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On a silica aerogel activated at 430°C by hydrogen spillover, n-heptane is dehydrogenated at 
270°C into heptene and heptadienes by stoichiometric interaction with spilled-over hydrogen and is 
dehydrocyclized catalytically into toluene which in turn is hydrocracked into benzene, methane, 
and ethane. On activated d-alumina, n-heptane is catalytically dehydrogenated at 270°C into hep- 
tene and heptadienes by spilled-over hydrogen which is easily reformed from molecular hydro- 
gen. 0 IY86 Academx Press, Inc 

INTRODUCTION 

A series of recent papers from this labo- 
ratory (1, 2) has drawn attention to the cat- 
alytic properties of cracking and hydro- 
cracking of aromatic hydrocarbons at 170°C 
acquired by silica which has been activated 
by hydrogen spillover. These entirely new 
catalytic activities of silica seem to be re- 
lated to the acidic active centers developed 
on the silica surface by the spillover activa- 
tion procedure. A second type of catalytic 
centers with hydrogenating properties at 
17O”C, at least for ethylene and acetylene, 
coexists with the first type. The sites of the 
second type are not acidic as they are not 
poisoned by ammonia (or by oxygen). The 
simultaneous presence of these two types 
of sites pertains to bifunctional catalysts 
and until now had never been reported for 
inorganic oxides usually employed as cata- 
lyst carriers, such as silica. 

Similarly, but not identically, alumina in 
the form of a-alumina aerosol (Degussa), 
activated by hydrogen spillover, develops 
efficient sites for hydrogenation at 170°C of 
ethylene, benzene, cyclohexadienes, and 
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cyclohexene (to cyclohexane) (2). No 
acidic sites are involved during catalysis of 
these hydrocarbons as poisoning by ammo- 
nia (or by oxygen) is not recorded. The be- 
havior of a very pure amorphous alumina 
aerogel (overall impurity content smaller 
than 1 ppm) is practically identical to that of 
a-alumina with respect to the activation by 
hydrogen spillover and the resulting cata- 
lytic activity in the hydrogenation of ethyl- 
ene (3). A reactant such as n-heptane 
seems to be a suitable test molecule be- 
cause it may either dehydrogenate or also 
isomerize and dehydrocyclize dcpcnding 
on the nature of catalytic sites which are 
operating on spillover-activated oxides. 

Moreover, the spilled-over species which 
are present on the oxide surface (or which 
may be evacuated) may play a role in a re- 
action with a paraffin. They were not re- 
quired for the catalytic hydrogenation by 
molecular hydrogen of ethylene, acetylene, 
and benzene on alumina or silica or for 
cracking and hydrocracking of benzene, cy- 
clohexene, and cyclohexadienes on silica 
(2). 

EXPERIMENTAL 

All activation procedures and sequences 
using a new type of “elevator” batch reac- 
tor with greaseless joints and valves have 
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been fully described in the previous publi- 
cations (I, 3). Pure grade normal heptane 
was introduced into the reactor through 
a temperature-controlled saturator. Pure 
grade He, C2H4, HZ, NO, and NH3 were 
supplied from gas cylinders. High surface 
area (900 m*/g) silica, in the aerogel form, 
was prepared as reported by Teichner et al. 
(4). &Alumina (from Degussa) is a nonpo- 
rous alumina aerosol with a surface area of 
90 m*/g. Usually 1 g of each oxide was used 
in the experiments. The impurity content of 
silica aerogel in elements like Al, Mn, Mg is 
smaller than 1 ppm and the limit of the de- 
tection of Fe and other transition elements 
(CO.2 ppm) was not attained in the arc 
spectrography analysis. The &alumina con- 
tained 1 ppm of Mn and a few ppm of Mg 
and Fe but other transition elements were 
not detectable. The neutron activation anal- 
ysis of silica and alumina samples after 
their activation by hydrogen spillover dis- 
closed that the Pt content of activated Si02 
and Al203 was below the sensitivity limit 
(~6 ppb) of the method. 

The source of the spilled-over hydrogen 
consisted of a small amount (20-40 mg) of a 
Pt/AlzOj catalyst containing 0.6% Pt with 
a44% dispersion. This catalyst was removed 
from the reactor (by the “elevator” device) 
after the activation at 430°C of silica or alu- 
mina by the spilled-over hydrogen under 1 
atm pressure of molecular hydrogen. Reac- 
tion partners were analyzed by gas chroma- 
tography with a flame ionization detector 
and a 1.5-m column (at 1OoOC) filled with 20% 
Carbowax 20 M on 80 to loo-mesh Chromo- 
sorb. The vector gas (nitrogen) pressure 
was 0.7 atm. 

For all conversion tests in the batch reac- 
tor of l-liter volume the partial pressure of 
n-heptane was 7.5 Ton and that of H2 (or 
He) complemented the total pressure to 1 
atm . 

RESULTS 

In this work a standard run means (i) acti- 
vation of either silica or alumina by hydro- 
gen spilled-over from Pt/Al,Oj catalyst at 

430°C (ii) elimination of this catalyst by the 
“elevator” device, and (iii) reaction at 
270°C of 7.5 Torr of n-heptane with 752 
Torr of H2 referred to as a standard mix- 
ture. Thus a standard run proceeds in the 
presence of the spilled-over hydrogen spe- 
cies, still adsorbed on the surface of silica 
or alumina after activation, but in the ab- 
sence of Pt/A1203 catalyst. Blank tests were 
performed with the standard mixture on sil- 
ica and alumina samples, simply heated in 
H2 at 430°C in the absence of Pt/AI,O, cata- 
lyst (molecular hydrogen “activation”). No 
activity at 270°C toward the conversion of 
n-heptane was recorded for these samples. 
Similarly, the Pt/Al,O, catalyst was inac- 
tive at 270°C for the conversion of n-hep- 
tane. 

I. Conversion over Spillover-Activated 
Silica 

Figure 1 shows the products of conver- 
sion against time on stream in a standard 
run at 270°C. A limited conversion of n- 
heptane (20%) is recorded within 48 h of 
contact. In decreasing order the yields are 
methane and ethane 6% (each), heptene 
and heptadienes 2.5%, benzene 1.5%, and 
toluene 0.6%. These data are interpreted 
with the help of the previous results (1, 2, 
5) concerning the reaction of benzene over 
spillover-activated silica under similar con- 
ditions. It has indeed been shown that ben- 
zene at 170°C is transformed into (i) ethane 
in the presence of H2 or (ii) acetylene in the 
presence of He. These reactions are cata- 
lytic on the surface of silica and they do not 
require the spilled-over hydrogen species. 
Heptene and heptadienes (Fig. 1B) can only 
result from the dehydrogenation of n-hep- 
tane over activated silica. Heptatriene is 
not detected, but toluene (Fig. ID) may 
result from the dehydrocyclization of this 
olefin. The properties of activated silica in 
hydrogenolysis [benzene giving ethane (5)] 
account for the transformation of toluene 
into benzene and methane (Figs. IA and C) 
and also for the fraction of benzene or tolu- 
ene into ethane (Fig. 1A). 
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FIG. 1. n-Heptane conversion with time on stream in a standard run on silica. (A) Fractions con- 
verted into methane (0) and ethane (V), (B) fractions converted into heptene + heptadiene, (C) 
fraction converted into benzene, (D) fraction converted into toluene. 

It has been shown previously that the 
spilled-over hydrogen (2) which remains on 
silica or alumina after spillover activation 
may be easily desorbed by evacuation or 
exhausted by the reactants in the first run 
(5). Also, a second run was carried out af- 
ter evacuation at 270°C of the first mixture 
of Fig. 1. No reaction was observed when a 
new standard mixture was introduced into 
the reactor (even after 72 h of contact). It 
therefore follows that the spilled-over hy- 
drogen which is present during the first run 
is required to start the conversion of n-hep- 
tane in the presence of molecular hydrogen. 

No reaction was recorded on a freshly 
activated silica which, previous to the run 
with n-heptane and molecular hydrogen, 
was evacuated at 270°C in order to desorb 
the spilled-over hydrogen. This behavior 
shows the inability of the catalyst to acti- 
vate the paraffin in the presence of molecu- 
lar hydrogen without the help of adsorbed 
spilled-over hydrogen species. 

The situation is different if neither 
spilled-over hydrogen nor molecular hydro- 
gen is present. If the freshly activated silica 
is first evacuated at 270°C and then a mix- 
ture of n-heptane and helium is introduced 
the reaction proceeds easily with the results 
shown in Fig. 2. Under these conditions 
60% of the n-heptane is converted after 48 h 

into methane, heptene, and heptadienes, 
ethane, acetylene, toluene, and benzene (in 
decreasing order of yields). Acetylene is 
now detected because of an insufficient hy- 
drogen amount, released in the mixture, to 
convert acetylene into ethane. As the mo- 
lecular hydrogen is not initially present (it is 
in a great excess, 752 Torr, in a standard 
mixture) in this experiment, being substi- 
tuted by helium, any hydrogen released 
from n-heptane (or other intermediates) is 
scavenged by acetylene (giving ethane). As 
mentioned previously, cracking of toluene 
formed by dehydrocyclization of intermedi- 
ate olefins gives methane and benzene and 
cracking of the aromatic ring in helium pro- 
duces acetylene (2, 5). A second run con- 
ducted after evacuation of the first mixture 
gives exactly the same results and demon- 
strates the catalytic behavior of the acti- 
vated silica. 

According to the nature of the products 
formed (Fig. 2) strong acidic sites seem to 
be required to convert the paraffin. These 
sites must have been created by the 
spillover activation process because non- 
activated silica (heated at 430°C in mole- 
cular hydrogen) is inert toward the 
n-heptane-helium mixture at 270°C. Poi- 
soning experiments carried out with either 
NH3 or the pretreatment of activated silica 
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FIG. 2. Conversion of n-heptane in helium with time 
on stream on silica. (A) CH,, (B) heptene + hepta- 
dienes, (C) ethane, (D) acetylene, (E) toluene, (F) ben- 
zene. 

by 02 at 270°C result in a total suppression 
of the activity towards n-heptane in helium. 
They confirm the acidic nature of at least a 
fraction of active centers (2) involved in the 
conversion of n-heptane. 

To cast some light on the influence of mo- 
lecular hydrogen, runs were performed 
with various partial pressures of hydrogen 
in n-heptane-helium mixtures. Figure 3 
shows that increasing the initial partial 
pressure of hydrogen results in a very sharp 
decrease in the initial rate of the conver- 
sion. The same reaction products as in Fig. 
2 are observed with the exception of acety- 
lene which is converted to ethane by scav- 
enging hydrogen. The decelerating effect of 
molecular hydrogen on the conversion of n- 
heptane can be easily understood if it is re- 
called that spilled-over hydrogen activation 
of silica creates also hydrogenation centers 
active in the hydrogenation of ethylene or 
acetylene at 170°C (6). If the first step in the 
conversion of n-heptane is its dehydrogena- 
tion into heptene and heptadiene onto these 
centers this step will be decelerated in the 
presence of molecular hydrogen (Fig. 3). 

Summing up, silica activated by hydro- 
gen spillover is a dehydrogenating and 
cracking catalyst toward n-heptane in the 
absence of molecular and spilled-over hy- 
drogen (in helium, Fig. 2). In the presence 

of an excess of molecular hydrogen the re- 
action is limited (Fig. 1) and is observed 
only if the spilled-over hydrogen is present. 
Under these conditions the reaction is 
probably not catalytic but results from the 
interaction of this hydrogen with n-hep- 
tane. Previous results (2, 5) disclosed that 
the amount of the spilled-over hydrogen on 
1 g of activated silica is of the order of 1.5 
cm3. The total amount of n-heptane in the 
standard mixture is 10 cm3 (7.5 Torr in l- 
liter volume of reactor). The reaction (Fig. 
1) is limited to 20% conversion, or about 2 
cm3 of n-heptane. The stoichiometry of the 
interaction between the spilled-over hydro- 
gen and n-heptane is not known. Assuming 
that one spilled-over hydrogen atom reacts 
with one molecule of n-heptane, 1.5 cm3 of 
spilled-over hydrogen would convert 3 cm3 
of n-heptane. Once the spilled-over hydro- 
gen is exhausted by the first run with the 
standard mixture a second run (n-heptane 
+ Hz) shows no conversion. 

In the absence of molecular hydrogen 
and of spilled-over hydrogen (in He) the re- 
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FIG. 3. Influence of the partial pressure of Hz on the 
rate of conversion of n-heptane in helium at 270°C on 
silica. 
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action is catalytic and proceeds through a 
mechanism which implies dehydrogenating 
and acid centers. As long as acetylene is 
present as a reaction product, hydrogen 
pressure cannot build up as hydrogen is 
scavenged by acetylene (giving ethane). 
The reaction rate decreases when the hy- 
drogen pressure increases (Fig. 3). 

2. Conversion over Activated Alumina 

When alumina activated by hydrogen 
spillover is contacted at 270°C with a stan- 
dard mixture under the conditions of the 
standard run (spilled-over hydrogen species 
still present) a 95% conversion of n-heptane 
is recorded within a few hours (-7 h) as 

5 10 15 

Time (h) 

FIG. 4. Dehydrogenation reaction of n-heptane with 
time on stream on alumina. (A) Standard run; (0) hep- 
tene and heptadienes, (A, fl) methane and ethane, (V) 
toluene, (0) benzene. (B) Second dose of n-heptane: 
(0) heptene and heptadienes. 

shown in Fig. 4A. A notable difference 
from the behavior of activated silica is ob- 
served as n-heptane is almost specifically 
transformed into heptene and heptadienes 
(selectivity 89%) with low percentages of 
dehydrocyclization products and those re- 
sulting from their hydrocracking (ethane 
and methane 4% each, benzene and toluene 
2 and OS%, respectively). Thus, activated 
alumina is mainly a selective dehydrogena- 
tion catalyst of n-heptane into mono- and 
di-olefins but barely into dehydrocycliza- 
tion and hydrocracking products. A second 
dose of n-heptane introduced at the end of 
the first run is still more readily converted 
(95% in 2 h) selectively to heptene and hep- 
tadienes, as shown in Fig. 4B, with no 
products of dehydrocyclization and hydro- 
cracking reactions. The conversion of two 
doses (20 cm3) of n-heptane cannot result 
from the stoichiometric reaction of n-hep- 
tane with the initial spilled-over hydrogen 
(1.5 cm3 per gram of alumina) (2, 6) which 
would be in an insufficient amount with re- 
spect to n-heptane (see the above com- 
ments for silica). If this type of hydrogen is 
reformed, from molecular hydrogen, on ac- 
tivated alumina the reaction would be typi- 
cally catalytic and any amount of n-heptane 
would be converted by this interaction. The 
evacuation at 270°C of the standard mixture 
of reacted n-heptane must also remove the 
spilled-over hydrogen. As, however, after 
the introduction at 270°C of a new dose of a 
standard mixture of hydrogen and n-hep- 
tane the reaction proceeds easily (kinetics 
similar to that of Fig. 4B), it can be con- 
cluded that if the spilled-over type hydro- 
gen is required for the dehydrogenation of 
n-heptane (in the presence of molecular HZ) 
at 27O”C, it should be reformed on activated 
alumina from Hz of the mixture. It was in- 
deed shown previously that on activated 
alumina, in contrast to silica, the spilled- 
over type of hydrogen species can be re- 
formed from molecular hydrogen, at least 
at 43O”C, without the need of Pt/A1,03 acti- 
vator (7). A test for the presence of the 
spilled-over hydrogen on the surface of alu- 
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mina or silica (after the activation proce- 
dure at 430°C in HZ in the presence of Pti 
Al2O3 catalyst and its removal) consists in 
the catalytic hydrogenation of ethylene (50 
cm3) by an excess of molecular hydrogen, 
at 14%170°C. An induction period in this 
run (Fig. 5A) has been correlated with the 
presence of the spilled-over hydrogen spe- 
cies (-1.5 cm3 per gram of solid). These 
species are exhausted by the first run with 
ethylene or by a previous evacuation of the 
solid. In the absence of the spilled-over hy- 
drogen the hydrogenation of ethylene ex- 
hibits kinetics with a continuously decreas- 
ing rate (in a batch reactor) and the 
mechanism of this catalytic hydrogenation 
has been given in detail (2, 6, 7). 

Catalytic hydrogenation of ethylene was 
performed at 145°C on a sample of acti- 
vated alumina previously evacuated at 
270°C and as the induction period was ab- 
sent it was concluded that spilled-over hy- 
drogen species are removed by evacuation 
at 270°C (3, 6, 8) and are not reformed at 
145°C from H2 in the (C2H4 + Hz) mixture. 
A second test of hydrogenation of ethylene 
was carried out on an activated alumina 
sample, first evacuated at 270°C as before 

The (h) 

FIG. 5. Conversion of n-heptane at 270°C and hydro- 
genation of ethylene at 145°C on alumina. (A) hydroge- 
nation of ethylene at I45”C, (B) dehydrogenation of n- 
heptane at 27O”C, (C) influence of NO in the reaction 
of dehydrogenation of n-heptane. 

but then contacted with molecular hydro- 
gen (700 Torr) for 13 h at 270°C only. The 
hydrogenation of ethylene at 145°C now 
proceeded with an induction period (as in 
Fig. 5A), indicating that spilled-over hydro- 
gen had been reformed on evacuated acti- 
vated alumina, contacted at 270°C with 
molecular hydrogen. On activated silica 
evacuated and again contacted with Hz, 
even at 430°C the spilled-over type of hy- 
drogen is not reformed (2,6). Also a limited 
conversion of n-heptane in Hz is recorded 
at 270°C in the first run on silica (Fig. I), 
due to the stoichiometric (noncatalytic) in- 
teraction with the spilled-over hydrogen ex- 
isting on the surface and no conversion in 
the presence of Hz is recorded on evacu- 
ated silica, without the spilled-over hydro- 
gen (see above). 

A similar conversion of n-heptane (into 
heptene and heptadienes) is obtained in a 
run where an activated alumina sample is 
first evacuated at 27O”C, then contacted 
with 700 Torr of Hz for 14 h and finally 
mixed with 7 Torr of n-heptane. The 
results are similar to those shown in Fig. 5B 
where a complete conversion of n-heptane 
into heptene and heptadienes is registered. 
The presence of spilled-over type hydrogen 
species seems therefore to be required for 
the conversion of n-heptane on alumina in 
the presence of molecular hydrogen. In this 
reaction the spilled-over hydrogen plays 
two roles: first, it activates (at 430°C in Hz) 
the sample of alumina, and second, it al- 
lows the reaction of n-heptane (dehydro- 
genation) in the presence of molecular hy- 
drogen. 

The conversion at 270°C of n-heptane in 
helium on activated and then evacuated 
alumina is very small (less than 12% in 24 h) 
and the products of the reaction are meth- 
ane, ethane, and toluene, with no traces of 
heptene and heptadienes. The reaction 
seems therefore of the type found previ- 
ously with heptane in helium on silica (de- 
hydrocyclization and hydrocracking) but 
with much smaller activity on alumina. 

Poisoning experiments performed with 
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FIG. 6. Conversion of n-heptane with time on stream 
on alumina. (A) standard run, (B) introduction of a 
dose of NH3. 

NO (Fig. SC) or with NH3 (Fig. 6B) during 
n-heptane conversion at 270°C demon- 
strated the blocking of the reaction. Also, 
activated alumina was found to be inactive 
in the conversion of n-heptane in hydrogen 
if previous to the run the solid is reoxidized 
(in O2 or in air) at 430°C or even at 270°C. 
This oxidation pretreatment, or the intro- 
duction of NH3 during the run are, how- 
ever, without any effect on the hydrogena- 
tion of ethylene on alumina (or on silica) (6, 
7), which proceeds without the induction 
period, showing that the spilled-over type 
of hydrogen is not reformed on the preox- 
idized surface of alumina. 

The poisoning effect of NH3 and also of 
NO may be explained by the reaction of 
these molecules with the spilled-over hy- 
drogen species, required on alumina for the 
conversion of n-heptane in molecular HZ. 
NO is known as a radical scavenger and 
ammonia may combine with hydrogen ad- 
sorbed species if these species are of pro- 
tonic type (H+ or H,+) (9). 

DISCUSSION 

The interaction of spilled-over hydrogen 
at 430°C with oxides usually considered as 

simple catalyst carriers, namely silica and 
alumina, creates in these oxides catalytic 
centers for reactions with olefins, aromat- 
ics, and paraffins (2) which have never 
been observed on these supports. The suc- 
cess in unravelling these properties in this 
work stems from the experimental proce- 
dure allowing the removal of the metallic 
catalyst (Pt/Al,O,) which is the activator of 
molecular hydrogen and provides hydrogen 
spilling over on the oxide to be activated. 
The conventional catalytic properties of Pt 
would screen the new properties of the ox- 
ide if the Pt activator was not removed from 
the reactor. 

It has been shown previously (I, 2) that 
silica and alumina activated by hydrogen 
spillover behave differently in the reaction 
with aromatics (benzene, cyclohexadienes) 
at 170°C whereas their hydrogenating ac- 
tivity toward ethylene or acetylene is very 
similar. These catalytic properties, created 
by hydrogen spillover activation, are inde- 
pendent of the presence or absence of the 
spilled-over hydrogen on the surface of the 
oxide during the catalytic run despite the 
fact that activated silica is not able to re- 
form the spilled-over type of hydrogen from 
molecular hydrogen (in the absence of Ptl 
A&O3 catalyst) at 430°C whereas activated 
alumina exhibits this property at 430°C (3) 
or even at a lower temperature (270°C). 

The catalytic behavior of activated silica 
in the hydrocracking at 170°C of benzene 
(or l-3 cyclohexadiene) into ethane, which 
is not found on alumina, was correlated 
with the development of acidic sites by hy- 
drogen spillover activation (5). Weaker 
acidic sites (or in a much smaller number) 
are created on alumina, as only hydrogena- 
tion of benzene or cyclohexadienes at 
170°C into cyclohexane is registered (5). 
Moreover, for both oxides similar very ac- 
tive hydrogenating sites are created allow- 
ing the hydrogenation of ethylene and acet- 
ylene into ethane at fairly low temperatures 
(145”-170°C) (3, 6, 7). The spillover activa- 
tion implies the formation of dissociated 
hydrogen species (such as I-I or H+) and 
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their migration on the surface of the oxide 
(20). These species probably remove (at 
430°C) some coordinatively unsaturated 
(c.u.s.) surface oxygen ions and unscreen 
the cations like Si4+ which are the potential 
acid sites. This is in agreement with the poi- 
soning properties of NH3 or with the deacti- 
vation of silica by oxygen pretreatment 
prior to the reaction with n-heptane in He 
(see above). However, another type of 
sites, presenting the hydrogenation activity 
toward ethylene or acetylene, is simulta- 
neously created by hydrogen spillover acti- 
vation. These sites are not sensitive to NH3 
nor to the oxygen pretreatment (6). Their 
nature is, for the moment, difficult to estab- 
lish. They may be formed by some particu- 
lar 02- C.U.S. surface species whose C.U.S. 
character is increased by the removal of 
other 02- ions by the spilled-over hydrogen 
(3). These ions are basic in nature and 
would be not poisoned by NH3. The oxy- 
gen pretreatment may even increase their 
amount (the activity in the hydrogenation 
of ethylene or acetylene is increased), 
whereas it screens the acid sites (the activ- 
ity in cracking of benzene is suppressed). 
The same consideration applies to alumina 
activated by hydrogen spillover with the 
difference being that the unscreened A13+ 
ions either are present in much smaller 
amounts or are much weaker in acidity. 

The behavior of the two oxides in the in- 
teraction with paraffins such as n-heptane is 
different. On silica, in the absence of mo- 
lecular hydrogen (in He), dehydrogenating 
and acidic centers are probably involved in 
the dehydrocyclization and hydrocracking 
of n-heptane at 270°C into methane, hep- 
tene, and heptadienes, ethane, acetylene, 
toluene, and benzene (Fig. 2), the reaction 
being catalytic and requiring only the sur- 
face sites on silica. In the presence of mo- 
lecular hydrogen the rate of the reaction is 
reduced (Fig. 3), but the same type of reac- 
tion with n-heptane is still possible (Fig. I) 
(except for the formation of acetylene) pro- 
vided that the spilled-over hydrogen, ad- 
sorbed on silica after its activation, is still 

present. However, the conversion is now 
not catalytic and stops once the amount of 
the spilled-over hydrogen is exhausted by 
the reaction. It is known that activated sil- 
ica is not able to reform the spilled-over 
type of hydrogen from molecular hydrogen, 
even at 430°C (7). One is tempted to con- 
sider an abstraction of two or more hydro- 
gen atoms from the paraffin by a radical 
process, where Hcsp) stands for the spilled- 
over hydrogen, initially (after activation) 
present on the surface of silica: 

HZ(~) + 2 H(v) 
Hcsp) + C7H,e + C7H15 + H2cg) 

CsNs + Wsp) -+ C7H14 + HZ(~), etc. 

Activated alumina behaves differently in 
the reaction with n-heptane. The spillover 
activation does not seem to develop strong 
acidic sites and the dehydrocyclization and 
hydrocracking of n-heptane are observed 
only to a very limited extent (Fig. 4A), 
whereas heptene and heptadienes are major 
products. Moreover, this reaction, in con- 
trast to silica, proceeds easily in the pres- 
ence of molecular hydrogen and is of cata- 
lytic nature as many doses of n-heptane can 
be converted. Now it is known (2,3, 6) that 
the spilled-over type of hydrogen can be 
reformed from molecular hydrogen on acti- 
vated alumina at 270°C (temperature of the 
conversion of n-heptane), but not at 145°C 
(temperature of the hydrogenation of ethyl- 
ene). One is therefore again tempted to con- 
sider that this type of hydrogen is required 
for the conversion of n-heptane on alumina 
in the presence of molecular hydrogen ac- 
cording to the radical process described 
above. Because the spilled-over type of hy- 
drogen is continuously reformed on alu- 
mina from molecular hydrogen at 270°C the 
reaction is of a catalytic nature, in contrast 
to silica where the initial spilled-over hy- 
drogen is exhausted in the first run with II- 
heptane and is not reformed from molecular 
hydrogen. In the absence of HZ (in He) the 
rate of conversion of n-heptane on silica is 
not reduced (Fig. 3) and the catalytic reac- 
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tion of conversion by dehydrocyclization hydrogen is of a catalytic nature because 
and hydrocracking is well observed (Fig. 2) the spilled-over type of hydrogen which is 
without the need for the spilled-over type of required for this reaction is continuously 
hydrogen species. In the absence of molec- reformed on the alumina surface from mo- 
ular hydrogen and the spilled-over type of lecular hydrogen. 
hydrogen (in He) alumina exhibits only 
very limited catalytic activity in dehydrocy- 
clization and hydrocracking, which can be 
linked with the acidic type of sites, in a 
much smaller amount (or much weaker) on 
activated alumina than on activated silica. 

CONCLUSlONS 

The difference in the behavior toward II- 
heptane of activated silica and activated 
alumina may be summed up by concluding 
that hydrogen spillover activation of silica 
creates a bifunctional catalyst with hydro- 
genating-dehydrogenating and acidic cen- 
ters which can function in dehydrocycliza- 
tion and hydrocracking only in the absence 
of molecular hydrogen, or in a noncatalytic 
way in the presence of molecular hydrogen 
if some spilled-over type of hydrogen is 
present on the silica surface. The activation 
of alumina gives mainly a monofunctional 
catalyst where acidic centers are weak or 
present in small amounts. Its dehydrogena- 
tion activity in the presence of molecular 
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