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Abstract

A model is proposed to describe the mechanism of hydroconversions on bifunctional catalysts. This mechanism allows a
better interpretation of experimental results. It incorporates the concept of hydrogen spillover, i.e. the surface diffusion of
activated hydrogen species. The main consequence of the model is that all reaction steps can occur on one reaction site
whereas the classical model requires three reaction steps on different reaction sites. Additionally, the catalytic properties of
layered bifunctional catalysts (consisting of a macroscopical metal-containing and acidic part) depending on the geometry of
such systems can be easily explained. The new model is based on the assumption that a dynamic equilibrium of two
coexisting activated (spilt-over) hydrogen species is formed on the surface; one of them being neutral (H atom) and the other
electrically charged (H* ion). The influence of the spilt-over hydrogen is illustrated and discussed in the case of the
conversion of cyclohexane on different metal-containing and acidic catalysts.
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1. Introduction

Supported metal catalysts play an outstanding role in heterogeneous catalysis. Beside the improve-
ment of the metal dispersion and its stabilization a marked synergy effect of metal and acidic support
is observed for many hydroconversion reactions. Some of them, e.g. hydrocracking, have a huge
practical importance. In order to develop the applied catalytic systems it is necessary to obtain further
information on the elementary steps of the heterogeneously catalyzed hydroconversions. The classical
concept, which is widely accepted in the literature, was proposed by Mills [1] and by Weisz and
Swegler [2]. They described the reaction mechanism by the independent action of different, physically
distinct catalytic sites. According to this concept, the hydrogenation/dehydrogenation reactions
would take place at the metal and the skeletal rearrangement reaction occurred at the acidic sites. The
interaction of the two catalytic sites was explained by a gas phase diffusion of olefinic intermediates
[2].

Considering new experimental results this picture seems to be inadequate to satisfactorily explain
the influence of some parameters. Such limits of the classical model, especially for the description of
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the properties of layered catalyst arrangements and the role of hydrogen, will be discussed in this
work. We will extend the classical model by taking into account hydrogen spillover in order to allow
a better interpretation of our own experimental results as well as of results described in literature.

2. The classical concept

A bifunctional catalyst for hydroconversions represents a combination of a hydrogenating /dehy-
drogenating component with an acidic support. According to Mills {1] and Weisz and Swegler [2] the
dehydrogenation of the saturated hydrocarbon takes place on the metal. The formed olefin is
transported to the acidic site, this has been postulated to occur through the gas phase. The binding to
the acidic hydroxyl group of the support leads to the formation of a carbenium ion, which is
subsequently transformed by isomerisation, cracking or alkylation. After the conversion of the
carbenium ion the produced olefin desorbs and diffuses to the metal component, where it is
hydrogenated. According to this concept the bifunctionally catalyzed isomerization of cyclohexane on
a zeolite supported Pt catalyst, for example, can be schematically described by the following
mechanism [3] (Egs. 1-3):
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To interpret the experimental results by the classical model, three of its consequences have to be
particularly taken into account: the necessity of three adsorption/desorption steps during the
bifunctionally catalyzed reaction, the gas phase diffusion of the intermediate olefin and the formation
of the carbenium ion (Eq. (2)) as rate determining step of the reaction. A surface diffusion of the
intermediate olefin is usually excluded because it is very unlikely and has never been observed under
the experimental conditions typical for catalytic reactions.

The fact that the product contains mainly saturated compounds can be satisfactorily explained in
the frame of the classical model of bifunctional catalysis. According to this concept the final step of
the bifunctionally catalyzed reaction is the hydrogenation of the olefin on the metal. The reaction
atmosphere usually contains hydrogen to ensure the activity of the catalyst over a sufficiently long
time by preventing the formation of coke. It should be mentioned that, according to the classical
model, this is the only role of hydrogen in such reactions, in particular in the conversion of
cyclohexane which will be discussed as a typical example in this work.

3. Experimental results questioning the classical model

Considering the microscopic picture of bifunctional hydroconversion catalysis some experimental
results cannot be satisfactorily explained by the classical model.
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Usually, the bifunctional catalyst is prepared by the impregnation of the acidic support with a
solution of the corresponding metal salt. After a consecutive treatment with air (or oxygen) and
hydrogen metal clusters are formed on the surface, whose size and properties strongly depend on the
activation conditions. Particularly, in the case of narrow-pore zeolites the salt ions are not able to
enter the zeolite framework and, consequently, the metal clusters are situated on the external surface
of the crystals. Therefore, the distance between the metal clusters and the acidic sites can be in the
range of a few elementary cells, i.e. in the case of zeolites few nanometers. The metallic and acidic
sites are separated in such bifunctional catalysts. Additionally, increasing of the metal dispersion is
limited by the low stability of very small clusters that tend to sinter. The activity of very smali
clusters may be lower in comparison to larger clusters. In order to study the mechanism of the
bifunctional reaction the separation between the different catalytic sites can be considerably increased
by applying layered catalyst arrangements (Fig. 1).

When the elementary steps of the reaction are discussed the active sites and the interaction between
these sites has to be clarified. There are generally two possibilities for the diffusion of the
intermediate species: gas phase and surface diffusion.

Investigations on the conversion of n-hexane were carried out by Steinberg et al. [4] using catalyst
systems consisting of separated metal-containing (Pt/Al,O;) and acidic (H-erionite) phases. The
reaction pathway could be characterised by the corresponding typical reaction products: C, isomers,
formed by the bifunctional pathway, and C5 compounds, produced by the monofunctional acidic
cracking. It was shown that the activity and selectivity strongly depend on the existence and
properties of a direct contact between the two phases. This was the case, even when their (geometric)
distance in the recirculation reactor did not considerably change and only the medium between the
phases (quartz sand or atmosphere) was varied. This would not be expected when gas phase diffusion
is assumed. The synergy between the catalyst components could be clearly shown for systems, where
both were in immediate contact (Fig. 1a and b). The selectivity was identical with that observed for
the mechanical mixtures and did not depend on the position of the metal-containing component either
on the entrance or the exit of the reactor. This also constitutes a strong argument against the
hypothesis of gas phase diffusion of intermediate olefins. In addition no olefins were observed in the
products in spite of the fact that no hydrogenating component was present after the acidic component
in the direction of the carrier gas flow (Fig. la). If the metal-containing catalyst was situated in a

(a) (b) (©) (d) (e)
basket

%
V%

flow direction

8.7 87 481 52.5 2.6 conversion / wt.%

PYALLO; [ H-erionite g8 quartz

Fig. |. Hydroconversion of n-hexane on differently arranged Pt/Al,O, (10 mg) and H-erionite (1 g), T =497 K, t.0.s. = 7 h, recirculation
reactor (according to [4]).
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basket above the acidic catalyst in a distance of about 1 mm (Fig. 1c), no synergy effect was observed
and the catalytic properties of the system were similar to those of the metal-free H-erionite. No
synergy was also observed when the catalyst components were separated by a layer of quartz sand
having a very low surface area (Fig. 1d). Pt/Al,O, by itself did not show a significant hydrocracking
activity as represented in Fig. le. Analogous results were obtained for the conversion of cyclohexane
on bifunctional catalysts, mechanical mixtures of acidic and metal-containing components and the
corresponding layered arrangements [10]. Thus, it was clearly shown that the synergy between the
components of the bifunctional catalyst (i) requires an immediate contact between the metal-contain-
ing and the acidic component and (ii) does not predominantly occur via gas phase diffusion of the
intermediate.

According to the classical model, where gas phase diffusion of the intermediates is assumed, the
separation of both catalyst components (metal and acidic site) should not change the activity and
selectivity of the bifunctional catalyst because the external gas phase transport of the reactants is not
the rate determining step in the hydroconversion process. Consequently, there should be no difference
in the catalytic properties of two types of bifunctional catalysts: mechanical mixtures of metal-con-
taining and acidic component and catalysts prepared by wet impregnation. These assumptions could
not be confirmed for several catalytic systems, e.g. the bifunctional catalyst described above (Table
1). Independent of the reactor type the conversion on the supported catalyst was always higher than
on the mechanical mixtures.

The significant differences in the product distribution applying two-phase catalysts could also be
used to determine the migration length of the intermediate species [4]. It could be shown by studying
the cracking of n-hexane that the typical products of the monofunctional catalysis were only observed
for distances between the acidic and the metallic sites of more than 15 mm. Under these conditions
the diffusion distance is very long and the synergy between both catalyst components is suppressed.
Similar experiments on the conversion of cyclohexane on Pt/Al,0, and H-ZSM-5 also showed the
occurrence of surface transport up to relatively large distances [10].

Bifunctional conversion is usually carried out in hydrogen atmosphere. Hydrogen is needed for the
hydrogenation of the produced olefin according to Eq. (3). But, even according to the classical
mechanism for the bifunctionally catalyzed isomerization, hydrogen is not needed to allow the

Table 1

Comparison of the hydrocarbon conversion (in wt%) on bifunctional catalysts and on mechanical mixtures

Reaction Reaction conditions Me /H-support Me /support + H-support H-support ~ Me/support Ref.

Ring enlargement of methylcyclopentane 525 K Pt/H-Y Pt/Si0, + H-Y H-Y Pt/Si0,  [5]
ir 244 (61.5°)  19.3(60.9) 143(L7) 89(®

Isomerization of n-pentane 525K Pt/H-ZSM-5 Pt/SiO, + H-ZSM-5 H-ZSM-5 Pt/SiO, [6]
ir 7720939 °)  54.6(994) 7.1(15.2)  0.4(49.6)

Hydrocracking of n-heptane 428 K Pt/H-erionite  Pt/Al,0, + H-erionite =~ — — [7.,8]
T 54.6 45.3

Isomerization of n-butane 593K Pt /H-mordenite Pt/Al,O; + H-mordenite H-mordenite Pt/Al,0; [9]
ir 180(84.19)  14.1(76.4) 43.1(28.6) 4.0(0.5)

H-support-acidic component; Me /support-metal supported on non-acidic component, Me /support + H-support-mechanical mixture of both
components; Me /H-support-bifunctional catalyst.
® Integral (ir) and recirculation reactor (rr), respectively.
b Cyclohexane selectivity is given mol%.
€ i-C; selectivity is given in C-mol%.
i-C, isomerization selectivity.
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reactions corresponding to Egs. (1)-(3) as a whole. At least the substitution of hydrogen by nitrogen
should not hinder dehydrogenation reactions. The activity of the bifunctional catalyst should remain
the same until coking, which is favoured by the formation of an olefin pool on the surface, leads to
the deactivation of the catalyst.

The influence of hydrogen on the conversion of n-hexane was studied in a recirculation reactor [11]
and a flow reactor [12]. As already described the product spectrum allowed a clear distinction between
the bifunctional and the monofunctional reaction pathway. While the bifunctional mechanism was
typical for the system Pt/H-erionite in hydrogen, only cracking products, formed by the acidic
monofunctional pathway, could be observed in the system Pt/H-erionite in nitrogen. By varying the
relative partial pressure of hydrogen in the flow reactor a significant change in selectivity was
observed at a value of py_/py .,y < 0.5 [12]. Obviously, hydrogen in a sufficient large concentra-
tion is necessary to enable a bifunctional reaction pathway. This is even the case for dehydrogenation
reactions. The corresponding experiments for the dehydrogenation of cyclohexane were carried out on
a Pt/Na-erionite catalyst [10]. While the catalyst was practically inactive in nitrogen, the formation of
benzene was observed in the presence of hydrogen. Blocking of the metal surface by coke precursors
could be excluded because the reaction was reversible when nitrogen and hydrogen were used
alternately. For example, the catalyst reached practically the same activity after the reintroduction of
hydrogen as before the application of nitrogen. The explanation cannot be that the presence of
hydrogen would lead to the hydrogenation of coke that was produced during the reaction in nitrogen,
thus re-establishing the catalytic properties. This mechanism could be excluded because no additional
coke hydrogenation products were observed in the product stream after re-introduction of hydrogen
[10].

Obviously, hydrogen (in the presence of a metal-containing catalyst) seems to play a crucial role
for controlling the selectivity in bifunctional catalysts. This marked influence is not only due to the
prevention of coke formation and it cannot be understood in terms of the classical model.

4. Extension of the classical model

To explain the experimental results obtained for different geometries of bifunctional catalysts the
following facts have to be taken into consideration: (i) during the reaction an intermediate diffuses on
the surface of the catalyst between the metallic and the acidic sites, (ii) under certain conditions this
transport, and not the formation of the carbenium ion, constitutes the rate determining step, (iii)
hydrogen is necessary to initiate the bifunctional reaction mechanism and (iv) a reaction including
three adsorption /desorption steps at different sites is not very likely.

The surface diffusion of olefins has never been observed and it is very unlikely because of
energetic reasons. Therefore, it is logical to assume a surface diffusion of activated hydrogen species.
This concept is established as hydrogen spillover and it was shown to be associated with many
phenomena in heterogeneous catalysis. Hydrogen spillover is characterized by the formation of an
active species on one surface phase, mostly a noble metal, the transfer of this species onto the support
(primary spillover step) and its surface diffusion. Under certain conditions this migration can continue
to another phase, for example one that does not contain an activating metal (secondary spillover step)
[13]. For many catalyst systems the spilt-over hydrogen species were shown to influence significantly
the catalytic properties: either indirectly by the removal of coke, by controlling the oxidation state of
the catalyst and by creating catalytic sites or directly by its action as a reactant.

The H-D exchange of surface hydroxyl groups is a suitable model reaction for the investigation of
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hydrogen and deuterium spillover. The exchange can be observed under the experimental conditions,
which are relevant in catalysis, by IR spectroscopy and mass spectroscopy. It was shown that the
exchange rate is considerably increased in the presence of a metal [14,15]. Hydrogen (or deuterium) is
activated on the metal, spills over onto the surface and migrates to the hydroxyls, where the exchange
takes place (Fig. 2). In some cases the diffusion range of the spilt-over species is as long as several
centimetres [4,16]. Further phenomena due to the spillover of adsorbed species will not be discussed
here, they are described in detail in some reviews [17-20].

To introduce the concept of hydrogen spillover into the description of bifunctionally catalyzed
reactions, the nature of the spilt-over hydrogen species has to be considered. Different species were
discussed in the literature: H atoms, H ions, ion pairs and H, species [13,19]. H atoms [21-23] and
H™* ions [24-28] were favoured as spilt-over hydrogen species. Surprisingly, depending on the
reaction studied and the spectroscopic method applied, indications for H atoms and H* ions were
found in the same catalytic system under similar conditions. The reaction of the spilt-over hydrogen
species with organic radicals was studied by ESR and IR spectroscopy on zeolites [29] and silica [30].
The relaxation time 7T, of OH groups in silica was found to be decreased in the presence of spilt-over
hydrogen by NMR [31]. Both results were interpreted by supposing that paramagnetic H atoms were
the spilt-over species. However, results on the deuteration of hydroxyl groups on silica [13,32],
alumina [13] and zeolites [13,15,16] and especially the influence of a magnetic field on the diffusion
of the spilt-over species [26] suggested electrically charged spilt-over species, most likely H™ ions.
The above and a number of other experimental results can be explained by a model, which describes
the spilt-over hydrogen species as surface electron donors, leading to a coexistence of charged (H*
ions) and uncharged (H atoms) hydrogen species. According to this model by Roland et al. [27,33] the
nature of these species can only be described when considering their electronic interaction with the
support. After the homolytic dissociation of the molecular hydrogen on the metal, leading to the
formation of H" radicals,

P
H, 2 H"+H", (4)
these species spill over onto the support where an electron transfer to the surface region can occur
H =H"+e". (5)

The additional electronic donor state, which is produced by the adsorption of the spilt-over
hydrogen, is located at the surface. It may be ionized, i.e. an electron is transferred to the support, or
neutral, i.e. the electron remains at the adsorbate. For hydrogen, the first case corresponds to an H*
ion (strong chemisorption) and the second case to an H atom (weak chemisorption). The relative
concentration of both species depends on the parameters of the system adsorbate-solid (electronic
states, Fermi energy, concentration of the spilt-over species, density of the electronic states of the

N/ x

activator phase acceptor phase

Fig. 2. Hydrogen isotopic exchange on mechanical mixtures consisting of metal containing and acidic components. D *, H "-activated
hydrogen species.



F. Roessner, U. Roland / Journal of Molecular Catalysis A: Chemical 112 (1996) 401412 407

Me Me + H*
B =—*= CH <—*= MCP
H+
C1 "Ce

Fig. 3. Reaction pathway of cyclohexane conversion on different sites. CH-cyclohexane, MCP-methylcyclopentane. B-benzene. C, Gy
cracking products, Me-metallic centre, H™*-acidic centre.

solid, temperature). Thus, a dynamic equilibrium between H™ ions and H atoms exists on the surface.
It can be shifted towards one kind of species and is influenced by a consumption of one of these
species. Due to the (partial) electron transfer the adsorption energy of the spilt-over species is
increased. This decreases the probability of recombination to molecular hydrogen, desorbing into the
gas phase, and favours the formation of a reservoir of adsorbed spilt-over hydrogen species
[26,33,34].

5. New model for the explanation of the catalytic results

For the discussion of the elementary reactions of the hydroconversion it has to be considered that
spilt-over hydrogen is present at the acidic sites as shown by H-D exchange experiments on zeolitic
hydroxyl groups [26,33]. The incorporation of the spillover concept into the mechanism of the
catalytic reaction shall be exemplarily demonstrated on the conversion of cyclohexane on a bifunc-
tional catalyst. The products of this reaction strongly depend on the sites where the reaction takes
place (see Fig. 3). The metallic centre catalyzes the dehydrogenation of cyclohexane to benzene. As
already discussed, this reaction requires hydrogen in order to take place [10]. Based on the
coexistence of electrically charged and neutral spilt-over hydrogen species the following mechanism
can be postulated:

On the surface of the support the hydrogen radical (Hs;m) formed on the metal abstracts a
hydrogen atom from the neutral hydrocarbon molecule. This reaction results in the formation of
molecular hydrogen and a hydrocarbon radical:

O +Hspill* > O *H, (6)

The reaction according to Eq. (6) can proceed everywhere on the surface. However, it will be
shown that considering the further reaction pathway it is important whether the formation of the
hydrocarbon radical takes place close to or far from the hydroxyl group. Therefore, the acidic OH
group will control the selectivity of the catalyst.

5.1. Non-acidic surface

The hydrocarbon radical reacts with an additional hydrogen radical forming cyclohexene and
molecular hydrogen:

C* + Hspi * > @ + H, (7)
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Furthermore, cyclohexene is transformed via allylic intermediates and cyclohexadiene into benzene by
reacting consecutively with spilt-over hydrogen radicals according to Egs. (8)-(10),

@ + Hept — ™ @ + He ®

*

@ + Hepy* ——» @ﬁ* Ha ©)

When the amount of spilt-over hydrogen is not sufficient for the repeated dehydrogenation, the
recombination of hydrocarbon radicals can lead to the formation of coke precursors (i.e. condensed
higher hydrocarbons). Summarizing Egs. (6)-(9) the overall reaction can be written as follows:

Qo= on

(10)

As represented in Eq. (10), in contrast to the classical mechanism, the dehydrogenation of
cyclohexane requires the presence of activated spilt-over hydrogen species that react irreversibly to
molecular hydrogen during the reactions. Consequently, the substitution of hydrogen by nitrogen in
the carrier gas should result in a drastic decrease of the dehydrogenation activity of the metal-contain-
ing catalyst. On the other hand, the activity should be restored by the re-introduction of hydrogen.
Indeed, such a reversible behaviour was observed for cyclohexane dehydrogenation of Pt-containing
erionite switching several times between hydrogen and nitrogen [10].

5.2. Acidic surface

The activation of hydrocarbons on acidic catalysts in the absence of activated hydrogen has been
comprehensively considered in the literature [35]. Therefore, we will focus our discussion on the
influence of the spilt-over hydrogen on the catalytic properties.

For simplification, the action of the activated hydrogen will be demonstrated using again the
cyclohexane conversion. When the cyclohexyl radical formed according to Eq. (6), is situated near a
hydroxyl group of the solid (see Fig. 3; bifunctional reaction pathway: Me + HY), it can get fixed
there due to the formation of a secondary carbenium ion,

*

O + HozZ — O+ + 0Z + H* (11)

OZ~ is the anionic solid (e.g. the zeolite framework).
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This ion is rapidly transformed into an energetically preferred tertiary carbenium ion [35] which
will be stabilised by the negatively charged solid:

O — (b

An electron is transferred to the methylcyclopentane carbenium ion which reacts with a spilt-over
hydrogen radical and desorbs as methylcyclopentane from the surface:

-
+e+07 — > + 0Z
é + Hspir* _— Ei (14)

Additionally, the B-scission of the tertiary carbenium ion has to be considered as a side reaction.
Depending on the reaction conditions, ring opening products (C, ...Cg) can appear. The unsaturated
cracking products react with spilt-over hydrogen and desorb from the catalyst.

Acidic hydroxyl groups are restored by the charged spilt-over hydrogen species (Eq. (5))

HY +0Z ->H'0Z" (15)

spill

Therefore, the overall equation for the cyclohexane isomerization (ring transformation) on an acidic
surface in the presence of activated hydrogen can be written as follows:

. B H*OZ
+ 2[H* H +e] —» + Hp

It is quite evident that the isomerization also corresponds to some sort of bifunctional mechanism,
but involves the action of spillover hydrogen. The proposed model is characterized by the fact that
isomerization as well as dehydrogenation are accompanied by a recombination of spilt-over hydrogen.
This suggests precisely the role of hydrogen: The supply of a sufficient amount of activated hydrogen
is necessary to avoid catalyst coking which would otherwise occur due to an excessive surface
concentration of intermediate olefins [3]. It should be mentioned here that the same model can
satisfactorily explain the hydrocracking of hydrocarbons on bifunctional catalysts [11].

Summarizing the reaction mechanism described above the classical model of bifunctional catalysis
has been extended by the following characteristics:

(i) The hydrocarbon conversion proceeds entirely at one surface centre. The consequence is that
the threefold adsorption /desorption step, a main feature of the classical model, is reduced to one.

(16)



410 F. Roessner, U. Roland / Journal of Molecular Catalysis A: Chemical 112 (1996} 401-412

(i) Hydrogen is involved in the hydrocarbon reaction itself. However, hydrogen has to be present
in an active form, its activation on a metal and the surface diffusion to the reaction site are
prerequisites for the hydroconversion. Based on the model by Roland [27,33] the coexistence of
charged (proton) and uncharged (radical) species is supposed. Both of them participate in the
conversion. Nevertheless, in agreement with the classical model the selectivity of the reaction is also
determined by the physico-chemical properties of the catalyst, e.g. by the presence of acidic OH
groups. With this new mechanism, even results virtually in contrast to the model by Weisz and
Swegler [2] can be explained without contradiction:

(1) The equilibrium between both adsorption states of the activated spilt-over hydrogen (repre-
sented by the H atom and the H" ion), i.e. which of these forms dominates, should strongly depend
on the chemical (e.g. the presence of Lewis and/or Bronsted acidic sites) as well as on the
electronical properties (e.g. electron density) of the solid. Therefore, apparently contradictory results
explained either by a radical [21-23] or by an ionic nature [24-28] of the migrating species just
reflect different properties of one single phenomenon.

(2) The activated hydrogen spreads out over the surface. The driving force of the diffusion is the
concentration gradient of the spilt-over hydrogen. When the activated hydrogen is not consumed, the
surface becomes saturated and a ‘hydrogen reservoir’ is formed, which represents an overstochiomet-
ric amount of hydrogen (H/Me, > 1; Me, is the number of surface metal atoms). The presence of
such a hydrogen reservoir has been already documented by spectroscopic, gravimetric and radiotracer
measurements [29,34,36,37].

As described above the chemical conversion of hydrocarbons on the catalyst surface can act as a
hydrogen acceptor. Consequently, the surface must not be saturated by spilt-over hydrogen and the
amount of the active hydrogen is determined by the ratio of the rate of its supply (r,,,,) to the rate of
its consumption (7.,,.). For a ratio of ry,,;/7.., =1 @ steady state is established, i.e. the catalytic
system can be characterised by a well-balanced ratio of the metallic to the acidic function. In this
case, the spilt-over hydrogen, which is present in a sufficiently high concentration, controls the
concentration of carbenium ions in such a way that the desorption of products formed via recombina-
tion processes is favoured [44]. Therefore, the cracking of n-hexane on narrow-pore Pt/H-erionite
results in a higher selectivity to isomeric products compared with the H-erionite but, on the other
hand, in a lower conversion [11].

If the supply of spilt-over hydrogen is not sufficient to cover the whole surface of the catalyst, its
diffusion becomes the rate determining step. This situation is typical for layered arrangements of the
catalyst components [4]. When a part of the catalyst surface remains free of spilt-over hydrogen the
monofunctional acidic pathway of hydrocarbon conversion is the dominant one (e.g. acidic cracking
instead of hydroisomerization of n-butane on mordenite, see Table 1). Furthermore, the deficit of
supplied activated hydrogen favours the formation of an olefin pool near the acidic centres that
represents a precursor of coke formation [38].

The increase of the hydrogen pressure can enhance the rate of hydrogen activation and also the
coverage of the surface with spilt-over hydrogen, possibly until saturation is achieved. In this case,
admixing of a metal-free component can increase the conversion degree since excess hydrogen spills
onto the additional surface providing an optimal ratio of metallic and acidic function. Such
experimental results were obtained by Grau and Parera studying the hydrocracking of long-chain
alkanes on Pt /H-mordenite [39] and by Cieckiewicz and Delmon [40] investigating the hydrogenation
of benzene on mechanical mixtures of Pt/Al,O; and Al,O,. Furthermore, the effect is not limited to
oxidic surfaces as demonstrated for carbon-supported platinum catalysts [45].

Note that identical effects could also be obtained by changing the metal dispersion.
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(3) According to our model, the substitution of hydrogen by nitrogen should lead to a reversible
change in the selectivity due to the absence of spilt-over hydrogen. Indeed, the expected selectivity
change by varying the carrier gas was observed very clearly for the conversion of cyclohexane [10]
and n-hexane [11] on metal-containing zeolites.

(4) The acidic hydroxyl groups can act as co-catalysts. Their number and acid strength, depending
on the chemical nature of the support, strongly influence the recombination of spilt-over hydrogen
which accompanies the formation of intermediate carbenium ions.

(5) Added catalyst poisons either can block the hydrogen activation on the metal (e.g. CO [4,41]) or
can disturb the equilibrium between the radical and the ionic state of the spilt-over hydrogen (Eq. (5)).
Consequently, even hydrogenation reactions requiring only the metallic (hydrogenating) function of
the catalyst could be influenced by the presence of basic catalyst poisons as ammonia. Indeed, Maret
et al. [42] reported changes of the selectivity in the hydrogenation of ethene in depending on the
presence of NO and NH .

(6) The surface mobility of the spilt-over hydrogen can simply explain the catalytic activity of
mechanical mixtures and layered catalyst arrangements (see Fig. 1). However, the surface area must
be sufficient to allow the transport of the activated hydrogen. In the case of a low-area-layer
consisting of quartz no synergistic effect of the spatially separated centres could be observed (see Fig.
1 and Chow et al. [S]). The low surface area of quartz and the small diffusion coefficient of the
spillover hydrogen on silica [43] explain that under these conditions practically no activated hydrogen
is transferred between the catalyst components.

6. Conclusion

The extension of the classical model of bifunctional catalysis introducing the hydrogen spillover
concept permits the interpretation of some catalytic phenomena that did not fit into the old frame. The
proposed model includes the formation of mobile hydrogen surface species which allows the
conversion of the hydrocarbon at a certain distance from the metal. Therefore, the gas phase diffusion
of the intermediate olefin according to the classical model is replaced by a surface diffusion of
activated hydrogen spilt-over species (H atoms as well as H* ions). The catalytic properties of
bifunctional (impregnated) catalysts, mechanical mixtures and layered catalyst arrangements can be
explained by the extended model which is shown for the bifunctionally catalyzed conversion of
cyclohexane as an example.

Applying the proposed reaction model to bifunctional catalysis it was shown that under defined
conditions the hydrocarbon conversion could take place on the support of the catalyst. Spilt-over
hydrogen activated on the metal is able to hydrogenate /dehydrogenate hydrocarbons on the acidic
centre. This new model does not exclude the hydrocarbon conversions on the metallic centre. The
proposed mechanism is an attempt to close the gap between hydrocarbon conversion on metals and on
acidic centres. We assume a much broader validity of our model which is subject under study.
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