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Conversion of n-butane was studied between 523 K and 623 K
over acidic mordenites with SiO,/Al,0; ratios between 10 and 20.
The main products were iso-butane, propane, and pentane. The
selectivity to olefins, methane, ethane, C4 paraffins, and aromatics
was lower than 4 mol% under all reaction conditions. Isomerization
and disproportionation were identified to be the dominating reac-
tions. At 523 K, both reactions are suggested to proceed via dimeric
intermediates. Their relative contributions to the total conversion
depend on temperature, partial pressure, and the concentration
of the acid sites of the catalyst. The highest yield in iso-butane
was achieved over a catalyst with a low density of acid sites and at
low temperature. At higher temperatures, the rate of isomerization
decreased in favor of disproportionation and cracking. A mechanis-

tic model for the isomerization is proposed. © 1995 Academic Press, Inc.

INTRODUCTION

n-Butane forms about 7-12 wt% of the C, fraction of
the products obtained from catalytic crackers and 2-5
wt% of the products obtained from steam crackers in a
typical petroleum refinery (1-3). Significant amounts of
n-butane are also obtained from wet natural gas.

The largest direct use of n-butane is as a component
for heating fuel. Because this is arather low value product,
a significant incentive exists to convert n-butane to more
valuable products. Isomerization of n-butane to iso-bu-
tane is currently important for, e.g., alkylation and pro-
duction of iso-butene for the synthesis of methyl tertiary
butyl ether (MTBE), tertiary butyl alcohol (TBA), iso-
prene, polyisobutene (PIB), and polyisobutene rubber
(e.g., (4)).

Commercial processes prior to 1956 employed anhy-
drous aluminium chloride as the catalyst. Later, a combi-
nation of acidic cracking and hydrogenation catalysts such
as nickel-silica—alumina, platinum/silica—alumina, or
comparable catalysts containing precious metals, as well
as organic chlorides, have been used (e.g., (5, 6)). Over
these catalysts, the reaction is thought to proceed via
dehydrogenation, isomerization of the olefin, and subse-
quent hydrogenation of the iso-alkene. Processes on this
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basis were commercialized by, e.g., UOP (3). The use of
halogen-containing catalysts (to reach the acid strength
necessary for skeletal isomerization) is becoming prob-
lematic for environmental reasons. Therefore, strongly
acidic molecular sieves like H-mordenite offer an interest-
ing alternative to the conventional isomerization catalysts
(7-10). The aim of this study is to describe the catalytic
properties of mordenites as catalysts for low temperature
conversion of n-butane and ways to optimize the yield
and selectivity of skeletal isomerization and to determine
the effect of acid site density in this reaction.

EXPERIMENTAL

Acidic mordenites with SiO,/Al,O, ratios of 10, 15, and
20 denoted as HM10, HM1S5, and HM20 (obtained from
the Japanese Catalysis Society (11)), respectively, were
used. The samples HM15D and HM20D were prepared
from HM15 and HM20 by dealumination with HCl. De-
alumination was carried out by stirring the zeolites in a
1 M solution of HCI (10 ml/g catalyst) for 30 min at room
temperature. After filtration and rinsing, the resultant cat-
alyst was dried in air at 390 K for 2 h. Then, the catalyst
was calcined in flowing air for 2 h at 600°C (heating rate
5 K/min). The characteristics of the materials used are
summarized in Table 1.

The catalytic tests were performed in a fixed bed tubular
quartz reactor with an inner diameter of 5 mm operated
in continuous flow mode. Between 150 and 200 mg of
catalyst were used for each test. The zeolite was diluted
with inert quartz in aratio of 1: 1. The catalyst was heated
in flowing air at 50 K/min up to 823 K. At this temperature
it was held for 1 h, and then it was cooled to reaction
temperature in flowing air. n-Butane (2 vol%) in He
(Linde) was used as reactant gas. The reactor effluent
was collected with an automatic sampling valve system,
stored in multiloop valves and subsequently analyzed by
a gas chromatograph HP5890 (50 m Al,O;/KCl capillary
column) equipped with a flame ionization detector and
coupled to a mass selective detector HP 5971A. Coke
deposits were determined by temperature programmed
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TABLE 1

Characteristics of the Mordenites Used

Strong Extra
Si0,/ALO,  Bronsted lattice Al BET surface  Pore volume
bulk acid sites” (%) area [m*/g] [cm*/g]
HMI10 10 1.3 8 122 0.07
HMIS 1S 1.5 11 345 0.15
HMI5D ~17 — 15 391 0.18
HM20 20 1.1 >2 388 0.21
HM20D ~25¢ — 13 336 0.16
“ Taken from Ref. (11), in [mmol/g].

* Determined from *"Al NMR spectra.
¢ Determined from *Si NMR spectra.

oxidation of the samples on a PL STA 625 V4.30 appara-
tus. The weight of the coke was calculated as the weight
loss between 393 K and 873 K. BET surface area and
pore volume were measured on Accelerated Surface Area
and Porosimetry (ASAP 2400) equipment.

In order to compare the activities and selectivities of
the various catalysts studied, the problem of the fast rate
of catalyst deactivation has to be taken into account.
Deactivation is caused most probably by acid site poison-
ing and pore blockage by large polymeric molecules and
makes the comparison of the intrinsic activities of the
catalysts difficult. Thus, we chose the activities and the
rates of decay at a fixed initial and final time on stream
(from 30 min to 5 h) for screening of different catalysts
under the same experimental conditions.

RESULTS

Effect of the Silica to Alumina Ratio

The activities of the H-mordenite samples (HMI10,
HM15, and HM20) and their HC! leached derivatives
(HMI15D and HM20D) as a function of time on stream
are shown in Fig. 1. Sample HMI5D had the highest
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FIG. 1. Rate of n-butane conversion over mordenites as function of
time on stream. T = 523 K, p,yyune = 80 mbar, space velocity = 1.12
mil/g s.
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FIG. 2. Yield of iso-butane over mordenites as a function of time
on stream. T = 523 K, p,yane = 80 mbar, space velocity = 1.12 ml/g s.

initial activity, but deactivated more rapidly than the other
samples. After 5 h on stream, only 23% of its initial activ-
ity was maintained. In contrast, the parent HM15 proved
to be the most stable material, having 46% of its initial
activity left after 5 h on stream. With HM10 and HM20
(which showed lower initial activities) only 34 and 31%
of their initial activities were left after 5 h on stream, re-
spectively.

Figure 2 shows the yield of iso-butane for the three
parent mordenite samples as a function of time on stream.
Disproportionation (formation of propane + pentanes) is
the main reaction over HM 10, while isomerization is the
dominant reaction over HM 15, HM20, and their dealumi-
nated derivatives. The ratio of the rates of isomerization
to disproportionation as a function of conversion is shown
in Fig. 3. Samples with low concentration of acid sites
had high initial isomerization activity which continuously
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FIG. 3. Iso-butane/(propane + pentane) ratio versus conversion

over mordenites.
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FIG. 4. Product selectivity for n-butane conversion versus SiO,/

AlLO, ratio of mordenites after 5 h on stream. T = 523 K, conver-
sion = 10% (HM10), 15% (HM15), 9% (HMI15D), 7% (HM20), and 5%
(HM20D), p, tuane = 80 mbar, space velocity = 1.12 ml/g s,

decreased with increasing conversion. On the other hand,
the sample with a high concentration of acid sites had low
isomerization activity which increased with conversion.
After 5 h on stream (Fig. 4), the selectivity to iso-butane
is higher over HM20 than over HM15. The selectivity to
disproportion sharply increased with aluminium content
as the reaction approached a steady state.

The product distribution of the three parent mordenites
and their HCI leached derivatives at approximately 18%
conversion are shown in Fig. 5. The parent HM15 is more
stable than all the other samples with a comparable selec-
tivity to iso-butane. All dealuminated samples show a
slightly higher selectivity to iso-butane than their parent
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FIG. 5. Product selectivity for n-butane conversion over mordenites
at approx. 18% conversion. T = 523 K, p,puune = 80 mbar, space

velocity = 1.12 ml/g s.

ASUQUO, EDER-MIRTH, AND LERCHER

80

60 - —=(C1+C2
:\5 =~ propane
= * === butenes
5 —x—is0-butane
’E 40 4 ~—pentanes
5 —o=hexanes
L
E

20 4

0 T T

500 550 600 650
temperature (K)

FIG. 6. Product selectivity for n-butane conversion as function of

temperature over HM20. p, 1. = 80 mbar, space velocity = 0.88 ml/
g s, conversion = 48-75%.

analogues. During the reaction (5 h on stream), 3.6, 2.6,
and 2.2 wt% of coke was formed on HM 10, HM15, and
HM?20, respectively, which corresponds to 6.6, 3.1, and
4.8 wt% of the converted molecules.

Effect of the Temperature

The product distribution and conversion of n-butane
over HM20 as a function of temperature (523 K to 623 K)
are given in Fig. 6. The selectivity to iso-butane decreased
(above 560 K very rapidly) while the selectivity to pro-
pane increased with temperature. At 523 K, the yield of
iso-butane over HM20 was 24.6% at a conversion of 48%.
At 623 K, at the total conversion of 75%, the yield of iso-
butane decreased to 17.5%.

Effect of the Partial Pressure

Figure 7 shows the effect of the n-butane partial pres-
sure on the rate of n-butane conversion over HM20 at
three temperatures (523 K, 573 K, and 623 K). The total
rate of conversion increased faster with increasing partial
pressure at lower temperatures. An apparent kinetic order
of 1.5, 1, and 0.5 was determined for the total conversion
at 523 K, 573 K, and 623 K, respectively. The effect of
n-butane partial pressure on the rate of isomerization at
the various temperatures is represented in Fig. 8. The
apparent kinetic order with respect to iso-butane was
1.25,0.7, and 0 at 523 K, 573 K, and 623 K, respectively.
At 523 K, the yield in iso-butane changed from 11%
(Prbuane = 40 mbar) to 25% (p,, pune = 80 mbar); at 573 K,
from 15 to 23%; and at 623 K, from 18 to 17% in the
same pressure range. The total conversion of n-butane
increased from 18 to 48%, the yield of propane increased
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FIG. 7. Effect of n-butane partial pressure on the rate of conversion

over HM20 at 523 K, 573 K, and 623 K; space velocity = 0.88 ml/g s.

from 3 to 18.3% in this pressure interval. The correspond-
ing selectivities at 523 K are shown in Fig. 9.

Effect of the Total Conversion

The product distribution in the n-butane reaction over
HM20 at low conversions (between 0.5 and 5.3%) is given
in Fig. 10. At very low conversion levels, iso-butane was
the only product. In the yield—conversion plot, iso-butane
gave a straight line through the origin, indicating that it
is a primary product. With increasing conversion, a strong
deviation from this behavior was observed, indicating that
i-butane is also (at higher conversions mainly) formed
via a secondary process. The corresponding curves for
propane and pentane seem to have zero slope at very low
conversions and both products are, thus, concluded to
result only from secondary processes.
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FIG. 8. Effect of n-butane partial pressure on the rate of iso-butane

formation over HM20 at 523 K, 573 K, and 623 K; space velocity =
0.88 ml/g s.
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FIG.9. Effect of n-butane partial pressure on the product seiectivity
of n-butane conversion over HM20. T = 523 K. conversion = 18.3-48%,
space velocity = 0.88 ml/g s.

DISCUSSION

The main products in the conversion of n-butane over
H-mordenites were iso-butane, propane, and pentanes.
The selectivity to olefins, methane, ethane, C, paraffins,
and aromatics was lower than 4 mol% under all reaction
conditions. Based on the product distribution obtained
and chemical labeling experiments (which indicate exten-
sive scrambling of *C-marked molecules (12)), we con-
clude that n-butane conversion over H-mordenite at
523 K proceeds predominantly via dimeric or oligomeric
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FIG. 10. Yield as a function of n-butane conversion over HM?20.
T =523 K, ppouane = 80 mbar, space velocity = 1-3.5 ml/g s, conver-
sion = 0.5-5.3%.
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FIG. 11. Reaction scheme of the n-butane conversion over morde-
nites at 523 K.

intermediates (Cy species), i.e., via a bimolecular
pathway.

The dominance of the bimolecular mechanism under
the reaction conditions reported here (T = 523 K) can be
well explained by the differences in the activation energies
of the mono- and bimolecular pathways. Monomolecular
isomerization of n-butane requires the formation of pri-
mary carbenium ions which is reported to proceed at a
low rate at temperatures below 570 K. The bimolecular
pathway allows us to bypass the formation of primary
carbenium ions during the isomerization (e.g., (5, 13, 14)),
It has, hence, a lower energy of activation and is generally
preferred at low temperatures.

Two main routes of formation and decomposition of
the dimeric intermediates might be considered: The first
step is in both cases the formation of a butyl carbenium
ion via (i) protonation of butane by a surface Bronsted
acid site and subsequent abstraction of H,, (ii) hydride
abstraction by a Lewis acid site, or (iii) protonation of
trace olefins formed by thermal cracking (15-17). For-
mally, one can think the dimer to be formed via reaction
of the butylcarbenium with an olefin forming a octylcarbe-
nium ion or via reaction with an alkane forming an octyl
carbonium ion (5, 18). This can be seen as olefin dimeriza-
tion and olefin alkylation, respectively (see Fig. 11).

ASUQUO, EDER-MIRTH, AND LERCHER

The C, carbenium ions formed, mainly 3-methyl C, and
3,4-dimethyl C,, will isomerize readily in the zeolite pores
(19) and seem to form preferentially isomers with the
methyl group at the C, position. These carbenium ions
have the positive charge primarily at the tertiary carbon
atom and, thus, cracking will yield predominately n-bu-
tene and iso-butene. These molecules will not leave the
catalyst without undergoing readsorption and hydrogen
transfer with a reactant molecule to form n- and iso-bu-
tane. Thus, iso-butane will be the only apparent reac-
tion product.

Cracking of the C; carbonium ion is expected to lead
to different products. Because propane and pentane are
the dominant cracking products, while other hydrocar-
bons are detected only in minor concentrations, we con-
clude that a rather specific configuration of the CJ carbo-
nium ion predominates. In the absence of branching, the
probability of forming a carbonium ion with the charge
at the two central carbon atoms is expected to be very
high (20). The saturated molecules resulting from cracking
of the adjacent carbon-carbon bonds (a-cracking (e.g.
(21))) will then be propane, n-butane, and pentane. The
remaining carbenium ions (most probably pentylcarbe-
nium ions, as they are expected to be the most stable
ones) will leave the surface as saturated hydrocarbons
after undergoing hydride transfer with a n-butane mol-
ecule.

If the carbonium ion is branched, the positive charge
is expected to be preferentially located at the tertiary
carbon atom. Upon cracking, this would lead to propane
and pentene or methane and heptene (which are not ob-
served in resonable concentrations). Again, the alkenes
are expected to undergo hydrogen transfer with n-butane
and leave the zeolite as alkanes,

However, irrespective of the route of formation of the
C; species, the relative concentrations of carbenium and
carbonium ions will depend to a large extent upon the
hydrogen transfer ability of the zeolite. If we agree that the
ratio of the rates of isomerization to disproportionation
reflects the concentration of carbenium and carbonium
ions on the catalysts, it is primarily the ability for hydro-
gen transfer, which determines the selectivity of the mor-
denite catalysts.

It is interesting to see how selectivity changes with the
chemical composition of the zeolite. We choose the iso-
butane/(propane + pentane) ratio as measure for the isom-
erization versus disproportionation activity of the cata-
lyst. A low value (as found with HM10) indicates high
disproportionation activity (related to high hydrogen
transfer), while a high value (as found with HM20) sug-
gests high isomerization and lower hydrogen transfer ac-
tivity. As shown in Fig. 4, the selectivity to i-butane de-
creased in the sequence HM20 > HM1S > HMI10, i.e.,
with decreasing acid site concentration on the catalyst.
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These findings are in good agreement with the fact that
zeolites with high concentrations of Bronsted acid sites
possess a high hydrogen transfer activity which leads to
a shorter lifetime of carbenium ions in the zeolite pores.
Consequently, octylcarbenium ions sorbed on zeolites
with a low concentration of acid sites have a longer life-
time and can, thus, undergo secondary reactions like
isomerization several times before being cracked (22).

To verify the mechanism outlined above, Krupina et
al. (10) studied the transformation of potential intermedi-
ates (n-octane and iso-octane) under comparable condi-
tions. The product distribution was identical to that of »-
butane conversion over H-mordenite. Note that dimeric
molecules in n-butane conversion were also proposed to
occur over solid superacids like Al,O,/AICI, (5). Thus, it
was speculated that similarities exist between the catalytic
properties of H-mordenites and those of liquid super-
acids (23).

The low selectivity in iso-butane obtained with HM10
in this study agrees also well with the results of Corma
et al. (20, 22) on iso-butane/2-butane alkylation over ultra
stable zeolite Y. The authors proposed two competing
reactions pathways for the formation of the Cq hydrocar-
bons, the direct addition of i-butane to adsorbed 2-butene
(alkylation route) and the dimerization reaction of two
olefine molecules (oligomerization route) (22). The alkyl-
ation/oligomerization ratio increased with increasing Al
concentration in the zeolite. This was explained by the
need of high concentrations of reactants in the zeolite
pores in order to obtain high alkylation activity. In the
present study, the highest disproportionation (corre-
sponds to high alkylation) selectivity in the n-butane con-
version was found with HM 10, the sample with the highest
Al concentration. While the catalysts with low concentra-
tions of acid sites (HM 15, HM20, and their dealuminated
analogues) were preferentially active for isomerization
(corresponds to oligomerization). Note that the selectivity
to iso-butane is lowered upon increasing the partial pres-
sure of the reactant (i.e., favored reaction conditions for
alkylation) at 523 K (compare Fig. 9).

Alternatively, however, it could also be argued that
high concentrations of strong Bronsted acid sites provide
sufficient sorption sites for butenes (formed by protolytic
dehydrogenation) so that reactions between butanes and
butenes might dominate (disproportionation route). In
contrast, zeolites having low concentrations of strong
Bronsted acid sites will sorb only a fraction of the butenes
formed, facilitating the less demanding butene oligomer-
ization (isomerization route). The lower selectivity to-
ward iso-butane with increasing reaction temperature
(which also leads to a lower concentration of sorbed mole-
cules at constant partial pressure) appears to be inconsis-
tent with the above arguments. However, the energies of
activation for cracking via the carbonium ion route are
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higher than those for the carbenium ion route and, thus,
the former reaction will gain sharply in importance with
increasing reaction temperature. At high conversions, the
lower thermodynamic equilibrium concentrations of iso-
butane with increasing reaction temperature might also
lower the selectivity.

The reaction rate varied in parallel to the concentration
of strong Bronsted acid sites as determined by Sawa et
al. (11; the values are included in Table 1) for the present
samples. This indicates that only the strongest acid sites
(i.e., the hydroxyl groups at isolated tetrahedral Al in the
lattice) contribute to the catalytic action of the zeolites
studied (24, 25).

In this respect it is also important to mention that the
pentane isomers were always near to their thermodynamic
equilibrium concentrations over HM 15, HM20, and their
dealuminated analogues. This was not the case with HM10
and is attributed to a slower rate of skeletal isomerization
over this catalyst leading to the preferential formation of
n-pentane. It seems likely that the iso-pentyl-carbenium
ions preferentially dehydrogenate to give coke precur-
sors. Alternatively, these carbenium ions are speculated
to first oligomerize and then undergo consecutive crack-
ing, resulting in an increase in the concentration of pro-
pane in the product stream and a higher rate of coke
formation. We would like to speculate that such reactions
cause the propane/pentane ratio to exceed the theoretical
value of 1 even at low conversion levels.

CONCLUSION

Over H-mordenites, n-butane is mainly converted viaa
bimolecular mechanisms at low temperatures. Hydrogen
transfer is suggested to play a decisive role for the product
distribution. Isomerization and disproportionation are the
main reactions. The relative importance of the two reac-
tion routes depends subtly upon the reaction temperature,
the concentration of acid sites, and the conversion.

In the first step, n-butane is suggested to form a butyl-
carbenium ion by protonation at the strong Bronsted acid
sites and subsequent dehydrogenation. With samples of
low concentration of Bronsted acid sites the butylcarbe-
nium ion is concluded to predominantly react with a bu-
tene molecule to form a sorbed octylcarbenium ion which
subsequently isomerizes. The branched C§ species
cleaves by forming iso-butene and n-butene. The formed
alkenes are readsorbed prior to leaving the zeolite and
undergo hydride transfer with a reactant molecule to form
alkane molecules or a carbenium ion which stays adsorbed
at the catalyst. This carbenium ion takes part again in the
reaction cycle, leaving iso-butane as the only apparent
reaction product (isomerization route).

If the concentration of acid sites exceeds a certain value
(1) alkylation of the sorbed butylcarbenium ion by a butane
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molecule and/or (ii) hydride transfer to a octyl carbenium
ionresulting inan octyl carbonium ion become the domina-
ting reactions. As the charge inacarboniumionis preferen-
tially located on the inner carbons, this carbocation cracks
mainly into propane and a pentylcarbenium ion which
leaves the catalyst as pentane after hydride transfer with a
n-butane molecule (disproportionation route).

At higher reaction temperatures and higher conver-
sions, part of the iso-butane formed is suggested to again
take part in the reaction cycle. That means, it will react
with a carbenium ion by forming a CJ intermediate, which
will finally crack into C; and Cs alkanes, leading to an
increase in the selectivity toward disproportionation.

There is strong evidence that high concentrations of
molecules in the zeolite pores (favored by a high site
density and high partial pressures) direct the conversion
of n-butane toward disproportionation. Thus, it is manda-
tory for a successful n-butane isomerization catalyst to
have a low concentration of strong Bronsted acid sites.
The process conditions should be chosen in a way to avoid
too high concentrations of alkanes in the zeolite pores.
The reaction has to be carried out at low temperatures,
not only because of the thermodynamic limitations to
form iso-butane, but also because at higher reaction tem-
peratures the higher energy of activation makes the dis-
proportionation pathway the preferred reaction route.
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