Pt—H-Pt to Pt—-CgH13 + Pt—H) was also suggested as
an alternative pathway [59]. This can be the surface intermedi-
ate that can cyclize (on two-atom Pt sites) to give an adsorbed
Cs-cyclic species, which can desorb as MCP or can give skele-
tal isomers (Scheme 1) [20,48,56,57]. Their ratio is governed
by the available surface hydrogen [46,55,60,61], resulting in a
mirror image of MCP and isomer selectivity as a function of
hydrogen pressure (Fig. 3).

Benzene is reported to form by “stepwise aromatization”
from hexane on monofunctional Pt catalysts [48,62—64]. This
reaction involves open-chain hexadiene and triene intermedi-
ates, with cyclization then occurring by ring closure of a cis—is
hexadiene or cis—cis-hexatriene on these sites to give cyclo-
hexadiene (Scheme 1). This latter reaction reportedly requires
ensembles of three Pt atoms in triangular symmetry [30]. This
route has been confirmed by the appearance of cyclohexadiene
from both trans- and cis-hexa-1,3,5-triene reactants on Pt [62].
The trans <> cisisomerization of such unsaturated surface com-
pounds also requires hydrogen but can still occur with less
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Scheme 1. A suggested reaction mechanism of hexane transformation on Pt catalysts, a synthesis of earlier published propositions [43,48,52,62].

H(ads) present. As opposed to the cis-trienes, the trans-isomers
can polymerize to carbonaceous deposits when insufficient hy-
drogen is present [43,48,62] (Scheme 1). The last step may be
“hydrogenative desorption” of surface CeHg_, benzene precur-
sors, that is, an unsaturated Cg-cyclic compound (Scheme 1).

During the stepwise aromatization, unsaturated intermedi-
ates can also desorb and appear in the gas phase in the absence
of sufficient hydrogen (Scheme 1); in most cases these are hex-
enes, but hexadienes have also been detected when hexane was
reacted over supported bimetallic catalysts, such as PtSn or
PtPb [65]. Hexenes are exclusive primary product with low hy-
drogen excess, but they do not appear in the gas phase with
much hydrogen present [66] (Scheme 1).

Cyclohexane cannot be observed among the products of
hexane transformation on most monofunctional Pt catalysts.
The usual assumption for cyclohexane formation is acid-
catalyzed ring enlargement of the primary Cs-cyclic interme-
diate from hexane [27]. This route is not likely on monofunc-
tional Pt, as shown in Scheme 1. In our study, cyclohexane
appeared among the products on the Gel/8 sample (Table 3,
Fig. 3). Cyclohexane can be formed from the primary inter-
mediate of the ring closure step (an unsaturated Cg-cyclic com-
pound, such as cyclohexadiene [67]) by its hydrogenation when
the abundance of three-atom sites [20,48] is too small and the
hydrogen excess is high. This was also deduced from radio-
tracer experiments, reacting hexane—[**C]-cyclohexane mix-
tures on Pt-KL [68]. On the other hand, when the abundance of
three-atom sites is sufficiently high, usually on monometallic
Pt catalysts, this cyclic intermediate preferably or exclusively

desorbs as benzene. Cyclohexane selectivity as a function of
hydrogen pressure was a mirror image with benzene selectivity
(Fig. 3), so it seems very reasonable to relate these two reactions
to one another (Scheme 1). Thus the appearance of cyclohexane
from hexane on certain Pt—Ge catalysts (on Gel/8 and in traces
in Gel/2; see Table 3) can be due to the Ge deposition on Pt,
selectively blocking three-atom ensembles (Scheme 1).

Fragmentation must have a separate reaction route from the
key intermediate (Scheme 1), requiring ensembles of several
Pt atoms [69,70]. Earlier observations on monofunctional Pt
catalysts [37,43] showed that this reaction lies on a different
compensation line than others. Several authors have attributed
deeply dissociated (e.g., «, «, y) intermediate(s) to hydrogenol-
ysis [69,70], the formation and decomposition of which must
involve several elementary steps. Internal rupture has also been
reported and considered closely related to isomerization, and
may involve a not too deeply dehydrogenated intermediate [47,
71]. Here the geometric requirements are not as strict as in
aromatization. It is possible that the number of triangular three-
atom ensembles for aromatization is small on Gel/8 [30,48],
but the two-atom ensembles needed for Cs-cyclization and ring
opening [72] and multiple Pt atom sites in “random” arrange-
ment for fragmentation [70] are present.

The sum of selectivities of isomers plus MCP is 57-88%
(Table 3), highest on the “surface bimetallics” with low levels
of germanium, Gel/12 and Gel/8 (72-88%). The summarized
selectivities of the two reactions requiring larger ensembles (hy-
drogenolysis and aromatization) are always lower, and are low-
est with the two samples mentioned. Gel/2 with lowest overall
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activity (Table 2) and the two “bulk bimetallics”: Gel and Ge2
showed somewhat higher activity in these two reactions (30—
40% vs. 12-25%). This indicates the existence of ensembles of
three to four Pt atoms on catalysts with much surface Ge or Ge
in their bulk—even if these represent isolated islands.

The other two reactions, hydrogenation of benzene and cy-
clohexene, also provide information on catalytic sites that can
activate reactions involving C-H bonds. Benzene hydrogena-
tion can start with the adsorption of the aromatic ring parallel
to the catalyst surface on three Pt atoms with (111) symme-
try. The “sextet model” of Balandin [50,73] assumed the ad-
dition of six H atoms apparently in a single step. Radiotracer
studies [74] have shown that in fact a triangular reaction oc-
curs on different metals; “direct” hydrogenation to cyclohexane
(the main reaction at low conversions) was accompanied by
a stepwise reaction involving cyclohexene as an intermediate.
This latter route may involve parallel -adsorption as an ini-
tial step, followed by the formation of intermediate(s) adsorbed
“edgewise” [75]. A m-allyl intermediate (i.e., the interaction of
3 C atoms with the catalyst surface) was also suggested [76].
The transformation of cyclohexene was explained by both sex-
tet and doublet mechanisms [50,77], involving “flat-lying” and
“edgewise” chemisorption, respectively. But recent single crys-
tal studies [78] on Pt(111) showed that the situation is more
complex. Depending on the temperature, cyclohexene is ad-
sorbed in a “half-chair” configuration on two metal atoms (at
130 K) “edgewise” by di-o bonds at 220 K, but at temper-
atures practicable for hydrogenation (260-283 K) a “tilted”
cyclo-CgHg species is attached to 3 Pt atoms, possibly in a way
analogous to a r -allyl intermediate. The sites for these interme-
diates are different from those required for dehydrogenation to
benzene (300-383 K), which occurs via a “flat-lying” interme-
diate.

Gel/8 was almost inactive in benzene hydrogenation but
was very active in cyclohexene transformation to cyclohexane
(cf. Figs. 4 and 5). Thus, on the Gel/8 catalyst there was a
low probability to form the “flat-lying” intermediate. Conse-
quently, the high coordination sites of (111) symmetry must be
selectively blocked by Ge. At the same time, the “edgewise” or
“tilted” adsorption of cyclohexene was not hindered.

We now return to the interpretation of hexane transformation
on the Gel/8 sample. Scheme 2 compares the possible con-
formation of the intermediate(s) in cis—trans isomerization of
conjugated hexadienes on the Pt(111) surface. The partly de-
hydrogenated intermediates rotate freely and “stand up” on the
surface. This structure is in fact very similar to that reported in
an SFG study on Pt(111) single crystals in cyclohexene trans-
formation [78]. In the case of monometallic Pt surface, this
intermediate quickly lies down, and the unsaturated Cg-cyclic
intermediate rapidly transforms to benzene (Scheme 2a). On
the other hand, when other atoms are present (in our case, Ge),
this intermediate cannot lie down and will be hydrogenated to
cyclohexane (Scheme 2b).

The selective deposition of Ge can also be deduced from the
catalytic results on intentionally carbonized samples (Table 4).
Two major observations can be described:

C@C@
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4)
— § W
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(3
2)
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: i E 5 3)
cis \ . .
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surface hyd rogen
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(b)

Scheme 2. Trans-cis isomerization of 1,3-hexadiene on Pt(100) surface (a) and
on Pt surface partly occupied by Ge atoms (darker circles) (b).

(i) Pt—Ge catalysts with small, surface Ge loading (Gel/12,
Gel/8, Gel/2) showed low (0.1-0.3) residual activity at the
beginning of the test run (+ =5 min) on intentionally car-
bonized samples. It increased up to 0.8 at the end of the test
run (¢ = 50 min). On the other hand, catalysts with much
Ge (Gel, Ge2) as well as the Ge-free P sample lost only
about half of their initial activity, and it increased up to 0.8
at the end of the test run.

(ii) Pt-Ge catalysts with small Ge loading showed higher frag-
mentation selectivities as opposed to the higher hexene for-
mation on Pt without Ge and on catalysts with much Ge
(Table 4).

Two different coke formation routes were postulated: the Cq
route and the polyene route [79]. Inert metals—such as Sn [30,
47,80,81] or just Ge [14]—divide the contiguous Pt surface
into smaller ensembles, and this hinders polymerization of un-
saturated intermediates. Thus carbonization on Pt-Ge catalysts
should take place mainly via the Cy-route; that is, carbon pre-
cursors are fragmented and dehydrogenated forming C, CH, or
CHoa, species on the surface [79,82]. Formation of C-C bonds
between surface CH, species can occur even at low temper-
ature [83]. The C; route could even be more favorable when
high-coordination sites are selectively blocked by Ge (“sur-
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face bimetallics™). In this case, residual C; species occupy
low-coordination sites after intentional carbonization (high-
coordination sites are already blocked by Ge), consequently the
residual activity is low at the beginning of the subsequent test
reaction (Table 4). On the other hand, the excess hydrogen in
the test run can remove these C; species [84,85]. It leads to the
appearance of many fragments in the gas phase, as well as the
recovery of initial activity.

In addition to the geometric interpretation other effects may
play important role. The coexistence of electronic and geomet-
ric effects was demonstrated on supported Pt—-Sn catalysts [86].
The electron acceptor effect of Ge also may be important
[35,87]. The “virtual” hydrogen concentration on the clean,
carbon-free, Pt sites of Gel/8 can be higher than that corre-
sponding to the gas phase [46,88]. This abundant hydrogen
may cause favored formation of Cg-saturated products (iso-
mers, MCP, and cyclohexane) as opposed to aromatization
[46,47].

5. Conclusion

In this study, adding germanium to a monofunctional Pt/
Al,O3 catalyst by controlled surface reaction of organometallic
Ge precursor, Ge(n-C4Hg)s, resulted in special Pt-Ge inter-
actions. Deposition of smaller amounts of Ge led to surface
bimetallic catalysts. Ge in amounts of 1/12 monolayer resulted
in randomly scattered Ge atoms on the surface of Pt, as con-
firmed by EXAFS measurement and catalytic studies. Ge was
selectively deposited on high-coordination sites, but because of
its low amount, it hardly affected the catalytic behavior com-
pared with the Ge-free parent catalyst. A 1/8 monolayer of Ge
was still located on Pt as single atoms (EXAFS), but the selec-
tive poisoning of high-coordination sites by Ge can be clearly
deduced from catalytic observations in this case. Deposition of
1/2 monolayer of Ge resulted in less selective deposition than
in the deposition of 1/8 monolayer. This catalyst showed the
lowest TOF values in hexane conversion, because of the large
amount of Ge on the surface. The selective deposition was de-
duced from the following observations:

(i) The Gel/8 sample was almost inactive in benzene hydro-
genation but was very active in cyclohexene transforma-
tion.

(ii) This sample transformed hexane with high selectivity into
saturated Cg products and formed hardly any benzene. The
formation of cyclohexane from hexane was also observed
here (and in the case of Gel/2 in traces).

(iii) The C; carbonization route occurred mainly on low-
coordination sites, because the high-coordination sites
were selectively blocked by Ge. A pronounced activity
loss was seen on intentionally carbonized samples at the
beginning of the test run (which could be recovered by the
end of the test run), concomitant with the appearance of
much fragments.

Adding one to two monolayers of Ge caused a new type
of interaction between Pt and Ge. EXAFS results revealed a

shorter Pt—Ge distance and more Ge in the vicinity of Pt atoms.
A solid solution of Pt-Ge (i.e., a bulk bimetallic system) con-
taining sites that adsorb CO but do not adsorb hydrogen may
have arisen here. However, Pt atoms not interacting with Ge
showed similar activity and selectivity in hydrocarbon transfor-
mation as the original parent catalyst.
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