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The dehydroisomerization of n-butane to isobutene over Pt–
ZSM5 catalysts with a high Si/Al ratio was studied. The catalytic
activity increases with increasing metal loading. Butenes formed
via dehydrogenation over the metallic particles are converted to iso-
butene over the Brønsted acid sites. The molar fraction of isobutene
(in all butenes), which can be taken as a measure for the isomeriza-
tion activity, increases parallel to the acid site concentration, but is
independent of the metal loading. The highest yields of isobutene
achieved at 830 K, at 1.8 bar, and with a feed of 10% n-butane
and 20% hydrogen were approximately 12.5%. The thermodynamic
limit under these conditions is about 22%. The inability to reach the
thermodynamic limit is caused by consumption of the primarily
formed n-butene by secondary side reactions. The major side re-
actions are oligomerization and cracking of butenes over Brønsted
acid sites leading to propene and pentene. Propene that is formed
via this route is hydrogenated to propane over Pt. Consequently,
propane is the dominant by-product at high conversions. The metal
loading has only a minor influence on the selectivity of the catalyst.
c© 1999 Academic Press
INTRODUCTION

Isobutene is a very important intermediate in the petro-
chemical industry, mainly used for the production of poly-
mers (butyl rubber, polybutene, and isoprene) and of
MTBE. In 1984, 1.2× 106 tons (t) of isobutene were used for
the production of butyl rubber, polybutene, and isoprene,
1.0× 106 t for the production of MTBE (1). Currently, the
world demand for MTBE is estimated to be 1.2× 107 t/year,
corresponding to an isobutene consumption of 7.8× 106 t/
year (2). Legislative changes, however, may shift this de-
mand (3).

In the refinery, isobutene is produced in the FCC pro-
cess. As it is a by-product, the capacity cannot be easily ex-
panded. Thus, dehydrogenation of butanes is the prevailing
production route. This route comprises two separate steps.
n-Butane is isomerized, then the isomers are separated by
distillation, and isobutane is passed on to a dehydrogena-
tion unit where it is converted to isobutene. Attempts have
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been made to combine these two steps and to design a cata-
lyst (process) that is able to directly convert n-butane to
isobutene. Two different concepts have been followed, us-
ing either a two-bed reactor with a dehydrogenation cata-
lyst in combination with an isomerization catalyst or a truly
bifunctional catalyst, usually a metal/zeolite combination.
The most successful example for a two-bed system has been
published by Bellussi et al. (4). They used Pt impregnated
on a silylated alumina carrier (with In and Sn as promoters)
as a dehydrogenation catalyst and added a bed of Boralite
B to increase the isobutene yield. Nagata et al. (5) found
good results for a combination of Cr2O3/Al2O3 with MFI-
type metallosilicates with a very high Si/Me ratio of 1000.
Recently, the combination of Zn/K–ZSM5 with H–ZSM22
was reported (6).

With respect to the bifunctional catalysts, mainly zeolite-
based materials have been explored, e.g., Pt–MOR (7), Ga–
LTL (8), and Pt–zincosilicate (9). The highest isobutene
yield (10%) was obtained with a Pt/Re–{B}–ZSM11 catalyst
(10).

It is generally assumed that with a bifunctional catalyst
the dehydrogenation over the metal is the first reaction
step, followed by isomerization over the Brønsted acid sites.
The reaction is usually carried out at elevated tempera-
tures, as a consequence of the more favorable thermody-
namics for butane dehydrogenation. Addition of hydrogen
is not desirable from a thermodynamic point of view, but
it is necessary to prevent extensive coking of the catalyst.
Cracking, hydrogenolysis, and coking are possible side re-
actions that affect selectivity and the lifetime of the cata-
lyst.

The aim of the present contribution is to describe the in-
fluence of the catalyst variables (such as the concentration
of acidic and metallic sites) upon the complex network of re-
actions during n-butane dehydroisomerization. This leads
to clear guidelines for designing the bifunctional dehydroi-
somerization catalyst. As a base case catalyst, we chose Pt
supported on/in H–ZSM5 as preliminary screening exper-
iments and literature reports suggest that it is a suitable
material (9, 11, 12).
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EXPERIMENTAL

Catalyst Preparation and Characterization

The parent ZSM5 materials with a SiO2/Al2O3 ratio of
480, 125, and 80 were supplied by ZEOLYST (sample codes
CBV10002, CBV15014, and CBV8014, respectively). Pt
was incorporated by liquid-state ion exchange. A highly di-
luted solution of Pt(NH3)4(OH)2 (0.1–0.2 mg of Pt/ml) and
ammonia (concentration approximately 2%) was added
dropwise to a suspension of ZSM5 in water (10 ml of H2O/g
of zeolite) over a period of several hours. The addition of
ammonia to the solution slows down the ion-exchange re-
action and is supposed to give a better dispersion of the
Pt complex over the zeolite pores (13, 14). The suspension
was stirred for 20 h at room temperature. The final pH was
typically between 8 and 9. After filtration, the filter cake
was washed twice with doubly distilled water. The sample
was dried, slowly heated in flowing air to 723 K (0.5 K/min),
and kept at this temperature for 2 h to decompose the Pt
complex. After cooling down to ambient temperature, the
calcination tube was flushed with nitrogen. Finally, the sam-
ple was reduced in flowing H2 for 2 h at 773 K (5 K/min) (15).

Samples with Pt loadings between 0.1 and 1.0% were pre-
pared. The samples were characterized by chemical analysis
(XRF), IR spectroscopy, and hydrogen chemisorption. Hy-
drogen chemisorption was carried out in a volumetric sys-
tem. About 1 g of the sample was reduced for 1 h at 823 K in
H2. After reduction, the sample was degassed at 823 K for
1 h in a vacuum (10−5 mbar). The rather high temperature
of 823 K was chosen for reduction and degassing because
the dehydroisomerization reaction was also performed at
high temperatures (830 K, vide infra). After degassing, the
sample was cooled to room temperature and the hydrogen
adsorption isotherm was measured by dosing decreasing
amounts of H2 (in the range of 500–50 mbar) to the sample.
The hydrogen chemisorption capacity was calculated by ex-
trapolation of the hydrogen uptake to zero pressure (16).
In spite of the high temperatures used for reduction, rather
high metal dispersions were measured for all the samples
(see Table 1).

To characterize the Brønsted acidity of the catalysts, IR
spectroscopy was employed. The samples were activated
in situ in a flow of He or H2 (for the metal-exchanged sam-
ples) at 823 K for 1 h and then cooled down to 573 K,
where a spectrum of the catalyst was taken. Different sam-
ples were normalized by the intensity of two bands at 1975
and 1865 cm−1, attributed to the overtones of lattice vibra-
tions. The number of Brønsted acid sites was estimated by
the relative intensity of the ν(OH) band at 3610 cm−1, using
CBV8014 as a reference. For this sample, the concentration
of acid sites had been determined by gravimetry (17) to be

0.400 mmol/g. Since this number was in excellent agreement
with the Al content determined by XRF (0.405 mmol/g),
it was concluded that very little extraframework aluminum
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TABLE 1

Physicochemical Characterization of the Pt–ZSM5 Samples

SiO2/ Al H+

Sample Al2O3 (mmol/g) (mmol/g)a % Pt H/Pt

0.1% Pt–ZSM5(480) 480 0.070 0.021 0.09 >2.0
0.3% Pt–ZSM5(480) 480 0.068 0.023 0.27 1.2
0.5% Pt–ZSM5(480) 480 0.069 0.023 0.46 1.15
0.1% Pt–ZSM5(125) 125 0.257 n.d. 0.09 n.d.
0.3% Pt–ZSM5(125) 125 0.257 n.d. 0.29 n.d.
0.5% Pt–ZSM5(125) 125 0.259 0.194 0.48 0.66
1% Pt–ZSM5(125) 125 0.257 n.d. 0.89 0.72
0.1% Pt–ZSM5(80) 80 0.404 n.d. 0.10 n.d.
0.5% Pt–ZSM5(80) 80 0.404 0.348 0.53 1.2
1% Pt–ZSM5(80) 800 0.409 0.377 1.04 0.74

Note. n.d., not determined.
a Determined by the intensity of the ν(OH) band at 3610 cm−1, using

ZSM5(80) as a reference.

was present and that all the acid sites were indeed Brønsted
acid sites, making the catalyst a suited reference material.

The results of XRF, IR spectroscopy, and hydrogen
chemisorption are summarized in Table 1. In the following
text, the samples will be denoted “x% Pt–ZSM5(y)” where
x is the Pt loading in wt% and y is the SiO2/Al2O3 ratio.

With 0.3% Pt–ZSM5(480) sodium ion exchange was
performed to neutralize available Brønsted acid sites. For
this purpose, the sample was stirred at room temperature in
a 0.04 M solution of NaNO3 for 24 h (the volume was chosen
such as to have a 20-fold excess of sodium ions compared
to the number of acid sites). The suspension was filtered
and washed with water. The degree of ion exchange was
checked by IR spectroscopy.

Catalytic Testing

For the catalytic tests, the samples were pressed, crushed,
and sieved to obtain particle sizes in the range of 300–
600 µm. Then, 10–100 mg of the catalyst were mixed with
about 100 mg of quartz and filled into a quartz tube with
an inner diameter of 4 mm. The catalyst bed had a typi-
cal length of 5–15 mm and was supported on both sides by
quartz wool.

The samples were reduced in situ at 830 K for 1 h in a mix-
ture of H2/Ar (18/82). The oven temperature was controlled
via a thermocouple placed on the outside of the reactor. Two
additional thermocouples were placed on the top and on the
bottom of the catalyst bed to measure the actual tempera-
ture. The difference between these two thermocouples was
not higher than 4 K. The reaction was started by switching
from H2/Ar to the feedstream, which was under standard

conditions a mixture of 10% n-butane, 20% H2, and the
rest Ar. The total flow was between 15 and 180 ml/min.
The outlet pressure of the reactor was regulated by a back



Figures 2 and 3 show the influence of metal loading on
n-butane conversion, butene and isobutene yields, and on
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pressure regulator, usually to 1.8 bar. The pressure drop
over the reactor was not higher than 0.1 bar, in most cases,
much less than that.

The reaction was usually followed for at least 2.5 h. In
the first 10 min on stream, the reactor effluent was stored in
sample loops for later analysis. After 10 min, the reaction
products were analyzed by online gas chromatography. The
samples were simultaneously injected into an Al2O3 PLOT
column connected to an FID detector for measuring the
hydrocarbons, and a combination of a Hayesep C with a
MS5 Å column, connected to a TCD detector, for measur-
ing H2 (and n-butane). Before the reaction was started, the
feed was analyzed via a bypass line. The TCD was used
for the determination of the absolute concentrations of hy-
drogen (bypass and reaction) and n-butane (bypass). It was
calibrated by means of reference gas mixtures. The FID was
used to determine the relative concentrations of all hydro-
carbons during the reaction.

Conversion and yields were calculated on a carbon ba-
sis, using the FID areas Ai and the corresponding response
factors rfi.

Conversion =
[

1− An-C4×rfn-C4

/∑
(Ai × rfi )

]
× 100%

[1]

Yieldi = Ai × rfi

/∑
(Ai × rfi )× 100%

RESULTS

Characterization of Brønsted Acidity

For ZSM5(125), the relative intensity of the Brønsted
(OH) band at 3610 cm−1 was in good agreement with the
relative Al content (using ZSM5(80)=CBV8014 as a ref-
erence; see Table 2), indicating that also here only minor
concentrations of extraframework aluminum were present.
The large discrepancy for ZSM5(480) may be explained by
the large error of both the XRF and the IR measurement
at these low Al contents.

After Pt ion exchange and reduction, the number of
Brønsted sites was reduced by 10–20% (see Table 3).
The sodium-exchanged 0.3% Pt–ZSM5(480) had a relative
(OH) intensity of 0.4, i.e., about 50% of the Brønsted acid
sites had been exchanged.

TABLE 2

Relative Al Content and the Relative Intensity of the ν(OH) Band
at 3610 cm−1 for the Parent ZSM5 Samples

SiO2/Al2O3 480 125 80
Al content 0.173 0.635 1.000
ν(OH) 0.07 0.57 1.00
AN, AND LERCHER

TABLE 3

Relative Intensity of the ν(OH) Band at 3610 cm−1 of the Parent
and the Pt-Impregnated ZSM5 Samples

SiO2/Al2O3 480 125 80

Parent 1.00 1.00 1.00
0.1% Pt 0.73 n.d. n.d.
0.3% Pt 0.81 n.d. —
0.5% Pt 0.78 0.84 0.86
1% Pt — n.d. 0.93

Time-on-Stream Behavior in Dehydroisomerization
of n-Butane

Figure 1 shows the conversion and the yield of the main
products obtained with 0.1% Pt–ZSM5(480) at two differ-
ent weight hourly space velocities (WHSV). At a WHSV of
86 h−1, butane was almost exclusively (96% selectivity) con-
verted to butene and butadiene (about 0.5% yield); 18% of
the butene fraction was isobutene. The catalyst deactivated
with time on stream (the activity decreased by about 30%
with 2.5 h).

At a WHSV= 9.5 h−1, the catalyst was more stable
(Fig. 1b). While the conversion slightly decreased with time
on stream, the yield of butenes was stable at 32%; 36% of
the butenes were isobutene. The selectivity to by-products,
however, drastically increased compared to WHSV=
86 R−1. The main by-products were propane, propene, eth-
ane, methane, pentene, and isobutane (in the order of their
rates of formation; see Fig. 1c). At a WHSV= 86 h−1, the or-
der of by-products1 was propene, methane, ethane, and pen-
tene, i.e., the by-product spectrum shifted in favor of pro-
pane and ethane with decreasing WHSV. For both WHSVs,
the selectivity to by-products, especially to ethane, propane,
and isobutane, decreased, as the catalyst deactivated.

A similar time-on-stream behavior was found for all cata-
lysts measured. All of them showed slow deactivation with
time on stream (not taking into account the induction pe-
riod in the first few minutes). At high conversions, mainly
the by-product formation decreased with time on stream
while constant yields of total butenes and of isobutene were
obtained.

To account for the slow deactivation described above, all
experiments were compared at two points, (i) at zero time
on stream and (ii) after 100 min time on stream, when all
catalysts were in a quasi steady state. Since the same trends
were observed for both methods of analysis, only the steady
state values will be discussed in the following.

Activity for Dehydrogenation and Isomerization
1 Since none of these by-products has a yield higher than 0.4%, they
are not shown in Fig. 1.
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s
FIG. 1. Conversion and yield of the major products in the dehydroi
n-butane, 20% H2. (a) WHSV= 86 h−1. (b–c) WHSV= 9.9 h−1.

the ratio i-C=4 /
∑

C=4 (“isomer fraction”) for two catalysts
ZSM5(480) and ZSM5(125), respectively. The conversion,
the yield of butenes, and the yield of isobutene increased
with metal loading. The small difference in activity be-
tween 0.3 and 0.5% Pt–ZSM5(125) was attributed to the
rather low dispersion of 0.5% Pt–ZSM5(125). The ratio
of isobutene to butene, however, did not vary with metal
loading. With increasing space time, it asymptotically ap-
proached the thermodynamic equilibrium value of 41%.
Note that the material with the higher Brønsted acid site
concentration, i.e., ZSM5(125) approached the 41% ratio
much faster than ZSM5(480).

Figure 4 compares the yields of total butenes, i.e., the
dehydrogenation activity, and the isomer fraction for cata-
lysts with a metal loading of 0.3% Pt, but different acid
site concentrations. Figure 5 shows the same comparison
for catalysts with a metal loading of 0.5% Pt. Both figures

show that (at low space times) the yield of butenes did not
depend on the acid site concentration. The isomer fraction,
however, increased with the acid site concentration.
omerization of n-butane over 0.1% Pt–ZSM5(480): 830 K, 1.8 bar, 10%

The Effect of Conversion on the Selectivity

For all catalysts, the yields of the sum of all butenes and
of isobutene passed through a maximum as a function of
conversion (see Fig. 6 as an example). At higher conver-
sions, the yields decreased at the expense of an increase
in by-product formation. Figure 7 gives an example of the
selectivity to n-butene, to isobutene, and to the major by-
products as a function of conversion. The selectivity to n-
butene extrapolated to a value between 90 and 100% at zero
conversion and the selectivity to isobutene to a value be-
tween 0 and 10%. The initial selectivity to by-products was
close to zero. With increasing conversion, the selectivity
to n-butene decreased, while the selectivity to isobutene
and to the by-products increased. Finally, also the selectivity
to isobutene decreased at the expense of a sharp increase
in the selectivity to propane. Propane dominated the by-

product spectrum at high conversions, followed by propene,
ethane, and isobutane (their order depended on the conver-
sion). The ratios of ethane to ethene, propane to propene,
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n-C4H10 → C2H6 + C2H4 [3]

n-C4H10 → C4H8 +H2 [4]

2

FIG. 2. Catalyst ZSM5(480): (a) conversion, (b) yield of the sum of b
space time (ST) and metal loading (830 K, 1.8 bar, 10% n-butane, and 20
total flow.

and isobutane to isobutene increased with increasing con-
version.

The selectivity was clearly seen to be primarily a func-
tion of the ratio between Brønsted acid sites and accessible
metal atoms. At a constant acid site concentration, the se-
lectivity to propene decreased and the selectivity to total
butenes increased with metal loading. At a constant metal
loading, the selectivity to propene increased and the selec-
tivity to total butenes decreased with increasing acid site
concentration (see Fig. 8). Other variations were too subtle
to be described in detail here.

Butane Conversion over the Parent ZSM5

To evaluate the influence of the zeolite upon the primary
conversion of n-butane, the catalytic activity and selectivity
of the ZSM5 samples were studied. At a WHSV= 10 and
20, under conditions identical to the testing of the bifunc-

tional catalysts, ZSM5(480) gave conversions of only 1.35
and 0.75%, respectively; 0.1% Pt–ZSM5(480) gave conver-
sions of 42 and 31% under the same conditions. The main
tenes (ΣC=4 ), (c) Isobutene yield, and (d) ratio i -C=4 /ΣC=4 as a function of
H2). ST=mcat/(dV/dt), where mcat is the catalyst mass and (dV/dt) the

products of ZSM5(480) were methane, ethane, ethene, and
propene resulting from (protolytic) cracking of butane ac-
cording to Eqs. [2] and [3]2, and butene, formed by acid-
catalyzed dehydrogenation, Eq. [4] (18). Table 4 compares
the rates of by-product formation in the absence/presence
of Pt for two different SiO2/Al2O3 ratios. Generally, the
rate was higher for the metal-impregnated samples, even
at the lowest metal loading. The difference was largest for
propane, ethane, and propene and smallest for ethene and
methane.

n-C4H10 → CH4 + C3H6 [2]
The rates of methane and propene and ethane and ethene formation,
respectively, did not match completely, as expected from the stoichiometry
of the cracking reaction, which means that some secondary reactions were
also taking place.
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tenes (ΣC=), (c) isobutene yield, and (d) ratio i -C=/ΣC= as a function of
FIG. 3. Catalyst ZSM5(125): (a) conversion, (b) yield of the sum of bu
space time (ST) and metal loading (830 K, 1.8 bar, 10% n-butane, and 20%

DISCUSSION

The Bifunctional Reaction Mechanism

As outlined in the Introduction, the formation of iso-
butene from n-butane over Pt–ZSM5 is expected to pro-
ceed via the classical bifunctional mechanism (19). The ex-
perimental observations fully support this. At short contact
times, the total conversion and the yield of butene increased
with metal loading, but were constant for samples which
only differed by the amount of acid sites (Figs. 2–5), sug-
gesting that both depend only on the metal loading. In ac-
cordance with such a model, a Pt-free ZSM5 showed hardly
any conversion of n-butane. Thus, dehydrogenation of bu-
tane to butene is the primary reaction step and proceeds
over Pt.
As the selectivity to isobutene extrapolated to a value
close to 0% at zero conversion (Fig. 7), it is concluded to be
a secondary product. The ratio of isobutene to the sum of
4 4 4
H2).

all butenes (isomer fraction) did not depend on the metal
loading, but on the concentration of acid sites (Figs. 2–5),
indicating that the skeletal isomerization takes place over
Brønsted acid sites.

TABLE 4

Rates of By-product Formation and Rate of Dehydrogenation
in Conversion of n-Butane over (Pt)–ZSM5 (830 K, 1.8 bar, 10%
n-butane, 20% hydrogen, and 100 min Time on Stream)

Rate of formation 0.1% Pt– 0.1% Pt–
(10−6 mol/s · g) ZSM5(480) ZSM5(480)a ZSM5(80) ZSM5(80)a

CH4 0.25 0.9 1.3 2.3
C2H6 0.17 0.8 1.2 4.0
C2H4 0.19 0.2 1.2 1.3
C3H8 0.00 0.4 0.14 4.0

C3H6 0.24 1.0 1.2 10
C=4 0.26 80 1.0 125

a Extrapolated to zero conversion.
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FIG. 4. Symbols: Na=Na-0.3% Pt–ZSM5(480). 480= 0.3% Pt–
ZSM5(480). 125= 0.3% Pt–ZSM5(125). (a) Yield of the sum of butenes
(ΣC=4 ). (b) Ratio i -C=4 /ΣC=4 . 1.8 bar, 830 K, and 100 min time on stream.
Feed: 10% n-butane; 20% H2.

The Thermodynamics of Butane Dehydroisomerization

The dehydroisomerization of n-butane involves two equi-
librium reactions, i.e., the dehydrogenation of n-butane and
the skeletal isomerization of butene.

1H830 K 1G830 K K

n-C4H10 ⇔ 1-C4H8 +H2 131 kJ/mol 17.4 kJ/mol 0.08 [5]
1-C4H8 ⇔ i -C4H8 −16.1 kJ/mol −7.4 kJ/mol 2.93 [6]

If residence time of isobutene in the reactor is high enough,
it can, of course, be rehydrogenated to isobutane. In that
case, also, this equilibrium has to be considered.

1H830 K 1G830 K K
i -C4H8 +H2 ⇔ i -C4H10 −123 kJ/mol −5.5 kJ/mol 2.21 [7]

Equations [5] and [6] show that dehydroisomerization is
N, AND LERCHER

FIG. 5. 0.5% Pt–ZSM5. SiO2/Al2O3= 480 (diamonds); 125 (squares);
80 (triangles). (a) Yield of the sum of butenes (ΣC=4 ). (b) Ratio i -C=4 /ΣC=4 .
1.8 bar, 830 K, 100 min time on stream. Feed: 10% n-butane; 20% H2.
FIG. 6. Catalyst 0.5% Pt–ZSM5(480). Yield of isobutene and the sum
of butenes (ΣC=4 ). 1.8 bar, 830 K, 100 min time on stream. Feed: 10% n-
butane; 20% H2.
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FIG. 7. Catalyst 0.1% Pt–ZSM5(480). Selectivity to the major (by-)
products. 1.8 bar; 830 K; 100 min time on stream. Feed: 10% n-butane;
20% H2.

a combination of an endothermic reaction (dehydrogena-
tion), which is favored at high temperatures, and a slightly
exothermic reaction (butene isomerization), which is fa-
vored at low temperatures. Both equilibria limit the pos-
sible yield of isobutene. Figure 9 shows the equilibrium
concentration of the sum of linear butenes, isobutene, and
butadiene as a function of temperature. If the other param-
eters (pressure and hydrogen-to-hydrocarbon ratio) are
fixed to the values used in the present study, the maximum
yield of isobutene is potentially achieved at 900 K. How-
ever, at this temperature also large amounts of butadiene
will possibly form, which is known to rapidly deactivate
acid catalysts. Therefore, 830 K was chosen as a reaction

temperature. At 830 K, reasonable yields of isobutene can
be achieved (22%), while the yield of butadiene is limited
to less than 2% by thermodynamics.
F n-BUTANE OVER Pt–ZSM5 195

Let us now turn our attention to how the thermodynamic
constraints influence the product distribution observed.
A direct comparison between thermodynamic calculations
and experimental observations has to be done very cau-
tiously, since side reactions are not considered in the cal-
culations. Moreover, the hydrogenation/dehydrogenation
equilibria depend on the concentrations of hydrogen and
butane/butene, which change in the course of the reaction.
A comparison between thermodynamic calculations and
experimental results is feasible, however, if only the C4 frac-
tion of the reactor effluent is considered (i.e., the by-product
formation is neglected) and if the hydrogen partial pressure
is assumed to be constant at 0.36 bar (the feed value). This
is a realistic approximation as the partial pressure of hy-
drogen additionally produced in the reaction network is
marginal compared to the total hydrogen partial pressure.
If the hydrogen partial pressure is constant, the equilib-
rium mole fractions are independent of the hydrocarbon
concentration.

For visualization of how the system approaches the
thermodynamic equilibrium between n-butane, n-butene,
isobutane, and isobutene, a tetrahedron can be used (see
Fig. 10). Every corner of the tetrahedron represents one of
the compounds n-C4 (A), n-C=4 (B), i -C

=
4 (C), and i-C4 (D).

Every mixture of the four compounds is represented by a
point in the tetrahedron. The coordinates of a point X with
the mole fractions xA, xB, xC, and xD (

∑
xi = 1) can be de-

termined from 1−xD= (λ∗µ)/(µ∗µ), where λ is the vector
from point X to the corner D and µ is the normal vector
from D to the opposite plane of the tetrahedron. The three
equations for the three independent mole fractions deter-
mine the coordinates of point X.

The thermodynamic equilibria between n-butane and
n-butene and n-butene and isobutene are represented by
points E and F on the corresponding edges of the tetrahe-
dron. Assuming that the system first reaches dehydrogena-
tion equilibrium and only then the formation of isobutene
starts, the system will follow the line AEG. G repre-
sents the equilibrium between n-butane, n-butene, and iso-
butene.

The reaction data (after 100 min time on stream) are il-
lustrated in the graph using the mole fractions of n-butane,
n-butene, isobutene, and isobutane after normalization to
1 (
∑

xi = 1). A series of data points at increasing conver-
sions show how the system approaches equilibrium for four
selected catalysts (see Fig. 10). All the data points lie in
the corner of the n-butane/n-butene/isobutene equilibrium,
which is further evidence that the reaction proceeds via de-
hydrogenation and subsequent isomerization. The enlarge-
ment of the triangle AEG allows one to monitor how the
metal loading and acid site concentration affect the path-

way of the reaction mixture to thermodynamic equilibrium.

Over 0.5% Pt–ZSM5(480), the reaction mixture first
went into the direction of point E, the equilibrium point
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p
FIG. 8. (a) Selectivity to the sum of butenes (ΣC=4 ). (b) Selectivity to
830 K, 1.8 bar, 100 min time on stream. Feed: 10% n-butane; 20% H2.
FIG. 9. Dehydrogenation equilibrium as a function of temperature.
Pressure set to 1.8 bar. Feed composition: 10% n-butane; 20% H2; 70%
N2. Calculated using HSC Chemistry Version 2.03. Copyright Outokompu
Research Oy, Pori, Finland, A. Roine.
ropene. (c) Summed selectivity to ethane, propane, propene, and pentene.

between n-butane and n-butene, before it bent into the di-
rection of G. The other extreme behavior was observed
with 0.1% Pt–ZSM5(125). The points followed very closely
the line AF where butene isomerization is in equilibrium.
That means that over 0.1% Pt–ZSM5(125) butene isomer-
ization was close to equilibrium from the start of the reac-
tion. The higher the ratio of metal-to-acid sites, the more
pronounced was the tendency to reach first the dehydro-
genation equilibrium before skeletal isomerization starts.
In turn, one can state that the higher the concentration of
acid sites, the closer the curves follow first the line of butene
isomerization equilibrium. At high conversions, the reac-
tion mixture was quite close to the overall equilibrium point
M, including isobutane. The highest conversion shown here
was 73% for 0.5% Pt–ZSM5(480).

By-product Formation
As side reactions consume a significant fraction of the
butenes, it is mandatory to be able to describe and under-
stand these reactions, if the catalyst should be improved.
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FIG. 10. The n-butane/n-butene/isobutene/isobutane equilibrium tetrahedron. (a) Projection of the base triangle. (b) Enlargement of the triangle
AEG. (c) Projection vertical to the base triangle. (A) n-butane; (B) n-butene; (C) isobutene; (D) isobutane; (E) equilibrium between n-butane and

m
n-butene; (F) equilibrium between n-butene and isobutene; (G) equilibriu
four compounds.

Conceptually, three routes of by-product formation are con-
ceivable. Their impact will be discussed in the following.

Cracking of Butane over Brønsted Acid Sites

Protolytic cracking of butane over acid sites leads to the
formation of methane and propene and ethane and ethene,
respectively (20). Ethane and propene were formed much
faster in the presence of a metal (see Table 4). Thus, we

conclude that these products do not originate from cracking
of n-butane over the acid sites. The rates of methane and
ethene formation, however, were similar in the presence
between n-butane, n-butene, and isobutene; (M) equilibrium between all

and absence of Pt, indicating that they are at least partly
formed by acid-catalyzed cracking. As, even at high con-
versions, methane and ethene are only minor by-products
(see Fig. 7), it is concluded that the contribution of n-butane
cracking to the overall by-product formation is only mi-
nor. It increases, however, with a decreasing SiO2/Al2O3

ratio.
Hydrogenolysis/Isomerization over the Metal

In dehydrogenation reactions over nonacidic, supported
metal catalysts, hydrogenolysis and isomerization are the
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TABLE 5

Ratio of Metal-to-Acid Sites

Sample Accessible Pt/H+

0.5% Pt–ZSM5(480) 0.34
0.1% Pt–ZSM5(480) 0.066
0.5% Pt–ZSM5(125) 0.063
0.1% Pt–ZSM5(125) 0.018

main side reactions (21) of dehydrogenation. Hydrogenol-
ysis leads to the formation of methane, ethane, and propane,
metal-catalyzed isomerization and to the formation of iso-
butane (22–25). Also, here, hydrogenolysis is a primary
reaction pathway which competes with dehydrogenation
over the metal. However, the selectivities to possible hy-
drogenolysis products and to isobutane were very low at
zero conversion, less than 1% for 0.1% Pt–ZSM5(480)
while the selectivity to butenes was around 95%; 0.5%
Pt–ZSM5(480) had a higher initial selectivity to methane,
ethane, and propane, but still less than 2% each. This indi-
cates that also hydrogenolysis of butane (like butane crack-
ing) does not significantly contribute to the by-product
formation. The higher rate of methane formation in the
presence of Pt (see Table 5), however, indicates that some
hydrogenolysis takes place. Its contribution to the by-
product spectrum may increase at high conversions since
the competing dehydrogenation reaction is gradually
slowed down as it approaches equilibrium (18).

Secondary Reactions of Butenes

The very low initial selectivity to by-products and the
sharp increase at high conversions (Fig. 7) indicate that
most by-products originate from secondary reactions, i.e.,
reactions of the butenes formed by dehydrogenation over
Pt. Butenes are significantly more reactive than butane.
The reaction of butene on acidic zeolites has been exten-
sively studied (26–35) and reviewed (36, 37). The main
side reaction competing with skeletal isomerization is di-
and oligomerization of the butenes followed by cracking.
The main products resulting are propene and pentene, to
a smaller extent also ethene and hexene and higher hydro-
carbons (see for example, Ref. (37)).

Indeed, propene and pentenes were always found to be
by-products of dehydroisomerization here. The molar ratio
of C=3 /C

=
5 was much higher than 1, indicating that most of

the propene is formed by cracking of larger oligomers than
that of C8 dimers (20, 35) and/or that pentene cracks further
to propene and ethene. The selectivity to propene increased
with conversion, as expected for a secondary product. How-
ever, at high conversions, more propane was formed than

propene (see Fig. 7). This is tentatively explained by the fact
that propene is hydrogenated to propane in the presence
of Pt. The thermodynamic equilibrium ratio of propane to
AN, AND LERCHER

propene at reaction conditions was calculated to be around
70. The experimentally observed ratio was well below that.
It increased with increasing conversion. Thus, we conclude
that propane is mainly formed by the hydrogenation of
propene over Pt.

Similarly, we suggest that isobutane is formed by the hy-
drogenation of isobutene (38) and not by direct isomeriza-
tion of n-butane over the acid and/or the metal sites and that
ethane is formed by the hydrogenation of ethene rather
than by hydrogenolysis of butane. However, low concen-
trations of pentanes and hexanes were found in the prod-
ucts. This is due to thermodynamics. The lower the car-
bon number, the more favorable it is to hydrogenate the
alkene, in line with the decreasing alkane/alkene ratio in
the order C2>C3>C4>C5.

The formation of ethane, propane, and isobutane by the
hydrogenation of the corresponding alkenes was confirmed
by the similarity of the by-product pattern when 1-butene
was converted over Pt–ZSM5 in the presence of hydrogen
(39).

Influence of Metal Loading and Acid Site Concentration
on the Selectivity Pattern

Up to now, dimerization/cracking of butenes over the
acid sites has been identified as the major route of by-
product formation. Moreover, propane and ethane were
identified as products of the dimerization/cracking route.
Thus, the selectivities to these four products were lumped
into a selectivity to secondary cracking, shown in Fig. 8c.
The figure shows that the trend in the selectivity pattern
follows closely the trend in the ratio between accessible Pt
surface atoms and acid sites (see Table 5). The selectivity
to secondary cracking decreases parallel to a increasing ra-
tio of metal-to-acid sites, the selectivity to dehydrogenation
increases.
FIG. 11. 0.5% Pt–ZSM5. SiO2/Al2O3= 480 (diamonds); 125 (squa-
res); 80 (triangles). Ratio of the products of secondary cracking to ΣC=4 vs
the ratio i -C=4 /ΣC=4 . 1.8 bar; 830 K; 100 min time on stream. Feed: 10%
n-butane; 20% H2.
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n-butene is converted
The main route of b

tion/cracking of the pr
DEHYDROISOMERIZATION OF n-BUTANE OVER Pt–ZSM5
SCHE

Catalysts with a high Brønsted acid site concentration
approach the isomerization equilibrium quite fast. The
marked increase in the selectivity to dimerization/cracking
under such conditions is explained by the fact that the net
rate of further isomerization approaches zero, while the side
reactions proceed at an unlimited rate. Consequently, the
lower the ratio of metal-to-acid sites, the lower is the yield
of dehydrogenated products at the point when the selec-
tivity to secondary cracking increases drastically. Thus, it is
concluded that a high ratio of metal-to-acid sites is bene-
ficial for catalyst performance. Note that the highest yield
of isobutene had been achieved with 0.5% Pt–ZSM5(480),
the catalyst with the highest ratio of metal-to-acid sites.

It should, however, be emphasized that the correlation
between the Pt/H+ ratio and the selectivity is only quali-
tative. For example, 0.5% Pt–ZSM5(125) had almost the
same ratio of Pt/H+ as 0.1% Pt–ZSM5(480), but still a
lower selectivity to dehydrogenation. This is due to the con-
tribution of other side reactions, i.e., hydrogenolysis and
protolytic cracking of n-butane. 0.5% Pt–ZSM5(125) has a
higher metal loading and a higher acid site concentration
than 0.1% Pt–ZSM5(480), leading to a higher contribution
of these two reactions and, thus, a lower selectivity. In ad-
dition to these observations, we would like to note that
the initial values (at zero time on stream) of the selectivity
to by-products were higher, but otherwise the same trends
were observed as those for the steady state values.

CONCLUSIONS

The dehydroisomerization of butane proceeds via a bi-
functional mechanism. n-butane is dehydrogenated over
the metal and is then isomerized over the Brønsted acid
sites of the zeolite. The catalytic activity is governed by
the metal loading. The concentration of acid sites, on the
other hand, determines how much of the primarily formed
to isobutene.
y-product formation is oligomeriza-
imarily formed butenes. Cracking of
ME 1

the oligomers mainly leads to propene which in the pres-
ence of Pt is hydrogenated to propane (main by-product at
high conversion (see Scheme 1)). The overall selectivity of
the catalyst is governed by the ratio of metal-to-acid sites.
The higher the ratio, the higher the selectivity to dehydro-
genation and the lower the selectivity to secondary crack-
ing. Thus, a high ratio of metal-to-acid sites is important for
successful catalysts.
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