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This work is a contribution to the understanding of the effect of spillover hydrogen in hydro- 
treating catalysts. Mixtures of sulfided CoMo/SiO2 and an amorphous silica-alumina were 
studied. The hydrocracking of diphenylmethane was used as a test reaction. The addition of 
CoMo/SiO2 to silica-alumina strongly increases the hydrocracking rate (by a factor between 
4.5 and 8) and the OH-OD exchange (by a factor between 2.5 and 10 after a 20 h experiment). 
This is interpreted by the spillover of dissociated H2 (or D2) onto the silica-alumina, with spill- 
over hydrogen forming Bronsted sites and spillover deuterium exchanging with OH. 
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1. Introduct ion 

Spillover has been defined as the phenomenon that involves the transport  of  an 
active species sorbed or formed on a first phase onto another phase that, under the 
same conditions, does not sorb or form the species. The active or "spillover" spe- 
cies on the second phase may react in some way, either with another sorbed species 
or with the second phase itself; it may also activate this second phase by creating 
or modifying catalytic sites [1]. Spillover seems to be of  frequent occurrence, at 
least with supported metal catalysts [2]. 

Hydrocracking is a hydrotreating process that  is receiving increasing attention 
due to its flexibility and the high yields of  good quality middle distillates that can be 
obtained [3,4]. Hydrocracking catalysts possess two functions; they consist in gen- 
eral of  a hydrogenation-dehydrogenation component  (noble metals or transition 
metal  sulfides) and an acidic support (silica-aluminas or zeolites). The distribution 
of the products formed depends critically upon the balance between these two com- 
ponents. Catalysts with high hydrogenation activity favor the formation of  higher 
boiling point  products, whereas those with relatively low hydrogenation activity 
compared to acidity yield products with higher branched paraffins content and less 
saturation of  aromatics [4]. 
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In the mechanism generally accepted to explain the hydrocracking reaction (the 
so-called "ideal hydrocracking"), an alkane is initially dehydrogenated to an ole- 
fin on the metal phase and then adsorbed on an acidic site, where it is converted to 
an alkylcarbenium ion. This one, probably after a rearrangement to a more stable 
form, will be cracked via a [3-scission mechanism, forming a lighter olefin and an 
ion that are hydrogenated to the corresponding paraffins [5]. 

It has already been demonstrated that spillover hydrogen (Hsp) is important in 
several kinds of reactions of industrial interest like methanol synthesis [6] and 
hydrodesulfurization [7,8]. Some references in the literature [9-13] suggest that this 
could also be the case ofhydrocracking: 

Becker and co-workers [9], analyzing hydrocracking pilot plant experiments in 
industrial conditions, suggested that Hsp could be responsible for the higher resis- 
tance to deactivation shown by a mechanical mixture of NiO-MoO3/alumino- 
silicate and HNaY zeolite when compared to a Ni-Pd/HNaY catalyst. 

Fujimoto and co-workers [ 10-13] developed a new method for upgrading heavy 
oils, producing high quality middle distillates with small hydrogen consumption, 
named transfer hydrocracking. Most of the oil is thermally cracked. The asphal- 
tenes are adsorbed on the support (silica-alumina or activated carbon) and cracked 
or dehydrogenated, forming coke and hydrogen atoms. These hydrogen atoms 
migrate on the surface (reverse spillover) to reach supported metal particles (Ni, 
Mo or Fe) where they react with olefins, free radicals or sulphur compounds, or 
recombine, forming H2, which is desorbed into the gas phase. 

The objective of this work is to investigate the influence of spillover phenomena 
on amorphous hydrocracking catalysts. In order to demonstrate the existence of 
spillover, the approach has been to use physically distinct phases, one carrying the 
generator of Hsp (or "donor") and the other one the acidic component. Another 
originality of this work has been to use sulfide phases as donors, and an amor- 
phous silica-alumina (instead of zeolites) as acidic phase. The donor was a 
CoMo/SiO2 catalyst. Silica, a support with only a very weak acidity, has been cho- 
sen to avoid that the acidity of the support of the donor contribute significantly 
to total acidity and thus cause interferences with the reactions of the acidic phase. 
The Hsp effect will be revealed by the comparison between the activities of the 
pure phases and those measured for mechanical mixtures of both components in 
different proportions. 

Diphenylmethane (DPM) has been chosen as a model molecule for the hydro- 
cracking activity tests. The tests were performed in conditions representative of 
industrial hydrocracking: high temperature, high hydrogen pressure and presence 
of liES. 

Isotopic exchange (OH-OD) experiments, followed by FTIR measurements, 
were used to obtain direct evidence of the spillover phenomena. This technique had 
already been successfully used for this purpose in other systems like Pt mixed or 
supported on silica, alumina or zeolites [1]. Conner and co-workers [14] employed 
FTIR to follow the deuterium spillover from a point source (Pt/SiO2) situated at 
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the center of a silica disc. They observed a gradient of deuterium concentration as 
a function of the distance to the central point. The exchange was symmetrical 
around this point and the gradient decreased with time. If spillover phenomena 
were not involved, a gradientless exchange should have been observed. 

2. Experimental 

2.1. MATERIALS 

The acidic phase was an amorphous commercial silica-alumina, Akzo LA- 
SHPV (surface area of 500 m2/g and pore volume of 1.3 ml/g), containing 12 wt% 
ofA1203. 

The precursors of the Hsp generator, a CoMo/SiO2 catalyst containing 
14 wt% of MoO3 and 3% of CoO, was prepared by successive impregnation. Silica 
(Kali-Chimie AF-125, 130 mE/g) was first impregnated with an aqueous solution 
of cobalt acetate (Merck, ultra pure), followed by the impregnation with an aque- 
ous solution of ammonium heptamolybdate (Merck, ultra pure). After each 
impregnation step the sample was dried overnight at 393 K and calcined at 673 K 
for2 h. 

2.2. PREPARATION OF THE MECHANICAL MIXTURES 

A suspension in n-pentane (15 ml/g solid), containing both phases ground to 
sizes under 40 lain and mixed in the desired proportions was immersed in an ultraso- 
nic bath for 5 min and submitted to vigorous mechanical agitation (3000 rpm) for 
10 min. The n-pentane was evaporated at room temperature, under a flux of Ar 
and continuous magnetic stirring. After drying at 393 K overnight, the powder was 
pressed (10 ton/cm/), ground and sieved to obtain particles between 0.315 and 
0.5 mm. The mechanical mixtures will be identified by their relative weight content 
of silica-alumina, named Rm, defined as 

wt% SiO2-Al203 
Rm = • 100. 

wt% CoMo/Si02 + wt% 8i02-Al203 

2.3. CATALYTIC TESTS 

The hydrocracking of diphenylmethane (DPM) was carried out in a continu- 
ous-flow tubular reactor. The liquid feed contained 29.5 wt% of DPM (Fluka, 
>99%), 70% of n-dodecane (Aldrich, >99%) and 0.5% of benzothiophene 
(Aldrich, 95%). The temperature was 673 K and the total pressure 50 bar. The 
liquid feed flowrate was 16.5 mlh -1 and the HE flowrate 24 gh -1 (STP). The cat- 
alytic bed consisted of 1.0 g of catalyst diluted with enough carborundum (Pro- 
labo, 0.34 mm) to reach a final volume of 4 cm 3. 



The catalysts were sulfided in situ before the catalytic tests with a mixture of  
HzS (15 vol%) and H2 (100 ml /min)  at 673 K for 2 h. 

2.4. H-D EXCHANGE 

3. Results  and discussion 

A Bruker IFS-88 Fourier-transform infrared spectrometer with a resolution of 
1 cm -1 was used to follow the isotopic exchange. 

The samples were pressed in the form of  wafers of about 13 m m  diameter and 
sulfided in the same way as for the catalytic tests, followed by 2 h of  heating at 
673 K under vacuum (about 10 -3 Pa). The samples were cooled down to room tem- 
perature and kept under vacuum overnight. The temperature was then raised to 
423 K and 80 kPa of  deuterium (Air Liquide, N28) was admitted into the cell. Sev- 
eral spectra were taken at regular intervals. Before each measurement the sample 
was cooled down to room temperature. 

The extent of  exchange was measured by the total area of  the OD bands situated 
between 2800 and 2100 cm -1. Corrections have been made to take into account 
the differences in weight and surface of  the wafers. 

I00 

Fig. 1 shows the D P M  conversion as a function of  the silica-alumina content  
after 1 h of  reaction and at the steady-state. The dashed lines represent the sum of  
the properly weighted individual contributions of  the pure phases (CoMo/SiO2 
and silica-alumina), calculated supposing a zero order reaction and the absence of  
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Fig. 1. Diphenylmethane conversion as a function of mechanical mixture composition, after 1 h (ll) 
and at the steady-state (S). 
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interactions of any kind between these phases. A very important synergetic effect 
is observed. The hydrocracking activity of all mechanical mixtures is higher than 
these calculated values by a factor of about 4.5, 8 and 7 for the mixtures containing 
25%, 50% and 75 wt% of silica-alumina, respectively (values at the steady-state). 
The maximum of conversion is situated around 50 wt% of silica-alumina. Benzene 
and toluene are the main reaction products. Small amounts of polymerized by- 
products have been found but no cyclohexane or partially hydrogenated com- 
pounds (like cyclohexylphenylmethane) have been detected. 

Hattori and co-workers [15], studying DPM hydrocracking over a large variety 
of catalysts, found three possible routes for this reaction: (i) via carbocation inter- 
mediates, formed on acidic sites, producing benzene and toluene (and diphenyl- 
ethane as polymerization by-product); (ii)through hydrogenation of both 
aromatic rings, which is followed by the cleavage of the C-C bond, producing 
cyclohexane and methylcyclohexane, which undergo further cracking to produce 
methane; (iii) via simple cleavage of the C-C bond, forming benzene and toluene. 
The main products of Mo/SiO2 and Ni-Mo/A1203 catalysts, tested under high 
temperature (673 K), moderate H2 pressure (0.1 MPa) and presence of H2S 
(3 vol%) were benzene and toluene, with traces of polymerized products. No 
methane or hydrogenated products have been found. A silica-alumina, tested 
under similar conditions (673 K and 2-4 MPa), but in the absence of H2S, pro- 
duced benzene and toluene and large amounts of polymerized products. Shimada 
and co-workers [16,17] studied DPM hydrocracking on sulfided supported 
Mo/SiO2 catalysts (673 K and 6.9 MPa) and found mainly benzene and toluene 
and very small amounts of hydrogenated products. 

Those results suggest that the previous hydrogenation of the aromatic rings is 
not necessary to DPM hydrocracking and that route (i), i.e., carbocation formation 
on acidic sites, is the main reaction pathway. 

Some previous works have shown that protonic acidic sites can be generated on 
many kinds of solids by the action of Hsp, enhancing their activity for a variety of 
acid catalyzed reactions: 

Teichner and co-workers [18], studying the hydroconversion of n-heptane on 
H-erionite, have shown that the spillover activation of that zeolite by a Pt/A1203 
catalyst (withdrawn after the activation) increases substantially its activity without 
changing the selectivity (propane and n-butane are produced in similar propor- 
tions), probably through an increase of the number of acid and hydrogenating sites. 
When the Hsp is continuously supplied by mechanically mixed or impregnated pla- 
tinum, the selectivity is modified and propane becomes the major product. It has 
been demonstrated that this is related to the Hsp action and not merely to the pres- 
ence of platinum. 

Teichner and co-workers [19] also observed the generation of acidic sites on 
silica. After being treated with hydrogen at 400~ in the presence of Pt/A1203, 
silica showed catalytic activity for benzene cracking and cyclohexadiene hydroge- 
nolysis, two typical acid catalyzed reactions. 
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Hattori [20] observed an enhancement of the butane skeletal isomerization over 
Pt/SO2--ZrO2 under different hydrogen pressures. This has been explained by 
the spillover of H atoms from metallic platinum onto the support. An H atom 
releases an electron to a Lewis site and the H + formed, stabilized by the oxygen 
atom near this site, can act as an active site for the reaction. IR spectra of adsorbed 
pyridine showed that Bronsted sites are created on heating in the presence of hydro- 
gen, with a concomitant decrease in the amount of Lewis sites. 

Nakamura and co-workers [21] found that mechanical mixtures of CoMo/ 
A1203 and Fe-HY showed high toluene disproportionation activity, in the presence 
of H2S and high hydrogen pressure, while the isolated components showed low 
activity. Their interpretation was that Hsp, generated on the metals present in both 
components, migrates to the zeolite surface as a proton and promotes the acid cata- 
lyzed reaction. They have also found that Fe-HY showed higher activity for the 
hydrocracking of a heavy oil (Kuwait atmospheric residue) than a conventional 
HDS catalyst or a USY zeolite alone. 

Likewise, the ability of the unsupported or supported transition metal sulfides 
to adsorb and dissociate molecular hydrogen from the gas phase is well known 
(refs. [7,8,22-25] and references therein). The species thus formed could then 
migrate (spillover) from the sulfides to the silica-alumina and create new protonic 
acidic sites, increasing the hydrocracking activity. 

Another notorious effect of the Hsp is the capacity to diminish the deactivation 
caused by coke deposition via some reaction with its precursors, very likely a hydro- 
genolysis [26-28]. 

As shown in fig. 2, the pure silica-alumina, where there is no source of lisp, loses 
about 80% of its activity before reaching the steady-state, which takes approxi- 
mately 6 h. The mechanical mixtures reach the same condition after about 16 h, 
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Fig. 2. Diphenylmethane conversion as a function of time. 
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losing only 40-50% of their activity. Likewise, the pure CoMo/SiO2 catalyst, 
where the spillover source is closer to the few active (weak acid) sites present on 
SiO2, is deactivated only very slowly and loses no more than 15% of its activity 
within the same period. 

The reproducibility of the isotopic exchange experiments has been checked. 
Fig. 3 shows the results obtained in four different experiments with the same 
mechanical mixture (50 wt% silica-alumina). There is no significant variation 
between the four series, showing that the quantitative measurements of the OD 
bands are quite reliable. 

Fig. 4 shows the intensities of the OD bands plotted against the composition of 
the mechanical mixtures. There is a striking similitude with fig. 1: as in the catalytic 
tests with DPM reactant, the intensities of the OD bands of the mechanical mixtures 
are significantly higher (by a factor between 2.5 and 10, after 20 h) than the sum 
of the individual contributions of the pure phases when investigated separately. 

The interpretation of the deuterium exchange results needs some care. Indeed, 
species like HDO or D20 may be responsible for a non-spillover exchange mechan- 
ism [29]. It has also been proposed that they could be formed by the reaction 
between oxygen traces and deuterium, in the presence of metals, but no experimen- 
tal proof has been shown that this reaction could take place in the test conditions. 
One possibility, in the present work, is therefore that these species, present in the 
deuterium as impurities, could be responsible for the observed exchange. If we 
accept this explanation, we should also observe an exchange in the case of pure 
silica-alumina, where there is no Hsp source. This is not the case: practically no 
deuterium is detected on the surface. We must therefore conclude that there is no or 
only negligible direct exchange through the gas phase. An additional argument is 
that no IR bands corresponding to these oxygenated species (1445 and 1218 cm-1 
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Fig. 4. OD band surface as a function of sample composition. 

for HDO and D20, respectively [30]) have been detected on the pure phases or 
mechanical mixtures. One can of course argue that these species exist but are below 
the sensitivity limit of IR. We admit that further experiments with still more drasti- 
cally purified deuterium would be advisable to fully clarify the role that those spe- 
cies could play in the exchange mechanism, since some authors consider that they 
could also act as co-catalysts for spillover (ref. [1] and references therein). It seems, 
however, doubtful that this supposed effect could be the only explanation of the 
effect observed. This would imply that extremely small amounts, not detectable in 
IR, could bring about an extremely intense effect. We must conclude that our 
results most likely represent a direct evidence for the existence of spillover phenom- 
ena in that system. 

The shape of the curves in fig. 4 is similar to those of the catalytic tests. This 
strongly suggests that the magnitude of the synergy in catalytic activity is related to 
the Hsp generation. The maximum found in both cases (catalytic tests and isotopic 
exchange) corresponds to a situation where there is an ideal balance between the 
activity of the donor (supported metal sulfides) to produce Hsp and the acceptor 
(silica-alumina) capability to exchange with Hsp. Below 50%, the growth reflects 
the increase in the number of active sites that can be generated, namely the increas- 
ing silica-alumina content. When this content is superior to 50%, the donor is not 
any more able to produce enough Hsp to activate the acidic phase as much as it 
could be possible. This explains the decrease observed beyond 50%. 

4.  C o n c l u s i o n s  

A very important synergy effect is observed when particles of a sulfided 
CoMo/Si02 catalyst are mixed with particles of an amorphous silica-alumina in 
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the cracking of  diphenylmethane in the presence of  hydrogen.  This can be attribu- 
ted to the action of  spillover hydrogen. Isotopic experiments, showing that  the pres- 
ence of  C o M o / S i O 2  bring about  the exchange of  deuter ium with the hydroxyls of  
the sil ica-alumina, constitute a direct evidence of  this phenomenon.  
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