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The activity and selectivity of a series of partially exchanged HNaK erionites for cracking of n- 
butane and n-hexane were investigated. Only the strong BrCnsted acid sites (Si-OH-A1 groups) 
were concluded to be active. The turnover frequencies for both reactions increased proportionally 
to the positive charge at the proton of the strong BrCnsted acidic OH group calculated according to 
the electronegativity model of Sanderson. The positive influence of the increasing charge of the 
protons (i.e., of their acid strength) is also evidenced in the decrease in the apparent energy of 
activation for the cracking reaction. The product selectivity suggests that the molecules are 
cracked according to the monomolecular mechanism. Dehydrogenation gains importance with 
increasing strength of the protons and decreasing reaction temperature. © 1990 Academic Press, Inc. 

INTRODUCTION 

Cracking of hydrocarbons is a widely 
used experimental means to characterize 
acidic catalysts. A large variety of mole- 
cules has been used as reactants (1-6), 
each of which was claimed to have specific 
benefits for characterization. In general, 
however, saturated hydrocarbons with up 
to nine carbon atoms have been used to 
classify the strength and activity of acid 
catalysts or, better, of acid sites of catalysts 
(4, 5, 7-12), while cracking of significantly 
larger hydrocarbons has been applied to 
characterize the pore geometries of micro- 
porous solids (13-15). 

All authors agree that BrCnsted acid sites 
are indispensible for catalyzed cracking of 
hydrocarbons (6, 16, 17) and excellent re- 
views cover aspects of hydrocarbon pro- 
tonation (17-19). Disagreement exists, 
however, whether or not the specific rate 
per site should depend upon the composi- 
tion (and in consequence upon the strength 
of a particular catalytically active proton) 
and upon the concentration of acid sites. 

Thus, communications concerning the 
variation of catalytic activities for conver- 
sion of hydrocarbons as a function of the 
~hemical composition of the catalyst can be 
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divided into two groups: (i) reports of vary- 
ing activity per acidic proton and (ii) re- 
ports of equal activity per acidic proton. 

Examples for the first case include the 
nonlinear dependence of the rate of the cat- 
alytic decomposition of neopentane, isobu- 
tane, and n-hexane over H-mordenite sam- 
ples upon the aluminum concentrations of 
the zeolites used (8). Similarly, nonlinear 
relationships between the catalytic activity 
for cumene cracking or for isooctane crack- 
ing over NaHY were reported by 
Turkevich et al. (20, 21) and by Beaumont 
et al. (22), respectively. 

The second case may be best illustrated 
by the constant turnover frequencies (TOF, 
i.e., the rates of cracking normalized to the 
concentration of the BrCnsted acid sites) 
for cracking of n-hexane over pentasil zeo- 
lites irrespective of the aluminum content 
of the samples (10, 23). Similarly, Halik et 
al. (24) found constant turnover frequen- 
cies for n-butane and n-hexane cracking 
over SAPO5 samples with varying silicon 
content. Estimation of the TOFs for crack- 
ing of n-heptane and n-octane over NHg- 
exchanged erionites according to data of 
Mirodatos and Barthomeuf (9) also showed 
constant TOF for samples with different de- 
grees of cation exchange. 

0021-9517/90 $3.00 
Copyright © 1990 by Academic Press, Inc. 

All rights of reproduction in any form reserved. 



198 KOGELBAUER AND LERCHER 

The purpose of this paper is to describe 
the cracking of n-butane and n-hexane over 
a series of partially cation-exchanged 
HNaK erionites and to evaluate the influ- 
ence of alkali cations upon the catalytic ac- 
tivity of strong BrCnsted acid sites. We in- 
tend to show that the increase in catalytic 
activity for cracking of n-hexane and n-bu- 
tane with increasing degree of NH~ ex- 
change is due to both an increase in the 
concentration of catalytically active sites 
and the specific activity per site. We will 
use IR spectroscopy and TPD of ammonia 
to show that it is an increase in acid 
strength which causes the increase in cata- 
lytic activity per proton. All catalytic reac- 
tions were performed under experimental 
conditions which cause the proton transfer 
to the saturated hydrocarbon to be rate de- 
termining. Thus, the specific rate and the 
energies of activation of the reaction should 
reflect the strength of the proton catalyzing 
the cracking reaction. 

EXPERIMENTAL 

Zeolites 

The erionite sample was obtained from 
VEB Chemiekombinat Bitterfeld, GDR. 
The parent Na,K-erionite was repeatedly 
ion exchanged with NH4NO3 solution at 
363 K and dried at 370 K. Samples with 
high degrees of NH~- exchange were inter- 
mediately calcined at 770 K as described 
previously (25). The unit cell compositions 
and the concentration of BrCnsted acid 

sites of partially NH~--exchanged erionite 
are compiled in Table 1. 

IR Measurements 

The samples were pressed into self-sup- 
porting wafers and analyzed by means of 
the transmission-absorption technique. 
The instrument used was a BRUKER 
IFS88 FTIR spectrometer. For each spec- 
trum 150 interferograms were coadded. The 
spectral resolution was 4 cm -1. The IR cell 
used allowed all investigations (heating, ad- 
sorption) to be performed with the zeolite 
wafer present in the IR beam. The samples 
were activated for 1 h at 770 K at pressures 
below 10 -6 mbar. After cooling to 308 K the 
samples were subsequently equilibrated 
with n-hexane at constant partial pressures, 
starting with 10 -5 mbar up to 10 mbar. 

Catalytic Measurements 

Cracking of n-butane and n-hexane were 
carried out in a quartz glass tube reactor 
300 mm in length and with an inner diame- 
ter of 4 mm. In order to avoid channeling, a 
minimum catalyst bed length of 10 mm was 
used. The reactor effluent was sampled at 
appropriate time intervals by means of a 
six-port valve. A HP 5890 gas chromato- 
graph, equipped with a 50-m-long A1203- 
KCl-coated capillary column and a FID 
was used for analysis. The feeds contained 
2 mol% n-butane and 14.7 mol% n-hexane, 
respectively. Before reaction, the samples 
were activated for 1 h at 770 K in flowing 

TABLE 1 

Unit Cell Composition of Partially Exchanged Erionite 

Sample Exchange BrCnsted acid 
(% NH4) sites (mol/g) 

Stoichiometric quantities 

NH4 K Na AIO2 SiO2 

0.35 HERIO 
0.47 HERIO 
0.75 HERIO 
0.88 HERIO 
0.92 HERIO 

35 4.29 × 10 -4 
47 7.86 × 10 -4 
75 1.52 × 10 -3 
88 1.92 x 10 -3 
92 2.00 )< lO -3 

3.14 4.29 1.57 9 27 
4.26 3.82 0.92 9 27 
6.72 2.06 0.22 9 27 
7.94 1.01 0.05 9 27 
8.28 0.69 0.02 9 27 
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He. All measurements reported refer to ac- 3 87 
tivity and selectivity at steady state, which 
was usually reached after 30 min on stream. 
The samples that showed significant loss of 
activity with time on stream were regener- 
ated with air and purged with helium before ~902~ 
the temperature was changed. The conver- 
sion was kept below 5% by adjusting the 
amounts of catalyst used and the flow rates. 
The data were analyzed according to the 

H 

differential method (26). 
~ . g 3 5  

Thermograoimetric Measurements # 

The concentration of adsorbed n-hexane 
was determined by means of a CAHN RG 
microbalance. The system could be evacu- 
ated below 10 -5 mbar. Adsorption iso- 0.9675 
therms were measured at 308 K after equili- 
bration at 373 K. This procedure was found 
to be necessary to achieve complete satura- 
tion. 

RESULTS 

Adsorption of  n-Hexane 

The activated zeolites exhibited bands of 
OH stretching vibrations at 3741, 3691, 
3618-3608, and 3566 cm -~, which were at- 
tributed to silanol groups terminating the 
lattice (3741 cm-l), water adsorbed on so- 
dium cations (3691 cm-~), strong BrCnsted 
acid sites located in the supercages (3618- 
3608 cm-~), and hydroxyl groups located in 
the cancrinite cages (3566 cm -l) (25). After 
adsorption of n-hexane on the activated 
samples at 300 K three bands at 2952, 2929, 
and 2864 cm-~ were observed in the region 
of CH stretching vibrations and two bands 
at 1462 and 1380 cm -~ in the region of CH 
deformation vibrations. The wavenumbers 
of the bands of the CH vibrations did not 
change as a function of the partial pressure. 
The band at 3608-3618 cm -~, which is at- 
tributed to strong BrCnsted acid sites (25), 
showed a significant decrease in intensity 
upon n-hexane adsorption. In parallel, the 
band at 3566 cm -1, attributed to Si-OH-AI 
hydroxyl groups located in cancrinite 
cages, was only modestly affected. 
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FIG. 1. Difference between the IR spectra of 0.75 
HERIO equilibrated with n-hexane at pressures indi- 
cated (mbar) and the IR spectrum of the activated sam- 
ple at ambient temperature. 

As an example, Fig. 1 shows the differ- 
ence between the IR spectra of the sample 
0.75 HERIO equilibrated with n-hexane at 
the partial pressures indicated and the spec- 
trum of the activated sample. In this graph 
bands pointing downward indicate the de- 
crease in intensity, bands pointing upward 
indicate an increase in intensity of an IR 
band in comparison to the reference spec- 
trum. With increasing equilibrium pressure 
the intensity of the bands of CH vibrations 
increased, indicating increasing amounts of 
adsorbed n-hexane. After equilibration with 
pressures below 10 -2 mbar, only the band 
of the strong BrCnsted acid sites (3608- 
3618 cm -~) decreased in intensity (which 
causes an increase in intensity in the nega- 
tive band at 3610 cm -1 in the difference 
plot), indicating, thus, a decrease in the 
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concentration of the unperturbed S i -OH-  
AI groups. The band between 3540-3550 
cm -I is attributed to Si-OH-AI groups 
(strong BrCnsted acid sites) interacting with 
n-hexane. The wavenumber of this band 
shifted to lower wavenumbers with increas- 
ing equilibrium pressure. The difference be- 
tween this wavenumber and that of the un- 
perturbed Si-OH-AI groups increased 
from 27 cm -1 at 10 -5 mbar to 76 cm -1 at I0 
mbar, indicating increasing intensity of the 
perturbation with increasing equilibrium 
pressure. 

At equilibrium pressures higher than 10 -1 
mbar the terminal silanol groups (3741 
cm -1) and the hydroxyl groups due to water 
adsorbed on sodium cations (3691 cm -l) 
(27, 28) also interacted with n-hexane. 

The small (negative) band at 3558 cm -l in 
Fig. 1 indicates that at least some weak in- 
teraction between the hardly accessible 
BrCnsted acid OH groups located in the 
cancrinite cages and the hexane molecules 
occurred. Note that in comparison to the 
strong BrCnsted acid sites located in the su- 
percage, only a small fraction of these acid 
sites interacted with n-hexane. 

Considering the molecular dimensions of 
the n-hexane molecule (3.9 x 4.3 .~ (29)) 
and the diameter of the six-ring windows of 
the cancrinite cage (2.5 ,~), adsorption 
should not occur at all on these sites (i.e., 
Si-OH-A1 groups located inside the cancri- 
nite cages). Three explanations of the ex- 
perimentally observed adsorption might 
then be possible: (i) some of the Si-OH-AI 
groups are located close to the six-ring win- 
dows and have a limited accessibility for n- 
hexane; (ii) the six-ring windows show high 
flexibility, especially in combination with a 
small concentration of lattice defect sites 
(and thus allow part of the n-hexane mole- 
cule to enter the cancrinite cage); and (iii) 
the protons are relatively mobile and mi- 
grate into the more accessible pore system. 

After equilibrating the erionite samples 
with n-hexane at the same partial pressure 
(10 mbar) the shift of the band of the strong 
BrCnsted acid hydroxyl groups to lower 

wavenumbers increased with increasing 
concentration of strong BrCnsted acid sites, 
from 30 cm -I for 0.35 HERIO to 96 cm -I 
for 0.88 HERIO. In accordance with Hair 
and Hertl (30), this was attributed to an in- 
creasing acid strength of the considered 
protons, which agrees well with previous 
TPD experiments (25). 

Cracking of n-Butane and n-Hexane 

The turnover frequencies for cracking of 
n-butane and n-hexane over erionite sam- 
ples at 753 K and the apparent energies of 
activation are compiled in Table 2. All rates 
were measured under steady-state condi- 
tions between 673 and 753 K. For the calcu- 
lation of the TOF the C4 (n-butane cracking) 
or C6 (n-hexane cracking) products were 
not considered, because they originate 
from dehydration and/or isomerization re- 
actions. The selectivity of the samples to 
cracking products at 753 K is shown in 
Figs. 2 and 3. With increasing degree of 
NH~- exchange of the erionite samples, the 
TOF increased drastically. While the con- 
centration of BrCnsted acid sites increased 
five times from 0.35 to 0.92 HERIO, the 
rate per site increased by nearly two orders 
of magnitude. In the sequence in which the 
turnover frequencies increased, the appar- 
ent energies of activation decreased. 

TABLE 2 

Specific Cracking Activity and Apparent Energy of 
Activation of Partially Exchanged Erionite 

Sample  n-Butane n-Hexane  

T O F  Ea T O F  Ea 
(753 K) (kJ/mol)  (753 K) (kJ/rnol) 

(s I) ( s - l )  

0.35 H E R I O  1.0 × 10 -6 151 5.5 x 10 -5 171 
0.47 H E R I O  4.0 × 10 -6 144 3.5 × 10 -4 162 

0.75 H E R I O  3.2 x 10 -5 136 5.0 × 10 -3 135 
0.88 H E R I O  6.0 × 10 -5 121 9.5 × l0  -3 113 
0.92 H E R I O  7.0 × 10 -5 115 1.0 x 10 -2 105 

Note. Accuracy  of  data:  T O F s  -+3%, Ea -+5%. 
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FIG. 2. Product selectivity for n-butane cracking 
over partially NH~-exchanged erionites at 753 K. 

DISCUSSION 

Adsorption of n-Hexane 

IR spectroscopic investigations of n-hex- 
ane adsorbed on the erionite samples indi- 
cate that at low equilibrium pressures pri- 
marily the bridging hydroxyl groups (with 
bands at 3608-3618 cm -1) are involved in 
the adsorption process. These hydroxyl 
groups are located in the main channels 
(25). Because of the minute changes in in- 
tensity of the band at 3566 cm -1, only a 
minute fraction of the bridging hydroxyl 
groups in the cancrinite cages are con- 
cluded to interact with n-hexane at 300 K. 
We suggest that this fraction of Si-OH-A1 
groups is located close to the six-ring win- 
dows. Our proposal is based on the fact that 
ammonia is chemisorbed on all strong 
BrCnsted acid sites located in the cancrinite 
cages, while molecules like propene and 
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F]6. 3. Product selectivity for n-hexane cracking 
over partially NH~-exchanged erionites at 753 K. 

hexane only interact with a small fraction of  
these sites. We think that the strong base 
ammonia also attracts the protons of the 
S i -OH-AI  groups further apart from the 
six-ring window into the supercage and 
forms NH~ ions, while the weaker basic 
propene (31) and n-hexane may only affect 
the sites close to the six-ring windows. 

The difference in wavenumber of the OH 
stretching vibration of the free S i -OH-AI 
groups and of those interacting with n-hex- 
ane is extremely small compared with those 
of zeolites like HZSM5. For HZSM5 Jentys 
et al. (32) observed a shift in the OH band 
of 125-160 cm- 1 on adsorption of n-hexane. 
In part, this is attributed to the higher acid 
strength of HZSM5 in comparison with that 
of the erionite samples investigated in this 
paper. The shifts observed for the samples 
with a low degree of NH~ exchange are, 
however, so small that steric constraints 
hindering the interaction between the Si -  
OH-AI groups and the n-hexane molecule 
must also be considered. The higher molar 
extinction coefficient of  the band of the per- 
turbed OH groups on HZSM5 and even on 
SiO2 supports this latter argument. 

Nevertheless, the increase in the shift as 
a function of the degree of NHg exchange 
suggests increasing acid strength of the Si-  
OH-AI groups (30). Figure 4 shows this 
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FIG. 4. Difference in wavenumbers between the 
bands of the bridged hydroxyl groups prior to and after 
equilibration with n-hexane at 10 mbar and ambient 
temperature as a function of  the partial charge of  the 
proton calculated according to Sanderson. 
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FIG. 6. Turnover frequencies for n-hexane cracking 
and n-butane cracking over partially NH~--exchanged 
erionites at 753 K as a function of the partial charge of 
the proton calculated according to Sanderson. 

groups with increasing degree of NHg ex- 
change. Second, Dyer and Singh (35) re- 
ported a more distinct effect on the cata- 
lytic activity for n-butane cracking on 
mordenites after poisoning by potassium 
than by sodium. In the absence of transport 
limitations (which could be imposed by the 
larger potassium ion), this clearly suggests 
an overall influence of the exchangeable 
cation upon the strength of the proton. 
Third, one notes a direct proportionality 
between the positive charge and the TOF 
for n-hexane and n-butane cracking for the 
samples with more than 50% of all potential 
acidic sites being protons (see Fig. 6). And 
last, the decreasing apparent energy of acti- 
vation suggests increasing facility to proto- 
nate the alkane molecules. It should be 
mentioned, however, that the last of these 
effects may also be explained by variations 
in the heat of adsorption of the n-alkane 
molecule, as pointed out by Haag et al. 
(36). 

An important argument against the inher- 
ent nonlinear variation in the catalytic ac- 
tivity with the chemical composition of mo- 
lecular sieves is the likely existence of sites 
of extremely high activity generally caused 
by mild steaming conditions (37, 38). It may 
be argued that these sites may only (or in an 
increasing concentration) exist under con- 
ditions of high NH2 exchange (39). As an 
example, Fritz and Lunsford (40) discussed 

the poisoning effect of sodium on Y-type 
zeolites. The exchange of protons for so- 
dium led to a dramatic decrease in the cata- 
lytic activity for n-hexane cracking. They 
concluded that only about one-fifth of the 
framework aluminum was associated with 
sites revealing extremely strong BrCnsted 
acidity. They related this high acid strength 
("super acid sites") to the presence of ex- 
tra lattice aluminum in the vincinity of a 
briding OH group. 

While we cannot exclude such an effect 
completely, we do not think that it solely 
contributes to the observed increase in the 
TOF. The main argument against it is the 
linear dependence of the TOF with the in- 
crease in the partial charge of the proton. In 
order to explain this increase by an increase 
in concentration of the "super acid sites," 
one must assume a linear increase in the 
concentration of the "super acid sites" 
with increasing average charge of the pro- 
ton. This is not very probable. 

In general, we do not think that the dis- 
crepancies concerning the catalytic activity 
of partially exchanged erionites noted in the 
Introduction can be related to subtle differ- 
ences in the heat of adsorption of reactant 
molecules or in the concentration of very 
strong BrCnsted acid sites generated by 
varying pretreatment procedures. It may 
rather be suggested to be due to the leveling 
effect of coking as indicated by Mirodatos 
and Barthomeuf (9). 
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FIG. 7. Product selectivity for n-butane cracking 
over 0.75 HERIO as a function of the reaction temper- 
ature. 
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In this paper the calculated TOFs for 
cracking of paraffins over partially ex- 
changed erionites after 2 and 15 h on stream 
were constant, whereas those calculated 
for the initial activities (after 3 min on 
stream) were not. Thus, for catalysts after a 
long time on stream, the higher activity of 
the samples with a higher degree of ion ex- 
change might be overcompensated for by a 
higher coke level caused by a faster rate of 
coking. This explanation is strongly sup- 
ported by other data of Mirodatos and 
Barthomeuf (41) which indicate a nonlinear 
relationship between catalytic activity for 
cracking of n-paraffins and degree of ion 
exchange after a short time on stream. 

Selectivity to Cracking Products 

Figure 2 shows that the methane/propene 
ratios for conversion of n-butane at 753 K 
over all samples investigated lie near 1. 
That implies that both products result only 
from a primary cracking step. It is not pos- 
sible to conclude unequivocally whether 
they are formed via a protolytic mechanism 
(a-scission) or via a carbenium ion (/3-scis- 
sion). 

If the scission took place in the 13 position 
to the carbon atom bearing the positive 
charge, it is unlikely that a large fraction of 
n-butane molecules would be cracked to C2 
fragments. Thus, the major fraction of C2 
products is concluded to result from a 
monomolecular (protolytic) process. Be- 
cause the concentration of ethene was 
somewhat higher than the concentration of 
ethane and butene was detected in the reac- 
tion products (between 14 and 16 mol% of 
the products for all samples and slightly in- 
creasing with temperature), we concluded 
that to some extent dehydrogenation took 
place simultaneously with cracking. This 
also supports our view that cracking pro- 
ceeds primarily via the monomolecular 
mechanism under our conditions. 

The fraction of ethane formed over a spe- 
cific zeolite sample increased with increas- 
ing reaction temperature (see Fig. 7). Be- 
cause we have attributed the higher 
concentration of ethene to be caused by de- 

hydrogenation of butane prior to cracking, 
the increase in ethane in the products sug- 
gests that dehydrogenation and/or initiation 
via hydride abstraction decreases in impor- 
tance as the reaction temperature in- 
creases. 

The presence of propane (which de- 
creases in concentration with increasing re- 
action temperature) cannot be explained 
without the presence of another parallel 
process. We propose that propane is 
formed through hydride transfer to the pro- 
pyl car.benium ion. Sources for the hydride 
ion should be strongly adsorbed hydrocar- 
bons or coke precursors. In this context, 
Abbot and Wojciechowski (42, 43) reported 
that initial paraffin/olefin ratios greater than 
1 indicate hydrogen transfer from coke pre- 
cursors to carbenium ions. The role of 
strongly adsorbed hydrocarbons or coke 
precursors as a source of hydride ions is 
also indicated from the moderate increase 
in propane selectivity at 753 K with increas- 
ing degree of NH~- exchange, i.e., with in- 
creasing acid strength. In parallel, the over- 
all paraffin/olefin ratio of the reaction 
products increased from 0.60 for 0.35 HE- 
RIO to 0.82 for 0.92 HERIO. Following the 
concept of Lombardo et al. (6), the in- 
crease in the paraffin/olefin ratio reflects 
the stability of a carbenium ion on the sur- 
face of the solid acid. The more stable it is 
(i.e., the more acidic the hydroxyl group 
are) the higher is the probability that sec- 
ondary reactions like hydrogen transfer, 
oligomerization, etc., take place. Because 
of the C3/C~ ratio of 1.7 at lower tempera- 
tures, we concluded that some oligomeriza- 
tion must have taken place over samples 
with more then 70% NH~- exchange. Note 
that his ratio decreased as the reaction tem- 
perature was raised. 

For n-hexane cracking the same conclu- 
sions as those for the cracking of n-butane 
are valid. In accordance with other reports, 
C3 compounds were found to be the main 
reaction product (16, 44, 45). To a smaller 
extent C4 plus C2 products also occur due to 
/3-scission of a carbenium ion with the posi- 
tive charge located on the third carbon 
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atom. The relatively high selectivity to 
methane and ethane again supports the pre- 
dominance of the monomolecular, proto- 
lytic cracking mechanism (46). C5 com- 
pounds could be observed only in minor 
concentrations, which indicates that the C5 
carbenium ion likely undergoes secondary 
reactions. 

The increased methane production with 
the less acidic samples is concluded to be 
caused by secondary cracking reactions be- 
cause the space velocity during the cata- 
lytic runs over these catalysts was rather 
low compared to that of the other samples. 
The pronounced selectivity to propene was 
concluded to be due to dehydrogenation or 
hydride abstraction preceding the cracking 
reaction. Indeed, significant selectivities to 
hexene were observed, although the mole- 
cule is easily cracked under the conditions 
employed. 

CONCLUSIONS 

Cracking of n-butane and n-hexane over 
a series of partially exchanged HNaK erio- 
nites revealed a strong dependence of the 
rate and the apparent energy of activation 
upon the chemical composition of the cata- 
lyst. Under reaction conditions favoring the 
monomolecular mechanism of cracking, 
only the strong BrCnsted acid sites (Si- 
OH-A1 groups) were thought to be active. 
The rate of cracking was found to be di- 
rectly proportional to the charge at the pro- 
ton calculated according to Sanderson (33). 
Several independent measurements (9, 25, 
41) also suggest an increase in the acid 
strength of the protons of Si-OH-A1 
groups with the degree of NH~- exchange. 
Thus we propose that the increase in the 
rate is due to the easier protonization of the 
saturated hydrocarbon molecule. This is in 
agreement with the fact that protonization 
of the alkane is the rate determining step in 
a monomolecular pathway of cracking and 
is also supported by the decreasing appar- 
ent energies of activation with the degree of 
NH~- exchange. 
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