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Abstract

Density functiona theory enables quantitative computational analysis of reaction intermediates. The cluster approach
makes application to heterogeneous catalysis possible. Two cases, one from transition metal catalysis, the other from zeolite
catalysis will be analyzed. It will be shown that the information obtained on the elementary reaction steps from cluster
calculations can be used to predict the overall rate of a catalytic reaction. In transition metal catalysis CH activation and CO
oxidation will be discussed. In zeolite catalysis methanol activation and the hydroisomerization of hexane are treated.

1. Introduction

Heterogeneous catalytic reactions occur on
solid surfaces. Hence it may seem that heteroge-
neous catalytic site models based on clusters
cannot properly describe the surface chemistry
that is the basis to heterogeneous catalysis.
Clearly those aspects of the reaction that intrin-
sically relate to the presence of the extended
lattice or micropore cannot be described by
cluster models but require full consideration of
the two-dimensional or three-dimensional ge-
ometry. Surface reconstruction and island for-
mation belong to this category. In zeolites the
shape and size of the micropore cavities may
prevent particular reaction paths when transition
states are too bulky.

Hence it is important to discriminate between
those aspects of the reaction that depend on

! communication presented at the First Francqui Colloquium,
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local properties, that often can be treated using
a cluster approach and those aspects of the
reaction that are not.

Here we will discuss this for examples from
transition metal catalysis and solid acid catalysis
by zeolites. In both cases we will use clusters to
analyze the transition states of elementary reac-
tion steps and we will demonstrate how this
information can be used to predict the overall
rate of a catalytic reaction. For the case of
catalysis by a transition metal we will apply
kinetic Monte Carlo methods to analyze the
occurrence of oscillations in the rate of CO
oxidation.

In zeolite catalysis we will simulate the turn
over frequency (TOF) of hexane isomerization
in mordenite and ZSM-5. Here it appears essen-
tial to include the structure of the lattice that
determines the difference in the heats of adsorp-
tion of the reacting molecules.

Clusters are useful in those cases where the
surface-chemical bond is localized and where
boundary effects are well understood.
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Quantum-chemical research on clusters has
become fruitful especialy due to advances in
the development of density functional theory
techniques and the incorporation of gradient
correction terms to the exchange-correlation en-
ergy. Severa computer programs now have effi-
cient procedures to find the geometries that
correspond to stationary points on the potential
energy surface. Within the harmonic approxima:
tion the vibrational norma modes can be found,
so that ground and transition state energies as
well as entropies can be computed.

This enables the application of Eyring's tran-
sition state reaction theory to predict reaction
rate constants [1].

We will start with an analysis of cluster size
dependence and relaxation effects on Pd clusters
[2]. A comparison will be made with slab calcu-
lations using the Car—Parinello method [3].

After the discussion of transition metal catal-
ysis, we will analyze methanol activation using
protonic clusters. We will show how different
reaction paths for dimethylether formation can
be analyzed.
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Theory here appears to be essential for a
proper understanding of carbenium and carbo-
nium ion intermediates [4].

The theoretical concepts will be used in the
following analysis of hexane hydroisomeriza-
tion.

2. Transition metal catalysis

In Section 2.1 we will discuss cluster geome-
try relaxation of Pd clusters. Section 2.2 will
deal with the activation of methane on Co and
Ni clusters.

The fina section illustrates the use of statisti-
ca methods to predict the rate of an overal
catalytic reaction. The case discussed will be
CO oxidation.

2.1. Ste relaxation

Fig. 1 [2,5] shows for a Pdg cluster the
changes in geometry when an H atom or O
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Fig. 1. (&) Pdg, PdgH, PdgzO cluster geometries. (b) Pd,gH cluster geometry. (c) Pd,5O cluster geometry [2].
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Pd18 Pdi18
fixed Opt
Pd-H 1.78 1.75 |
Pd -Pd
local-local 2.75 2.82
local-next neighbor 2.75 2.72

* Three local Pd surface atoms optimized with H.
* Structural reconstruction shifis these atoms 0.15 ang. above the surface.

O/Pdyg

Pdyg

AEads = —385 kJ/mol

Pd 18 Pd; 80
Pd*-pPd * 2.71 2.82
Pd—-Pd* (neighbor) 2.73 2.80
Pd—Pd (next nearest) 2.70 2.69

Pd(ads) pulled up by ~0.09 Ang. from surface
Pd—-Pd Elongated by 0.1 Ang.

Fig. 1 (continued).

atom becomes adsorbed to it. The calculated
results presented here and in the next para-
graphs have been obtained using density func-
tional theory including gradient correction terms.

The magnetic Pd; clusters become largely
deformed by the coadsorbed atoms. The bonds
next to the adsorbed atom change from 0.15 to
0.25 A.

Large bond distance relaxation and adsorp-
tion induced reconstruction effects are common
for small particles. However the changes tend to
become less dramatic when the metal atom
becomes more stabilized by coordination with
more neighbors. This we have aso found for
the interaction of ethylene with very small Pd
particles [6]. For very large Pd,g particles the
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ment of Pd with the additional adsorbing atom.
At low surface coverage this leads to a large
effective volume of the adsorption site com-
pared to the free site inducing local lattice strain.
STM data on C adsorbed to the Ni (100) surface
at low surface coverage append to agree with
this observation [7]. However at high coverage
the expansion in metal-metal bond distance

excellent agreement of the computed adatoms

bond energies with that to a Pd(111) surface,

lattice expansions by coadsorption of H or O
has reduced to only 0.07 A (Fig. 1b), with
indicating that bonding has converged to its
surface value. The increases in bond distances
next to the adatoms are caused by the decrease
of the Pd—Pd bond orders due to the involve-
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Fig. 2. Car—Parinello predictions of the geometries of N overlayers adsorbed to the two different 3 coordinated positions of the (111)

surfaces of Pt [10].
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next to the adsorbate has not been experimen-
tally observed. Large surface reconstruction ef-
fects are usually reported [8] with displacement
of surface atom positions. These changes must
be the consequence of the local strain effects
that tend to interfere at high surface coverage.
Using the Car—Parinello method we have ana-
lyzed the relaxation effect on a 3 layer Pt dlab
with 25% coverage of N [9]. As shown in Fig. 2
very small changes are found in the surface
layer, but a large expansion of the bond dis-
tances perpendicular to the surface. The expan-
sion of the Pt—Pt bonds in the surface is now
prevented because the displacements around dif-
ferent N atoms counteract. The bond weakening
effect now only has consequences between the
Pt-layers resulting in lattice expansions in close
agreement with experiment [9].

One concludes that clusters that simulate sur-
faces can be used best with fixed bond distances
and should be chosen such that boundary effects
are minimized.

2.2. The activation energy and rate constant

From a comparison [11] of chemisorption to
many different clusters we have concluded that
spherical cubo-octahedral clusters of thirteen
atoms reproduce the reactivity of (111) surfaces
reasonably well. The main advantage of these
cluster is the absence of boundary effects, since
al exposed atoms are boundary atoms. In Fig. 3

Fig. 3. Transition state of CH, dissociation on a Ni,; cluster [12].

Table 1
Arrhenius rate parameters for computed rate of CH activation on
M5 clusters [12]

Associative desorption

pre-exponent (m? g~ 1) E, (kJ/mol)
Co 253%x10°° 95
Ni 2.70x10°° 86
Dissociative desorption
pre-exponent (m? g~ 1) E, (k3/mol)
Co 7.24%x1073 92
Ni 853%x10°3 104

such a cluster is shown with the predicted tran-
sition state of CH, to produce adsorbed H and
CH,. Table 1 shows results for Ni as well as
Co. Table 1 shows computed pre exponents as
well as activation energies for the rate of disso-
ciative adsorption and associative dissociation
[12]. The pre exponents to the reaction rate
constants have been obtained by applying
Eyring's reaction rate theory expressions [1].
They can be computed from the partition func-
tions of ground- and transition state that depend
on the computed vibrational frequencies. The
pre-exponents contain information on the mobil-
ity in the transition state. In case there is no
change in entropy between ground and transi-
tion state the pre-exponent is equal to ~ 10%
s~ This is typically found for dissociative or
associative surface reactions. The computed ac-
tivation for dissociative adsorption is within 10
kJ/mol compared to experiment [13]. The de-
crease in activation energy on Co follows from
the larger bond energies of H en CH; to Co.
According to the Polanyi—Bransted relation, the
change in the activation energy is approximately
proportional to the change in reaction energy.
Thisis illustrated in Fig. 4.

One of the most important reasons for the
close correspondence between computed and
experimental activation energies for dissociation
is the proper modelling of the ensemble of
surface atoms required for adsorption of the
fragments after dissociation. Due to the high
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T CH; +H
ads ads

dissociation and association of methane

Fig. 4. Brensted-Polanyi reaction energy plot for dissociative

adsorption of CH, to Ni and Co.

activation energy the contribution of tunneling
to the reaction rate is small. We have estimated
this to be of the order of 2 [12]. For a more
extensive discussion of transition states of small
molecules we refer to [2,14].

2.3. The overall reaction rate of CO oxidation
on a Pt(100) surface [15]

Based on the assumption of ideal mixing of
adsorbed surface species and concentration in-
dependence of the reaction rate constants sur-
face kinetic equations can be formulated and
readily solved [1]. Agreement with experiment
can be made by fitting rate parameters such that
predicted and measured kinetics agree. First
principle prediction of these rate parameters

Table 2

Pressures are given in Torr, prefactors in s™2, activation energies
in kca /mol. &, stands for initial sticking coefficient [15].

Reaction type pS™ pSP gm s

CO adsorption 1-107° 1-3-10"° 08 0.8
0, adsorption 4.10~4 21004 01 0.1

v sim p &P Easc”tn eétp

CO desorption 1-10% 1-3-10% 42 28-38
CO, production ~ 2-10% 10 20 12-24
1x1— hexagonal ~ 1-10° — 25 25
transformation
Nucleation 0.03 — 0 0
Trapping 0.03 — 0 0
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Table 3

Oscillatory regime
simulation

experiment

r(CO ads) < r(O, ads.)
460K <T <540K
period of 150-200 s

r(CO ads) < r(O, ads)
470K <T <510K
period around 200 s

For experimenta values, see e.g. Ref. [18].

requires an understanding how these ‘intrinsic’
parameters, relate to the ‘apparent’ rate con-
stants and interaction energies of the actua
adsorbates on the surface. Statistical methods as
Monte Carlo techniques can be used to predict
the overal kinetics of a reaction, taking full
account of non-ideal surface adsorbate mixing
effects that for instance are the consequences of
adsorbate island formation. Here we will illus-
trate the results of the use of a time-dependent
Monte-Carlo [16] approach to study the temper-
ature dependence of the oxidation of car-
bomonoxide catalyzed by the Pt(100) surface in
a pressure where rate oscillations are observed
[15]. The oscillations are due to a surface phase
transformation from the reconstructed low reac-
tivity Pt (100)-hex phase to the reactive non-re-
constructed bulk terminated Pt(100) phase [17].
The transformation between the two phasesis
modelled by a transition between a cubic and
hexagonal network that occurs when 5 CO
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Fig. 5. Temperature dependence of CO oxidation on Pt(100)
according to Monte Carlo simulations [15]. The upper and lower

limits indicate the maximum and minimum between which the
reaction rate oscillates.
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molecules become adsorbed next to each other
on an ensemble of Pt atoms in the hex configu-
ration. Dissociative adsorption of oxygen only
occurs on the non-reconstructed (100) phase.
When a surface ensemble of 2 Pt sites is free of
adsorbates the (100) transfers back to the (100)-
hex configuration.

Tables 2 and 3 gives an overview of the
reaction rate parameters used. Pre exponents
and activation energies are typical for isolated
surface reaction elementary steps. In the table a
comparison is made between the predicted and

experimental temperature interval [18] where
rate oscillations occur and the computed and
experimental oscillation frequencies.

Fig. 5 gives the temperature dependence of
the surface reaction rate. Initially the reaction is
poisoned by adsorbed O,. When the tempera-
ture increases reaction with CO is initiated and
steady state reaction rate behavior is observed.
At higher temperatures more O, IS reacted,
causing transformations to the cubic configura-
tion so that the reaction rate starts to oscillate.
At higher temperatures the reaction rate de-

Fig. 6. ISand formation through oscillatory regime of CO oxidation [15]. Red areas indicate oxygen adsorbed at the (100) phase, violet areas
are CO adsorbed on the (100) phase and yellow areas indicate (100)-hex phase, with low CO coverage.
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creases because now CO adsorption becomes
rate-limiting.

This approach incorporating phase transfor-
mation and incorporating island formation (Fig.
6 shows the presence of islands at oscillatory
conditions) can be readily generalized to other
systems, with very different energies and rate
constants of elementary reaction steps within
the islands.

3. Acid catalysis by zeolitic protons

In Section 3.1 quantum-chemical cluster cal-
culations on the activation of methanol to pro-
duce dimethylether are presented. Emphasis will
be on the mechanism of the reaction. It will be
shown that a bimolecular associative mecha
nism is to be preferred [19]. In Section 3.2 the
concepts presented in Section 3.1 will be ex-
tended and the modeling of the overall rate of a
reaction is studied. The reaction chosen is the
hydroisomerization of hexane catalyzed by Pt
promoted protonic mordenite and ZSM-5 [20].
The Al /Si rates have been chosen such that the
intrinsic acidities of the protons are the same. It
will be shown that differences in performance
relate to differences in the heats of adsorption of
intermediate hexene which are strongly depen-
dent on the zeolite micropore diameter.

3.1. Proton activation of methanol using cluster
models

On first sight it appears unlikely that protona-
tion of a molecule by a zeolitic proton can be
described well by cutting small cluster from the
zeolite. The answer to this question has been
extensively investigated [4].

The cluster approximation can be applied to
reactions in which the transition state of the
reaction or the reaction products are not con-
trolled by the size of the zeolite micro cavities.
The usefulness of the cluster approximation de-
duces from the covalent nature of the chemical
bonds in a zeolite. Ninety percent of the bond-

ing can be ascribed to covalent interactions, ten
percent to electrostatic interactions.

The proton—oxygen bond in the ground state
is highly covalent. Due to the covaent nature of
the bonds proton addition to the lattice or proto-
nation of a substrate is accompanied by bond
relaxation effects. This bond relaxation can be
accommodated by the zeolite lattice by relax-
ation of the Si—O-Si bond angles. The bending
energy of these angles is only of the order of a
few kJ/mol varying the angle by 10°. Findly it
has been found [21] that three T-atom (three
tetrahedra containing) clusters terminated by hy-
drogen bonds have a deprotonation energy close
to that of a very large OH terminated cluster.

Lacking in small clusters is the possihility to
study composition dependence or the conse-
quences of hydrogen bonding. For the first,
however, successfully larger ring models have
been used [22].

The three T-atom clusters terminates by hy-
drogen atoms can be used to analyze the conse-
guences of acid strength variation by exploiting
the covaent nature of the chemica bond [23].
Fig. 7 illustrates this. By changing the bond

Fig. 7. The zeolitic clusters with shortened or lengthened SiH
bonds.
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length of the SiH bonds, the strength of the
neighboring SIO bonds is varied and hence the
OH bond energy.

Here we will illustrate the use of the cluster
approach to anayze proton activation of
methanol. It is now well understood [4] that
carbenium ions that are intermediates in proton
catalyzed reactions cannot freely exist in zeo-
lites. The main reason for this is the absence of
stabilizing solvating interactions.

CH3 ionsin zeolites however are formed as
part of the complex that is the transition state of
a proton catalyzed reaction [24]. In the ground
state the CH} ion will be bonded as a methoxy
species to the basic oxygen atoms next to Al3*
located in the zeolite wall. These covaently
bonded methoxy species have been observed by
3C NMR spectroscopy [25].

Fig. 8(a, b) show respectively the energy-re-
action diagram and the corresponding interme-
diate complexes for adsorbed methanol (two
different modes), the dissociated product state
and the transition states that are formed along
the reaction path [24]. One notes the carbenium
type structure of the CH} intermediate in the
transition state for C-O cleavage. Proton trans-
fer from lattice to molecule is only observed for
the transition state. The high energy with re-
spect to the adsorbed ground state is due to the
high energy cost of heterolytic OH splitting.
The proton reacts with the OH~ from CH ;OH
to form H,0. The positive charge in the transi-
tion state complex resides on the CH; species
and is stabilized by the electrostatic interaction
with a basic oxygen atom around Al. This elec-
trostatic stabilization partially compensates for
the cost of charge separation when the proton is
transferred from the zeolite to methanol.

The overal reaction-energy diagram to
dimethylether is shown in Fig. 9a[19]. Dimeth-
ylether can be formed by reaction of the ad-
sorbed methoxy species with a second methanol
molecule. The overall activation energy with
respect to the gas phase is seen to be 140
kJ/mol at low CH,OH surface coverage and
may increase to 215 kJ/mol at high surface

coverage. The reaction order will vary between
2 and 0O, dependent on the coverage.

The predicted activated energies are not con-
sistent with experiment. Formation of dimeth-
ylether is an easy reaction that rapidly proceeds
at mild conditions.

We will aso analyze an associative reaction
route, where reactions occur by direct recom-
bination of methanol molecules. The corre-
sponding reaction energy diagram is shown in
Fig. 9b. The ground state is now an associative
complex of two methanol molecules. One
methanol molecule is bonded to the zeolite lat-
tice via a zeodlitic proton. The methanol proton
converts to the oxygen atom of the second
methanol molecules whose proton is bounded to
a basic zeolitic oxygen. The computed infrared
spectrum is consistent with experimental data
by Mirth et a. [26].

The transition state for methanol formation
now corresponds to a Sn, nucleophilic substitu-
tion reaction. Again we observe the appearance
of a carbenium ion intermediate as part of the
trangition state. Now the overall activation en-
ergy varies between 15 kJ/mol for low surface
coverage and 145 kJ/mol at high surface cover-
age, consistent with experimental observations
[27]. Hence one concludes that the associative
mechanism is the path for dimethylether forma-
tion.

We have shown that the methoxy species can
react with methanol to methane and formal-
dehyde by hydride transfer [23]. This process
has a high activation energy and therefore may
become important at conditions where dimeth-
ylether is converted in consecutive reaction steps
to ethylene and aromatics.

By varying the Si—H cluster bond length it
has been found that hydride transfer is strongly
dependent on cluster acidity [23].

The example of dimethylether formation dis-
cussed here illustrates the potential of current
electronic structure computational methods. It is
becoming a predictive tool to study reaction
intermediates and transition states. The main
current limitation is the small size of the clus-



416 R.A. van Santen / Journal of Molecular Catalysis A: Chemical 115 (1997) 405-419

ters used so that zeolite cavity effects and com-
position dependence can be only indirectly de-
duced. The use of Car—Parinello techniques to
the study of zeolite reactivity promises a mgjor
breakthrough in that extended systems can also
be studied with the same accuracy as cluster
models. The major issue to be resolved is the
accuracy of pseudopotentials applied [28,29].

3.2. Modelling the hydroisomerization of hex-
ane [20]

The hydroisomerization reaction was chosen
to analyze kinetics of a zeolite catalyzed reac-
tion. The advantage of this reaction is its stabil-
ity with time. The primary aim of this study was
to demondrate that the turn-over frequency
(TOF) per proton of a zeolite catalyzed reaction
may differ significantly, even when the intrinsic
acid strength of the zeolitic protons is the same.
The experimental work was done with H-
mordenite (Si /Al = 10) and H-ZSM-5 (Si /Al
= 28) [20]. The proton chemical shifts (41 ppm

AN NN = N\ AU T H

2

+ Pt
\%/ H2<— \*/

Fig. 10. The bi-functional hydroisomerization reaction mechanism
[20]: (a) hexane/hexene equilibration catalyzed by Pt; (b) hexene
protonation; (c) isomerization; (d) deprotonation; (e) iso-
hexene,/ iso-hexane equilibration.

with respect to TMS) and OH frequencies ( ~
3610 cm™?) for these materials were the same.
The mechanism of the hydroisomerization reac-
tion is described by the kinetics scheme shown
in Fig. 10. Platinum serves to equilibrate hexane
and hexene (steps a and e). Conditions during
the reaction are such that the partial pressure of
hexene is so low that deactivating oligomeriza-
tion reactions are suppressed. Once hexene is
protonated (step b) it isomerizes (step c). After
reaction the proton is backdonated and iso-
hexene desorbs (step d), to be hydrogenated
over platinum. At high H,/hexane ratio and
large Pt/H™ ratio equilibration by platinum is
fast and the rate-limiting step of the reaction is
the rate of isomerization of protonated hexene.
Under those conditions one deduces the follow-
ing expression for the rate of hexane isomeriza-
tion:

d[isohexane]
dt
K& Ko ([hexane] /[H,])
Ko 13 Ko Koy~ ([xane] /[H,])
(1a)

[hexane]

=k, - Kaejs'Keq'W
2

O0<n<1
(1b)

ki IS the rate of isomerization of protonated
hexane, KF. is the equilibrium constant of
protonation of hexene and K, is the equilib-
rium constant of the hexane/hexene equilib-
rium. Fig. 11 shows the large dependence of the
heat of adsorption of akanes to zeolite struc-
ture. Hence K2, may be expected to be strongly
zeolite structure dependent. The heat of adsorp-
tion and alkanes and alkenes do not differ more
than 1 kJ/mol. One finds a correlation of the
heat of adsorption with the micropore diameter.
For zeolite micropore diameter in excessof 5 A,
it decreases with micropore diameter for mor-
denite and ZSM-5; the measured values are
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Fig. 11. Computed heats of adsorption of C,H,,,,, hydrocarbons
on zeolites with varying pore size dimensions [30].

respectively 72 and 83 kJ/mol. The heat of
protonation of hexene can be considered as the
sum of two terms (see Fig. 12):

A Hprot.gas =A Hads +A Hprot.ads (2)

AH, is the heat of adsorption of hexene with
respect to the gas phase and AH, s IS the
heat of protonation of adsorbed hexene. A H_,
is the heat of adsorption of hexene due to the
dispersion interaction of hexene with oxygen

| v
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A}I[)l‘m}ads | }
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Table 4

Eact.true = Eact.app + n[A Hads, n=C6 +A Hprot,ads +A Hdehydr]
[20]

Zeolite Eads, n=C6 A Hprol,ads

A Hdehydr %C[,UUE

(kd/mol)  (k3/mal)  (kd/mol)  (kJ/mol)
MOR 7.19 80 —114.8 1252
ZSM-5 82 80 —-114.8 126.6

atoms that form the wall of the zeolite micro
cavities.

The energies of protonation of adsorbed
alkenes can be considered independent of the
zeolite structure. No measured values are avail-
able. However accurate theoretical estimates ex-
ist [31] and their values are around 80 kJ/moal.
Hence for mordenite and ZSM-5 the protonation
energies of hexene with respect to the gas phase
become 152 and 163 kJ/mol, respectively. Note
that this difference in protonation energy is due
to the difference in the heats of adsorption of
hexene.

AH,yq4, the heat of hexane/hexene equilibra-
tion can be found from thermodynamics. This
enables the determination of E., s, from mea-
sured reaction orders and apparent activation
energy:

Eact,app = Eact,iso + I’I(A Hprot,gas+ A thdr) (3)

The results are summarized in Table 4.
The predicted values of E,, ;g of 126 kJ/mol
is considerably higher than found for isomeriza-

G-complex

Fig. 12. Reaction energy scheme of isomerization of an olefin by zeolitic proton (kJ/mol). The w-adsorbed state of olefin has not been

included [20].
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tion reaction in superacidic homogeneous me-
dia. Thereits valueis typicaly 30 kJ/mol [32].
The main reason for the high vaue of the
activation energy for the elementary step of
isomerization of the protonated hexene molecule
in a zeolite is the strong covalent bond of the
alkoxy complex of protonated hexene and the
basic zeolite wall oxygen atoms locates around
aduminium. The O,e—Cy,,, bond has to be
broken so that isomerization can occur in the
carbenium type transition state.

We have developed an adsorbate kinetic
model [20] based on the concepts so far intro-
duced and find that the differences in measured
TOF's expressed per proton due differences in
zeolite structure can be completely understood
on the basis of the differences in the heats of
adsorption of reacting molecules. This can be
considered a microscopic basis to Derouan€e's
confinement model [33].

4. Summary

Reaction rate constants of surface chemical
reactions can be calculated from first principles
using clusters representative of the catalytically
active site. Current quantum-chemical calcula
tions enable the prediction of the geometry and
energy of ground- and transition states of ad-
sorbed reaction intermediates. Once the corre-
sponding normal-mode frequencies have been
computed Eyring’s transition state reaction rate
theory can be applied to compute the reaction
rate constants from the ground state and transi-
tion state partition functions. To complete the
overal rate of the reaction a kinetic scheme
according to the reaction mechanism has to be
composed. Statistical techniques like the Monte
Carlo method can be used to incorporate non-
ideal mixing behavior of the adsorbed surface
phase. In case lateral interaction effects can be
ignored these equations can be directly inte-
grated to predict reaction orders and apparent
activation energies.
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