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A microkinetics simulation method, developed to analyze the ki-
netics of the hydroisomerization of n-hexane, was used to clarify the
cause of the temperature dependency of the Arrhenius activation
energy of the hydroisomerization of short alkanes on a Pt/mordenite
catalyst. It was shown that the model reproduces experimental data.
Parameters have not been adjusted, but originate from independent
experiments. The change toward lower activation energies at higher
temperatures is shown to be due to a decrease in the surface coverage
of the active intermediate. This results in a change in the reaction
order. The simulations prove that in the temperature regime con-
sidered neither intracrystalline diffusion nor single-file diffusion
or a change in the rate-determining step is needed to explain the
temperature dependence of hydroisomerization over Pt/mordenite
catalysts. The measured activation energy changes from the true ac-
tivation energy for hydroisomerization when site coverage is high
to the true activation energy minus the adsorption enthalpy of the
reactant at low coverage.  © 1997 Academic Press

1. INTRODUCTION

In many cases and on different catalytic systems it has
been found that the Arrhenius plot of overall reaction rate
versus temperature is not a straight line. This change toward
lower activation energy with increasing temperature can be
explained in four different ways.

1. A change in the rate-determining step (RDS) for re-
actions proceeding by a sequence of different elementary
reaction steps.

2. Intracrystalline diffusion (1). At lower temperatures
the surface reaction is rate determining, while at higher
temperatures intracrystalline diffusion becomes rate lim-
iting. In this case the true apparent activation energy is
measured in the low-temperature region.

3. Single-file diffusion in one-dimensional zeolite pore
systems. It has been proposed to effect kinetics especially
at low temperatures (2). One of the most recent papers con-
cerning this proposal was published by Liu etal. (3). Exper-
imentally, the Arrhenius activation energy of the overall
hydroisomerization of n-pentane over a PYHMOR cata-

lyst was observed to decrease gradually with temperature.
In the lower temperature range an activation energy of
145 kJ/mol was measured. At intermediate temperatures
an activation energy of 112 kJ/mol was measured, whereas
at the highest temperature range the lowest activation en-
ergy (55 kJ/mol) was observed. It was proposed that at the
lowest temperature the zeolite is filled with n-pentane, re-
sulting in a reaction only using the acid sites close to the
pore mouth. When the temperature is increased, the num-
ber of sites that can be used for the reaction is increased.
The apparent activation energy that is measured in the low-
temperature range of the Arrhenius plot will, therefore, be
higher. When all sites can be reached the lower, true appar-
ent activation energy is obtained.

4. A change in surface coverage of the reactive interme-
diate at increasing temperature and thus the order of reac-
tion. This option can be demonstrated by the well-known
Hougen-Watson rate equation of reactant A (4).

R = krps - Kads,A - fempty - PA = KrDs - A
Kads,A * Pa

Y [1]
14+ Kads,A - Pa

= Krps -
where R is the rate of reaction, krps is the rate constant of
the rate determining step, Kags a is the adsorption equilib-
rium constant of the reactant, fempty is the fractional cov-
erage of empty surface sites, pa is the pressure of reactant,
and 6 4 is the fractional coverage of reactive intermediates.
The fractional coverage of empty surface sites increases
from zero (Kagsa - Pa > 1) toone (Kags a - Pa < 1) with tem-
perature. This implies that the measured overall rate con-
stant changes from the rate constant of the rate-determining
step (Krps) to this constant times the adsorption equilib-
rium constant of the reactant (Krps - Kagsa). At the same
time the activation energy changes from the true activation
energy (Eactirue) t0 the true activation energy minus the
adsorption enthalpy of the reactant (Eacttrue — AHags). The
order of reaction increases from zero to one.
This clearly demonstrates the need to know the real
explanation for the curved Arrhenius plots since the
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determination of the true activation energy of the elemen-
tary step of isomerization will depend on the particular
model used. Here we will present results of microkinetics
simulations to investigate the kinetics of the hydroisomer-
ization of n-hexane to clarify this debate. The dependence
of the activation energy on temperature will be the focus of
the analysis.

2. METHOD

A method similar to the microkinetics method as pro-
posed by Dumesic et al. (5) was used to simulate the ki-
netics of the hydroisomerization of n-hexane. The reaction
mechanism that was the basis of the simulations was di-
vided into elementary reaction steps, according to the Weisz
bifunctional mechanism (6). The simulations generate the
steady-state concentrations of gas phase and surface species
as a function of distance along the reactor, type of catalyst,
and reaction conditions. The rates of elementary reaction
steps, both forward and reverse, were calculated from fun-
damental data such as preexponential factors and activation
energies. The parameters of the elementary rate constants
were taken from the literature, quantum chemistry or es-
timations which were restricted by thermodynamics. None
of these data, however, were derived from experiments on
the hydroisomerization reaction itself. No forward step was
a priori assumed to be rate determining or at equilibrium
with its reverse step. No diffusion was taken into account
in the model. The most important parameters used in the
model are given in Table 1.

The parameters described above and other input param-
eters, such as temperature and flow, concentrations of sites,
and other catalyst characteristics, were used to generate a
set of differential equations describing the gas-phase con-
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centrations and surface coverages as a function of position
z in the reactor. This set of differential equations was then
converted to a set of algebraic equations by the steady-state
approximation. The set was made independant by using
mass balances and were then fed in classical catalytic engi-
neering equations. Since surface species leave nor enter a
volume element Areactor - AZ (Areactor D€ING the reactor sur-
face area), a zero-finding subroutine could be used to cal-
culate the surface coverages. Although surface coverages
were used, the site balance could still be accounted for. De-
tails about the simulation will be presented elsewhere (7). It
was shown previously that it accurately describes the over-
all rate of hydroisomerization of n-hexane under a wide
range of conditions and on different zeolites (7, 8). This
validated model is used to accurately simulate the kinetics
of a Pt/H-mordenite catalyst as a function of temperature
and make a quantitative comparison between experiment
and simulation possible.

3. RESULTS AND DISCUSSION

The main results of the simulations at low and high pres-
sures are given in Figs. 1 and 2, respectively. The temper-
ature range applied is between 220 and 300°C. The label
TOFR, in the figures means that all acid sites are taken into
account to calculate the TOF (turnover frequency = mole
n-hexane converted per acid site per hour). The label
TOFak means that the TOF is based on the number of sites
that are occupied by a reactive intermediate during the re-
action. This reactive intermediate in reactions catalyzed by
acid zeolites is a n-alkoxy species (9). The number of n-
alkoxy sites could be extracted from the simulations (see
Table 2). This is a useful approach since the rate of prod-
uct formation was already shown to be dependent on the

TABLE 1

Values or Ranges of the Most Important Data Used in the Simulation Model

Forward Reverse
Eact Preexponent Eact Preexponent
Reaction (kJ/mol) (mol/mZ,, -s) (kJ/mol) (mol/mZ,, - s)
Adsorption n-hexane 10 14.62 81.9 491 x 108
Dehydrogenation n-Cg 40-55 3.7 x 10°%-1.2 x 108 36-55 2.3 x 10°-5.3 x 107
Protonation to secondary 50 1.5 x 108 130 2.1x 10"
Isomerization n-alkoxy®
Secondary to secondary 132.0 4.1 x 10° 132.0 4.1 x 10°
Secondary to tertiary 140.4 4.1 x10° 176.5 4.1 x10°
Protonation to tertiary 37 3.4 x 108 120 9.7 x 10!
Hydrogenation iso-Cg 26-45 1.3 x 10%-6.9 x 107 40-55 2.5 x 10°-3.7 x 107
Desorption isohexanes 84 1.0 x 10° 10 5.3 x 10742
Dissociative adsorption
hydrogen on platinum 2.4 1.0 x 107328 125 1.7 x 10°

2 Dimension of preexponential factor is m3,./mZ,, -s since the resulting rates are per definition in mol/mZ,, -s.
b Preexponential factor is multiplied by number of possibilities that give a particular reaction.
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FIG. 1. Simulated Arrhenius plot atatmospheric pressure. TOF (),

Eact = 118.0 kd/mol; TOF, (W), Eqe = 129.7 kd/mol.

surface coverage of reactive intermediate in Eq. [1]. The
activation energies are given in kJ/mol.

The simulated conversions were found to range from ap-
proximately 2% at 220 to 50%0 at 300°C. Two different pres-
sure regimes were used. The activation energies obtained
in the range between 220 and 260°C are given in the fig-
ure legends. The low pressure value was within 10% of the
value found in our experiments at atmospheric pressure.
However, at both high and low pressures a temperature-
dependent activation energy is obtained. The simulated
activation energy decreases with increasing temperature
from approximately 126 to 51 kJ/mol at atmospheric pres-
sure and from approximately 113 to 27 kJ/mol at higher
pressure.

Of the four explanations given in the Introduction, op-
tions 2 and 3 can immediately be ruled out as a potential
explanation for the simulated results since no diffusion ef-
fects are taken into account in the model. This leaves a
change in the rate-determining step or a change in reactant
coverage as the explanation. Since the simulations yield the
site coverages of all reactants and intermediates as well as
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FIG. 2. Simulated Arrhenius plot at 30 bar pressure. TOF g (), Eact =
100.0 kJ/mol; TOFyk (W), Eac = 125.7 kd/mol.
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TABLE 2
Validation of Eq. [2], Data at 240°C

Total pressure

Pncg (mbar) (bar) On-alkoxy n Sum
36.0 1 0.930 0.108 1.04
40.2 1 0.936 0.0997 1.04

3.1x10° 30 0.664 0.194 0.86

the rates of the individual elementary steps, it can be used
to distinguish between the two explanations. No major shift
in the rate-determining step as a function of temperature
is found. However, we did see a significant change in the
n-alkoxy coverage of the acidic sites of the zeolite. Confor-
mation of option 4 as the true explanation is obtained, since
aplotof the rate of reaction per occupied site (TOF,k) gives
a straight Arrhenius plot (the lines marked by squares in
Figs. 1 and 2). This demonstrates that the true activation en-
ergy does not change as a function of temperature. This con-
firms that there is no change in the rate-determining step.

In case of Langmuir-Hinshelwood kinetics and 6 ~ 1 or
0 < 1 Eq. [2] is approximately valid (10).

N = (1 — Bn-alkoxy)- [2]

The orders of the reaction were simulated by changing the
appropriate reactant partial pressure at 240°C. The result-
ing orderswere 0.14 and —0.11 at atmospheric pressure and
0.19 and —0.60 at 30 bar for n-hexane and hydrogen, respec-
tively. As Table 2 shows, Eq. [2] is approximately satisfied
at those conditions.

An estimate for the order of the reaction in n-hexane
at other temperatures can be obtained from the computed
site coverage. Thus we find an order of reaction in n-hexane
between 0.03 (220°C) and 0.7 (300°C) at atmospheric pres-
sure and between 0.2 (220°C) and 0.8 (300°C) at 30 bar. It
is also found that the site coverage and therefore the order
according to Eq. [2] is approximately a linear function of
the temperature.

We also recalculated the data of Liu et al. in terms of
TOF,k- The published order of the reaction in n-pentane
at 497 K was used to compute the n-alkoxy coverage from
Eq. [2]. A monotonously decreasing coverage in n-pentane
as a function of temperature was assumed in agreement
with the simulated temperature dependence. The resulting
orders in n-pentane range from 0.18 at 177°C to 0.74 at
250°C. In Fig. 3 the natural logarithm of both the TOF,
and the original experimental points are plotted against
the reciprocal of the temperature. Again a straight line
is obtained when TOF, is used. The value of the “true”
activation energy found is slightly higher than our simu-
lated values. This is due to the fact that the adsorption
enthalpy of n-pentane is slightly lower than of n-hexane.
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FIG. 3. Recalculation of the data points of Liu et al. (3). TOF i (®),

Eact = 135 kJ/mol; Experimental points ().

A strong argument against diffusion being the main reason
for the curved experimental Arrhenius plot is provided and
the importance of the effect of changes in site coverage to
the overall rate of reaction is illustrated.

4. CONCLUSIONS

We demonstrated from a quantitative comparison of sim-
ulated and experimental data that single-file diffusion limi-
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tation is not necessarily the explanation of the temperature
dependence of the Arrhenius activation energy measured
on a Pt/mordenite catalyst. We propose that this depen-
dence is mainly due to changes in the site coverages of pro-
tonated olefins.
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