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The temperature behaviour of transport-reaction systems under-
going single-file diffusion (the particles are not able to change their
order) is investigated systematically. The influence of exchange lim-
itations at the margins, of attraction between the particles, and of a
small possibility that adjacent particles exchange their positions are
considered. The investigation is based on an isoline diagram which
proves to be a very useful tool applicable to any transport-reaction
system. If the channels are crowded, if the intrinsic reaction rate
is large enough so that the total conversion is transport-controlled,
and if the activation energies of the elementary processes of the
transport fulfil certain relations (e.g., if passages of neighbouring
particles are possible with an activation energy higher than the in-
trinsic activation energy of the conversion), then the apparent acti-
vation energy of the conversion in the single-file system can exceed
the intrinsic activation energy. Such a behaviour is impossible for
systems undergoing normal diffusion but was found experimentally
for some single-file zeolites in the literature.  © 1998 Academic Press

1. INTRODUCTION

Chemical conversion with zeolitic catalysts whose trans-
port dynamics follows the laws of single-file diffusion have
recently been the subject of quite a number of both exper-
imental and theorectical studies (1-9). Single-file diffusion
occurs in zeolites with a one-dimensional pore structure as
soon as the guest molecules are too large to be able to pass
each other within the channels (8, 9). This causes a consid-
erable mutual hindrance of the mobility of the molecules,
giving rise to various unusual phenomena.

When Sachtler et al. investigated the temperature depen-
dence of chemical conversions in zeolitic catalysts where the
molecular transport can be expected to exhibit single-file
behaviour, they found that the apparent activation energy
of the total output of these single-file catalysts exceeded
the activation energy of the intrinsic reaction rate (1-3).
This is a surprising result since, within the realm of nor-
mal diffusion, any transport limitation surely reduces this
apparent activation energy. It is even more striking if one
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keeps in mind that the transport limitation due to single-
file diffusion is far more serious than that due to normal
diffusion. However, they were able to give a qualitative
argument, indicating that the observed behaviour could in
fact be the consequence of the single-file restriction (3): The
reduction of the apparent activation energy in the case of
normal diffusion is caused by the fact that, with increasing
temperature, the catalyst gets depopulated. However, in a
single-file system the mobility of the individual particles
depends (much more pronouncedly than in the case of nor-
mal diffusion) on the particle concentration. Hence, if the
temperature is raised, the mobility of the particles increases
dramatically as a consequence of the decreasing density. A
higher mobility, in turn, leads to a higher effectiveness of
the conversion. This effect may eventually overcompensate
for the loss of total particle number. As the result, the to-
tal output of the single-file catalyst increases more quickly
than the intrinsic conversion.

In order to assess this argumentation in a more quanti-
tative way, Monte Carlo simulations were carried out (5).
The single-file diffusion was modelled by an activated jump
mechanism on discrete adsorption sites where double oc-
cupancy was forbidden. It turned out that an unusual acti-
vation energy as described above can indeed occur. Never-
theless, the values of the adsorption energy which had to be
assumed in this study are not very realistic for zeolites.

The present paper investigates a more sophisticated
model of the single-file system than that used for the sim-
ulations of Ref. (5). Further types of interactions which
can be expected to occur in real zeolitic systems are in-
cluded into this model. The aim of our investigation was to
study systematically the influence of these interactions on
the temperature behaviour of the chemical reaction. Spe-
cial emphasis was given to the occurrence of an apparent
activation energy exceeding the true activation energy, and
to the question which of the interactions intensify (or re-
duce, respectively) this enhancement of the apparent acti-
vation energy. The paper clearly concentrates on the basic
features of single-file systems, rather than the far more com-
plicated situation in real zeolite structures. Although, there-
fore, the results cannot be compared quantitatively with the
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observations of particular experiments, they suggest that
single-file restriction may well cause effects like those de-
scribed above.

A procedure able to tackle the posed problem is devel-
oped in (6). This procedure yields the concentrations and
the effectiveness factors for a quite general model of the
single-file system by numerical solution of a set of linear
equations. It allows a larger parameter range to be studied
than by the simulations. The numerical results are repre-
sented by suitable isoline diagrams (5) which then allow
a systematic discussion of the temperature behaviour of
single-file catalysts.

The underlying model is presented in Section 2, introduc-
ing both the parameters (input quantities) and the quanti-
ties to be calculated in order to discuss the temperature
behaviour (output quantities). Section 3 describes in detail
the isoline diagram as the powerful tool used for the dis-
cussion of this paper. It explains how information can be
drawn from this diagram both qualitatively and quantita-
tively. Employing these methods, Section 4 investigates the
temperature dependence of the conversion under single-
file conditions for several cases. Conditions are given un-
der which the apparent activation energy Egp, exceeds the
intrinsic activation energy Erye Of the conversion. The Ap-
pendix gives some remarks concerning the generalizations
that had to be made to the algorithm of (6) in order to suit
the present model.

2. THE MODEL

2.1. Input Quantities

The investigation is based on a discrete model of the
single-file system. It is a generalization of that already used
in (6). The single-file channel is considered as a linear chain
of N adsorption sites, formed by potential troughs as shown
schematically in Fig. 1. An isolated particle (i.e., in the ab-
sence of interactions with other particles) hops from in-
tracrystalline sites to adjacent ones with a rate I, leading
to a single-particle diffusion coefficient

D=I?.T [1]
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FIG. 1. Profile of the channel-particle interaction potential (schemat-

ically). The abscissa i represents the number of the site.
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FIG. 2. Particle—particle interaction potential caused by the particle
O (left-hand side) and resulting total potential felt by particle ® (right-
hand side).

if the sites are separated by the distance I. If the isolated
particle occupies one of the marginal sites it jumps out of
the channel into the surrounding gas phase with the rate
e. A particle from outside jumps onto one of the marginal
sites with the rate «.

The particle—particle interactions are assumed as follows.
As indicated on the left-hand side of Fig. 2, a particle (sym-
bolized by “0™) causes an additional potential which is re-
pulsive at very short distances but attractive at larger dis-
tances. On the right-hand side, the total potential as felt by
the neighboring particle (symbolized by “®”) is given. In
contrast to an isolated particle, the particle “®” is not able
to jump to the site already occupied by the particle “0.”
This causes single-file behaviour because it forces the par-
ticles to maintain their order within the channel. Further, if
the particle “®” tries to jump away from the particle “0,”
it has to surmount an increased potential barrier, whence
the hop rate is reduced from I to wI" with the interaction
parameter < 1.

Up to now, the model represents a single-file system in
the strict sense, where any possibility that particles change
their orderisexcluded. Additionally, we assume that mutual
passages of particles located at adjacent sites can occur with
the rate £T (the particles exchange their positions).

Eventually, there is the chemical reaction, taking place
at the catalytically active adsorption sites. All particles
coming from the gas phase shall exclusively be reactant
molecules. Within the channel, they are converted into
product molecules by a monomolecular irreversible reac-
tion with the intrinsic rate k. The transport properties of
both reactant and product molecules are assumed to be
identical, and there shall be no statistical dependence be-
tween the conversion and the hops.

All the processes described so far are activated, so that
we may assume Arrhenius laws for all the rates

[ = e Ee/RT [2]
oa=a [3]
¢ = ge EM/RT [4]
ol = [e™(BetE)/RT [5]
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T = Efe BX/RT [6]
k — Re—Etrue/RT [7]

with Eg denoting the potential barrier between adjacent
sorption sites (cf. Fig. 1); Enm, the potential barrier to be
surmounted by desorbing particles (sorption heat); E,, the
interaction energy by which a site adjacent to an occupied
site is “deeper” (cf. Fig. 2); Ex, the potential barrier for
passages; Ere, the activation energy of the intrinsic reac-
tion; and RT, the thermal energy at the temperature T. The
number of parameters can be reduced by introducing di-
mensionless parameters, replacing the rates «, ¢, k, and I':

vi= [8]
o
-2
a.= T [9]
k
== [10]

(These definitions are consistent to (5, 6).) Now the mean
time between successive hop attempts of the particles, 1/2T,
simply plays the part of the time unit. The following set of
parameters (all of which fulfil Arrhenius laws, too) repre-
sent the input quantities of our model:

v=10e B/RT withd =&/&; E, = En. [11]
This parameter v, representing the ratio between the des-
orption and adsorption rates, controls (in connection with
the parameter w) the overall coverage ® (relative amount
of occupied sites), where, owing to its definition, small val-
ues of v correspond to large values of ® and vice versa. (A
representation showing the relation between ® and v shall
be found in Fig. 6.)

k = ke B/RT withk =k/2I"; Ex = Eque — Es.  [12]
This parameter « simply gives the intrinsic conversion rate
in terms of the time unit 1/2T":

a=ae®/RT witha=a/2I" Ey = —Es. [13]
This parameter a gives, similar to «, the adsorption rate in
terms of the time unit 1/2T". This parameter will be used
to characterize the particle exchange between the marginal
sites of the channel and the surrounding gas phase:

—E./RT

w = e withe =1, E, = E. [14]

This parameter » controls the attractive interaction of ad-
jacent particles. If w =1 there is no attraction:
£ =£eB/RT with E; = Ex — Es. [15]

This parameter & characterizes the deviation of the sys-
tem from the strict single-file condition: While the ideal
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single-file system implies & =0, an increasing & means an
increasing rate of site exchanges (passages) between adja-
cent molecules.

2.2. Example Values

Of course, the transport mechanisms in real zeolites are
much more complicated than that of our jump model. Nev-
ertheless, we give some example values of the parameters,
providing an idea of realistic orders of magnitude. Unfor-
tunately, there are, up to now, only few measurements of
single-file behaviour reported in the literature.

At first, consider literature values of the activation ener-
gies. For neopentane in Pt/H-mordenite investigated in (3),
an adsorption energy (Em) around 50 kJ/mol was found.
Activation energies of conversions (Ee) were reported
between 105 kJ/mol (neopentane skeletal conversion over
supported Pt in (3)) and around 200 kJ/mol (neopentane
conversion over supported Pd in (2)). Conclusive experi-
mental data of the activation energy Ex of passages could
not be found in the literature, but one might assume rather
high values because the passing molecules have to come
quite close within the narrow pores of single-file zeolites.
MD simulations (12) gave potential barriers (Eg) for small
organic molecules in AIPO4-5 between 3 and 4 kJ/mol. This
is much less than all the aforementioned values.

The rates can be estimated as follows. Reaction rates
k are reported in (2) around k~10"* s7! at about
500 K. Intracrystalline single-particle diffusivities of tetra-
flouromethane in AIPO4-5 were reported to be around
10~ m? s~ (8, 9). This gives, via Eq. [1] with I=7 A for
AIPO4-5, T ~ 10'? s~1. Assuming that the jumps from the
marginal sites out of the channel are activated by the same
mechanism as the intracrystalline hops, one has at 500 K
the ratio /' =exp(—[Em— Eg]/RT)~10~* This gives
e~ 108 s~ If we assume an interaction energy E, of about
40 kJ/mol, one has an interaction parameter of w ~10~* at
500 K. The rate « of adsorption events from the gas phase
might be identified with the number per time of collisions of
gas molecules with an area of the size of the channel open-
ings. This can be calculated by the formula of gas kinetics
(10),

a=—7T __n [16]

V2rmkT

At atmospheric pressure, p~ 10° Pa, and 500 K, one gets
for methane (m-Na =16 g/mol) and AIPO4-5 (A~ 1.7 x
1078 m?) the estimate o ~ 10° s~. Example value for the
dimensionless parameters therefore could be v = e/a ~ 1071
and a=a/2I' ~ 1073,

We stress, however, that the results of this paper will not
be restricted to the special values given here but, corre-
sponding to the aim of the paper, that we will consider the
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behaviour of the model over a range of parameter values
as wide as possible in order to get a comprehensive survey
about its features.

2.3. Output Quantities

The total rate of product molecules put out by the cata-
lyst in the equilibrium of the monomolecular irreversible
reaction be K. Obviously, it can be related via

K = H* -k [17]
to the intrinsic conversion rate k and the mean number H*

of reactant molecules in the catalysts. Assuming Arrhenius
laws for K and H* as well,

K = Ke Ewm/RT, [18]

H* = H*efEH*/RT’ [19]
the apparent activation energy Ea.pp of the total output is
given by

Eapp = En + Etree- [20]

As mentioned in the Introduction, in Fickian diffusion-
reaction systems one always has Eapp < Erye, implying Ep- <
0. In this paper, however, we will be interested in the un-
usual case Eapp > Etue Which can be expressed equivalently
by the condition E:> 0.

Thus, the mean number H* of reactant molecules is the
relevant quantity on investigating the problem posed in the
Introduction. This quantity is related to the effectiveness
factor n and the relative concentration (coverage, occupa-
tion) © by (5)

H* = ©Nn. [21]

3. THE ISOLINE REPRESENTATION

3.1. Qualitative Consideration

If one would intend to study the temperature dependence
of the system as a function of the prefactors and the acti-
vation energies of all the parameters according to Eqgs. [11]
to [12], one were confronted with a much too large number
of adjustable quantities. Therefore, in (5) a quite close rep-
resentation of the system behaviour was introduced which
allows the temperature dependence to be discussed in a
very illustrative and systematic manner. This isoline repre-
sentation was again used in (6). This paper discusses the
properties and the benefit of this method in more detail.

As is seen from the estimates in Section 2.2, in zeolitic
single-file systems the parameters « and v (and, if passages
are considered, &) possess the highest activation energies,
thus showing the strongest temperature dependence. Thus,
itwould be instructive to know the dependence of the quan-
tity H* on « and v at fixed values of the other parameters.
A 3D plot like the example Fig. 3 would provide this infor-
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FIG. 3. Mean number H* of reactant molecules within the channel in
dependence on the intrinsic reaction rate « (in units of the intracrystalline
hop time 1/2I") and the ratio v of desorption and adsorption rates. The
presented behaviour is valid for the case of a rapid particle exchange
between the marginal sites and the gas phase (a=50), the absence of
an attraction between the particles (w = 1), and a strict single-file system
where passages are inhibited (¢ =0). The data of this representation (as
well as those of the following figures) have been calculated by the method
described in Appendix A. Since single-file systems of eight sites have been
considered, the maximum value of H* is equal to 8.

mation. Although this plot is illustrative, it does not suit a
guantitative analysis. Figure 4 shows the isoline represen-
tation for the same set of parameters. The diagram spans
the plane of the parameters « and v. On moving over this
plane in a vertical direction, the intrinsic rate of conversion
changes, while the transport properties of the system re-
main the same. Along horizontal lines, on the contrary, the
concentration and, thus, the transport behaviour changes,
while the intrinsic conversion is fixed. Sloppily speaking, «
thus provides the “reaction axis” and v, the “transport axis.”
Within this (x, v)-plane, the isolines connect all points with
equal values of H*. Like in geographic maps, “steep areas”
(where H* varies strongly with the parameters) have a high
density of isolines and vice versa. The gradient giving the
direction of the main influence is directed normal to the
isolines.

Now, how can the temperature behaviour be read from
this diagram? If E,, «, E,, and v are fixed, both (In «) and
(In v) are proportional to (1/RT). Thus, since the isoline
diagram has log axes, varying the temperature means mov-
ing on a straight line in the («x, v)-plane. Figure 4 shows two
examples of such a “temperature line” for special, fictive
values of the afore-mentioned quantities as broken lines.
The direction of the temperature line is determined by the
ratio E, /E,, while the prefactors k and v translate the line.
A section of the H*-landscape along this temperature line is
nothing else than the Arrhenius plot (In H*) versus (1/RT),
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FIG. 4. The same information as in Fig. 3, presented as isolines of H*
over the plane of the parameters « and v. (Here and in all the following
isoline diagrams, the isolines refer to reactant particle numbers 6.8, 4.6, . ..
down to 0.46.) Since the parameters « and v are temperature dependent, a
variation of the temperature corresponds to a displacement in the param-
eter plane along a straight line, two examples of which are indicated by
the broken lines (- - - -: E, =150 kJ/mol, ¢ = 10%°, E, =50 kJ/mol,  =10°;
----- : E, =37.5kd/mol, & =10°, E, = 150 kJ/mol, d = 10?*). Each of these
“temperature lines” wears two labels, corresponding to the temperatures
300 K (<») and 360 K (OJ), respectively.

valid for the chosen temperature dependence of the param-
eters « and v. The more isolines are crossed by a fixed part
of the temperature ling, the stronger, H* depends on tem-
perature, i.e., the larger is the absolute value of Ey-. If one
crosses the isolines with the increasing temperature in as-
cending order, then Ey- is positive and vice versa. Thus, one
can read from Fig. 4 for one of the examples shown there
(----- ) that En- is positive for values of v smaller than
roughly 0.1 and negative for v larger than roughly 0.1.
(Qualitatively, this resembles, according to Eq. [20], the
break in the Arrhenius plot of K found experimentally in
(3). The possibility of positive values of Ey: confirms that
the apparent activation energy Eqpp Of the total conversion
may exceed the true activation energy Eye Of the conver-
sion.)

Summing up, the situation is as follows. On the one hand,
the isoline diagram reflects the complete information about
the system behaviour at fixed values of the parameters a,
w, and &. On the other hand, the direction and position
of the temperature line contain all information about the
temperature dependence of the parameters « and v. If these
two parameters are the only temperature-dependent ones, a
complete overview about the temperature behaviour of the
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system can be obtained in a very illustrative way by rotating
and translating the temperature line over the (k, v)-plane
and assessing the values of En- in each case. Section 3.2 will
give a quantitative procedure to do this. If the temperature
dependence of one of the other parameters, a, w, or &, can-
not be neglected, one has to consider several isoline dia-
grams belonging to different values of the respective para-
meter. This procedure, too, will be explained in Section 3.2
and exemplified in Section 4.

The causes generating the actual topology of Figs. 3and 4
become obvious in Fig. 5, where the isolines of the concen-
tration ® and the effectiveness factor n, which constitute
H* via Eq. [21], are represented separately.

e The isolines of the concentration ® are parallel to
the «-axis because the concentration does not depend on
k. Every section parallel to the v-axis leads to the func-
tion ® = ®(v), two examples of which are shown in Fig. 6
(above). For small v, the concentration is approximately
constant, whence there are no more isolines in this region,
while the power-law decay at increasing v leads to equidis-
tant isolines.

e A section of the isoline representation of the effective-
ness factor n parallel to the «-axis yields the dependences
n=n(x) shown in Fig. 7. At small «, the reaction is chem-
ically controlled (n =1), while at large « the influence of
the transport processes becomes dominant, leading to a de-
crease of the effectiveness factor with increasing intrinsic
rate.

The landscape of H* is an obvious combination of the land-
scapes of ® and n. According to the respective behaviour of
these two quantities, the («, v)-parameter plane can be di-
vided into four regions, summarized schematically in Fig. 8.

3.2. Quantitative Consideration

With the considerations of the previous section, we got
a qualitative survey of the situation. In Ref. (5), the isoline
representation was used to determine the activation energy
En+ quantitatively by graphical means. Now, we extent this
method in order to faciliate a general discussion.
If we consider H* as a function of the parameters v, a, w,
&, and «, the total differentiation of (In H*) with respect to
(1/RT) gives
dInH* 9InH* 9InH*
B = e = Gina = alne
dlnH dlnH E. [22]

T e = e

where we made use of the Arrhenius laws. Now we try to re-
late the terms of this equation to the information provided
by the isoline diagram.

At first, we consider the regions Il and 1V, where the
effectiveness factor decreases with increasing intrinsic rate
of conversion.
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Illustration of the origin of the topology as shown in Figs. 3 and 4. The “landscapes” of the concentration ® and the effectiveness factor

combine according to the relation H* = ©Nyp—Eq. [21]—yielding the “landscape” of the mean number of reactant molecules. (Again, all isolines for

H* < 0.46 are omitted.)

e In this region, the slope coefficient

aInH*
B:=— 23
dlnk [23]

is sure to be positive. Obviously, it can be read in the isoline
diagram from the mutual distance of adjacent isolines, mea-
sured on a line parallel to the «-axis at the considered value
of v. We will, however, use an alternative way and calculate
the coefficient B from the function n = n(k) by

8'”7” . Etruealnr}

“alnk [24]

B =
E. dlnk

as follows from Eqgs. [21] and [10].

e Further, we choose an arbitrary isoline and consider it
as a function « = « (v), implicitly defined by the condition
(In H* = const). From the total derivative of this condition
with respect to (In v) one gets

dlnH " dInk
dlnk dinv

alnH*_
dlnv

because the other parameters, a, w, and &, are, per defini-
tion, constant on the isoline. Obviously, the quantity

dink
A, = —
dinv

can be read from the diagram as the angular coefficient of
the isolines.

e At last, we take a fixed value of v and consider the cor-
responding point on the chosen isoline. If we now vary one
of the other parameters, say a, this point will be translated
parallel to the «-axis because the isoline pattern changes. If
we consider the k-coordinate of the point as a function of
this parameter a, again implicitly defined by the condition
(In H* = const), we get analogously

[25]

dlnH* " dInk
dlnk dina

alnH*_
dlna




ACTIVATION ENERGY OF SINGLE-FILE CONVERSION

O(v)

0.01 | =

0.001 | E

0.0001 0.01 1 100 10000

0.01 F 3

0.1 F B

0.0001 a.01 1 100
v

10000

FIG. 6. Dependence of the concentration © (above) and the “vacancy
concentration” (1 — ®) (below) on the parameter v for w = 1 (no attraction,
as assumed in most of the other figures, curve ) or w=10"* (strong
attractive interaction between molecules at adjacent sites as assumed in
Fig. 11, curve - - -). The marginal exchange rate (parameter a) and the
possibility of passages (parameter &) do not influence the concentration.

e T T T
n(x) )
.
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v = 10000 —
1 _____ \
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1e-10 1e-8 1e-6 1e-4 1e-2 1
K
FIG. 7. Dependence of the effectiveness factor n on the parameter «

for different values of v. Parameters a, w, and & identical to the previous
figures.
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FIG. 8. Subdivision of the (x, v)-parameter plane into four regions
according to the respective behaviour of the functions ® =®(v) and n =
n(x) (schematically).

According to this calculation, the quantity

din
Aai=

dina [26]

can be read from the displacement of the isolines on compar-
ing isoline diagrams belonging to different values of a (but
identical values of the other parameters). Analogous con-
siderations are true for the parameters w and &, involving
the displacement coefficients

dink
= 27
Ao dinw’ [27]
dink
= . 2
A diné [28]
Introducing all these equations into Eq. [22] gives
En- = B(ALE, + AgEa + ALE, + A:E: — Eo). [29]

Since B > 0, the criterion for Eapp exceeding Egrye reads

AE, + AE. + AE, + A.E; > E,. [30]

In region | one has, according to Eq. [21], H*=N, in-
dependent of the temperature, whence E/,., =0. In reg-
ion 11, H*=©N depends only on the concentration (this
corresponds to the fact that the isolines are parallel to the
k-axis) and decreases proportionally to ® with increasing
v. A calculation analogous to that for regions Il and IV
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yields the formula:

El. = B"(AlE, — E,). [31]
Here, the coefficient
InH* InG
B!l ::_a n :_8 ne [32]
dlnv dlnv

can be obtained from the distance of adjacent isolines along
a line parallel to the v-axis of from the function ® = ®(v),
and the coefficient

n. dinv
A, = N [33]
from the displacement of the isolines in horizontal direction
on varying the parameter w. The parameters a and ¢ do not
appear because the concentration © is neither influenced
by the rate of the particle exchange at the margins (6) nor
by passage events.

4. RESULTS AND DISCUSSION

Now we possess the means to investigate quantitatively
the influence of the individual types of interactions con-
tained in our model, i.e.,

e the marginal barrier, determining the rate of particle
exchange between the marginal sites and the surrounding
gas phase (parameter a);

e the additional attraction between neighbouring parti-
cles (parameter w); and

e the possibility of passages, where—in deviation from
the situation in a strict single-file system—neighbouring
particles exchange their positions (parameter &)

on the temperature dependence of the conversion.

In the example considered so far, the case Ep- > 0 only
occurred in region I11. As will be justified in Section 4.5, the
systematic quantitative consideration can indeed be limited
to this region. As already indicated in Fig. 8, this region 111
is characterized by two conditions:

e The channel is almost completely occupied. This means
that the concentration of vacancies is very low, (1 — ©) « 1
(cf. Fig. 6); i.e., there is most probably not more than one
isolated vacancy within the channel. Thus, the particle trans-
port proceeds according to the “vacancy mechanism” con-
sidered in (11), where any hop of the particles corresponds
to the movement of a vacancy through the entire channel.
This implies that, roughly speaking, the time scale of the
system behaviour is inversely proportional to the vacancy
concentration (1 — ©).
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e The total conversion is transport-controlled. Since with
increasing intrinsic conversion rate k the relative domi-
nance of the transport increases, the effectiveness factor
decreases, so that an/dk < 0.

4.1. The Simple Case

The situation considered in Fig. 4, which served as an ex-
ample for Section 3.1, corresponds to the most simple case:
there is no hindrance of the exchange at the margins (large
a), no attraction of the particles (w =1), and passages are
excluded completely (¢ =0). Let us consider this case again,
this time using the mathematical means of Section 3.2. The
guantities necessary to calculate Ey« via Eq. [29] can be
obtained as follows. The parameters a and » were assumed
to be constant; i.e., their activation energies E; and E,, are
set to zero. Moreover, we assumed £ = £ = 0 which implies
A:=0. In region Il of Fig. 4, the direction of the isolines
gives A, =1. The value of the coefficient B could be read
from the distance between the isolines or from the slope in
Fig. 7. The somewhat distorted curves in Fig. 7, however, in-
dicate that this particular piece of information suffers from
inaccuracies which can be attributed to the small number
of sites, N =8 (which had to be chosen because of numer-
ical problems; cf. the Appendix) (7). Nevertheless, Fig. 7
reveals that the slope of the curves n=n(x) is nearly in-
dependent of v (in this log-log plot, the curves are simply
translated along the abscissa). (Reference (7) gives further
details supporting this point of view.) Particularly, this im-
plies that B can be calculated from the slope at very large
v, even though we are in the region of small v. The case of
large v, in turn, coincides with normal (Fickian) diffusion
because it corresponds to a very low concentration so that
each particle is essentially not influenced by neighbours.
Thus, we can calculate the coefficient B via Eq. [24] from
the well-known expression

tanh®d . .
n= with the Thiele modulus ® oc vk

[34]

(curve in Fig. 9) of normal one-dimensional diffu-
sion, leading in the transport-controlled regime (large k) to
the slope

dlnp 1

dlnk 2
Inserting all this into Eq. [29] gives for the present case

[38]

_ Etrue Ev - EK‘

Ep
H E. 2

[36]

Thus, Ey- ispositive if E, < E, (asinexample---- - of Fig. 4)
while it is negative if E, > E, (as in example - - -). Trans-
lated to the “original” activation energies, Eq. [36] reads

1 Em — E E
Epp = = Eqge-M— et =8

37
2 Etrve — Es 1371
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FIG.9. Dependence of the effectiveness factor n on the scaled in-

trinsic rate k/kg of the conversion for one-dimensional normal diffusion
according to Eq. [34] (curve ) and for a barrier-controlled system
according to Eq. [38] (curve - --).

Since one may assume Eqrye > Eg, the case Epy-> 0 (Eapp >
Eirue) Occurs if Ey + Eg > Ege, i-€., if the sum of the sorp-
tion heat and the activation energy of the intracrystalline
diffusion exceeds the intrinsic activation energy of the re-
action.

4.2. The Influence of the Marginal Barrier

Figure 10 shows the isoline diagram if the particle
exchange rate at the margins is decreased (small para-

1e-12 . T :
1e-10 b
K H* =
1e-08 | E
6.3
1e-06 4
1e-04 J

1e-02

1
0.0001 Q.01 1 100 10000

FIG. 10. Isoline diagram of H* for the case of a reduced particle ex-
change between channel and surrounding (a = 0.5), no attractive particle—
particle interaction (w = 1), and a strict single-file condition (¢ =0).
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meter a). The spacing between the isolines in region 111 is
narrower than in the simple case, indicating that the steep-
ness and thus the coefficient B have increased. In accor-
dance to this, we calculate, analogously to the previous case,
the coefficient B from the well-known function n = n(k) of
the barrier-limited case,

1
= 38
1 1+ Kintra [ ]
(curve - - - in Fig. 9) with the slope
dlnnp
ok~ © (3]

The direction of the isolines, however, is identical to Fig. 4,
whence the angular coefficient again reads A, =1. There-
fore,

Etrue (Ev _ EK) — Etrue EM - Etrue + EB )

E P
T E, Etuwe — Es

[40]

Obviously, the condition Ey- > 0 is fulfilled for the same
relation between the activation energies E, and E, as in
the “simple case” as considered in Section 4.1. Only the
absolute value of Ey- has increased.

4.3. The Influence of the Attraction

In Fig. 11, the parameter o is reduced to 1074, corre-
sponding to a rather strong attraction between neighbour-
ing particles. The borders between the four regions of the
(x, v)-plane have considerably shifted, so that regions | and
Il are even outside the diagram. In the upper part of reg-
ion 111, the direction of the isolines now differs from that
in Figs. 4 and 10, indicating an angular coefficient of A, ~ 2.
Thus,

En: o 2E, — E, = 2Em — Egrue + Es. [41]

This is, in contrast to Eq. [37] or Eq. [40], already positive
if 2Epm + Eg > Etre.

4.4. The Influence of the Passages

So far, we considered the system behaviour at different
values of the parameters a and w, but we always assumed
that these parameters themselves do not vary with tem-
perature. This is reasonable because the activation ener-
gies of these parameters (E, and E,,, respectively) are, for
single-file zeolites, mainly much smaller than E, and E,, as
was seen in Section 2.2. Another situation, however, arises
if passages are considered because one may assume that
the activation energy of this process, Ex, even exceeds the
marginal potential step, Em. According to the calculation
in Section 3.2, we have to compare several isoline diagrams
corresponding to different values of the exchange proba-
bility &. This is done in Fig. 12. If the temperature is in-
creased, one not only moves on the temperature line, but
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FIG. 11. Isoline diagram of H* for the case of a reduced particle ex-
change between channel and surrounding (a=0.5), a strong attractive
interaction between molecules at adjacent sites (w=10"%), and a strict
single-file condition (¢ =0).

additionally one has to step from one isoline diagram to the
next one according to the increasing parameter &.

One observes that in each of the diagrams region 11 is di-
vided into two subregions (region Illato the left and region
I11b to the right, where the separating value of v depends
on the order of £):

e Ifthe parameter v islarge enough (region I11b), the iso-
lines coincide with those from Fig. 4 (¢ =0, given as dotted
lines), whence Eq. [37] is still valid.

e On the contrary, at very small values of v (region I11a)
the isolines become parallel to the v-axis, which implies
A, = 0. This means that the parameter v loses its influence
on the system dynamics. The physical reason is that the
probability of finding a vacancy within the channel has be-
come very small, so that the “vacancy mechanism” becomes
negligible and the passages are the only remaining transport
mechanism. The time scale of the transport is now deter-
mined by the rate of the exchanges, £T. In accordance to
this, one reads, via Eq. [28], A; = 1 from the displacement of
the isolines between the diagrams of Fig. 12 (if £ isincreased
by a factor of 10, the «-coordinate of the isolines increases
by the same factor). Since B (spacing between the isolines)
is identical to that of the simple case, Fig. 4, Eq. [29] gives

Evue Ee —E. _ 1.
— & = 5 Etrue

E. 2 2

EX - Etrue

EH* = _
Etrue — EB

[42]

The condition En- > 0 is now equivalent to Ex > Erge.
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e In the transition range between region Illa and Il1b,
both £ and v have influence on H*, but the respective
strength of the influence is reduced. As was checked explic-
itly, the value of Ey- lies between the values of Egs. [36] and
[42] rather than combining to a value of (E, + E: — E,)/2
which would be higher than in either of the two equations.

Remark. The case & =1 in Fig. 12 corresponds to a sys-
tem with noninteracting particles because passages of the
particles are in no way restricted. This can be considered
as an idealization of normal diffusion (although there is,
of course, a dependence on the coverage and thus on the
parameter v even in zeolites with a three-dimensional pore
structure, where no single-file behaviour occurs). In con-
trast to the single-file system considered so far, &€ =1 is then
a constant, whence A =0. Thus, Eq. [42] becomes En. =
—Eirue/2. This leasds, via Eq. [20], t0 Eapp = Etrue/2, Which
is in complete accordance to the well-known situation in
Fickian diffusion-reaction systems.

4.5. Comparison of the Regions

So far, we only considered region Ill. The question re-
mains whether the situation “Eapp > Etrue” (“En- > 07) can
be found in one of the other regions as well.

e As mentioned in Section 3.2, E},. = 0 is region I. This
means that apparent and true activation energies are equal,
Eapp = Etrue-

e In region 11, one has, according to Eq. [32], B" > 0.
If one compares Figs. 10 and 11 which differ exclusively in
the value of , one sees that A!! < 0 because in the case of
the larger w (Fig. 10) the isolines of region Il are located at
smaller values of v than in the case of smaller o (Fig. 11).
This implies via Eq. [31] that E/}, < 0 throughout region I1;
i.e., in this parameter region the apparent activation energy
is surely smaller than the true one, Eapp < Etree.

e In region 1V, the direction, the mutual distance, and
the displacements of the isolines lie between those of its
neighbour regions Il and Ill. This implies that also Ep-
will be found between the values of these regions. Since
Ell. < 0, the value of Ey- in region IV is therefore always
smaller than in region I11. In most cases, it will be negative
as is indicated by the direction of the isolines.

Thessituation is summarized in Table 1. Thus, the interesting
situation Ey- > 0 can only be expected to occur in region
.

Remark. As a by-product of this consideration beyond
the scope of this paper, one obtains the result that in the
chemically controlled regime (i.e., in regions | and 11, where
transport limitations are negligible because n =1) one has
Eapp = Etrue at lower temperatures and Eapp < Ewe at higher
temperatures, because on increasing the temperature one
will proceed from region I to region I1. The same result was
recently obtained by a microkinetics simulation for hydro-
isomerization catalysed by Pt-mordenite (13). Thisis clearly
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FIG. 12.

v

Isoline diagrams of H* and n for the case of a rapid particle exchange between channel and surrounding (a=50), no attractive particle—

particle interaction (w = 1), and different rates of site exchanges between adjacent molecules which violate the strict single-file condition (different
values of £). For comparison, the dotted isolines indicate the case of the ideal single-file system without passages (¢ =0) as given in Fig. 4.

TABLE 1

Possible Relations between the Apparent Activation Energy
Eapp and the True Activation Energy Eapp in a Transport-Reaction
System

Occupation Occupation
near saturation off saturation
(Ox1) (0©/0v < 0)
Chemical control Eapp = Etrue Eapp < Etrue
(n~1)
Transport control Both Eapp < Etrue Eapp < Etrue
(0n/ok < 0) and Eapp > Etrue

are possible

Note. The four slots of the table correspond to the four parameter
regions shown in Fig. 8.

not in contrast to the possible occurrence of the case Eapp >
Etwwe as considered in Refs. (1-3, 5). Such an apparent
activation energy larger than the true one was shown to
imply transport control while Ref. (13) explicitly refers
to the chemically controlled regime where—according to
the results just presented—this case Eapp > Etrue IS €X-
cluded.

CONCLUSION

The isoline diagram proves to be a very useful tool to
investigate systematically the temperature behaviour of
transport-reaction systems. It was applied to systems where
the transport follows the pattern of single-file diffusion (the
particles are forced to maintain their order). The model was
generalized by the introduction of



524 RODENBECK, KARGER, AND HAHN

0= - k n;
conversion

— a(l —o1) +eo1(l —Qoa) n;”
e S —

adsorption left  desorption left

|
My
—

[(1=Qoj1)0;(1 —0j41)+ (L —0j)0j41(1 — Qoj42) )77,1”
hopj—j+1 hop j «j+1
_ ( 1 =Qon-1)on+ a(l—opn) )n;"
desorption right adsorption right
@loaon j =]
+ (07ea] + 5(1—0'1)(1—'90‘9 {7’](1_01) else
succeeded adsorption left  succeeded desorption left '
0,1 0%0, 40 _
N-1 i+l 1=
+ [(1—-Qoj_1 ) (1l —0j)ojp1+To;(1 —0jq1)(1 — Qoj42) TR =41
= : —— n, T else
succeeded hop j = j+ 1 succeeded hop j «+ j + 1 1
Q1 oN-10 = N
+ (1 =Qon_1)(l—0oN) + aoy {77"”(1—0'\'\ else
—— i >
succeeded desorption right  succeeded adsorption right
- < Coy )77{ '
—~—
passage left
N-1
_ Z fFO'ijj+1 n;
J=1 N, e’
passage J € ; + 1
- Con n;
~—
passage right
eloa oN j =1
+ ST N else
succeeded passage left
Oy lxo 4 - .
N—1 77;+1 ' | A b=
+ 3 Eloj054. 771_01‘” T =g+
J=t /L n; o else
succeeded passage ] ¢ J + 1 :
N ¢ @0‘ oN-il p = N
o
N N else

succeeded passage right
Vo,...,on=0,1;Vi=1,...,N.

FIG. 13. Set of equations determining the mean number H* of reactant molecules within the channel in a monomolecular irreversible conversion
of the intrinsic rate k. The quantities ®°1 °N denote the probabilities of the configurations (o1, ..., on) Of the system, where o tells whether site i is
occupied or not. These quantities are determined by detailed balance. The unknown variables of the set, n1 %i-1*%i+1"°N  represent the probabilities
of the configurations (o4, ...,0i-1,1,0i+1,...,0n), Where site i is occupied by a reactant molecule. Each equation of the set corresponds to one of these
configurations, were the underbraced coefficients give the rates of the transitions which lead out of or into the considered configuration. The physical
processes causing these transitions are indicated by the respective labels. The output quantity, H*, is simply the sum over all the unknown variables.
For a detailed derivation see (6).
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e surface barriers, determining the rate of particle ex-
change between the marginal sites and the surrounding gas
phase,

e an additional attractive interaction of adjacent mole-
cules,

e and a certain possibility of mutual passages of the
molecules, exchanging—deviating from the ideal single-file
system—the positions of these particles.

It turned out that for this model, in striking contrast to sys-
tems undergoing normal diffusion, the apparent activation
energy Eapp Of the total conversion can exceed the intrinsic
activation energy Ee. The difference Ep- between both
activation energies is dependent on the chosen parameters
of the model given by Eqgs. [37], [40], [41], and [42], respec-
tively. These equations relate this difference to the activa-
tion energies of the involved microdynamic processes. A
positive difference En: is possible to occur if

e the channel is almost completely occupied (1 — © <«
1) and
e thetotal conversion istransportcontrolled (dn/dk < 0)

(referred to as parameter region I11). Quantitatively, the
model leads to the following behaviour. In a strict single-file
system where passages are excluded completely, a positive
energy difference Ep- is possible only if the sorption heat is
larger than the intrinsic activation energy of the conversion
(or, if there is a strong attraction between the molecules,
larger than roughly half the intrinsic activation energy). If,
however, there is a certain possibility that neighbouring
particles can exchange their positions, the case Eapp > Etrue
can occur if the activation energy of these passages exceeds
the intrinsic activation energy of the conversion. Estimated
activation energies as given in Section 2.2 indicate that the
case Eapp > Etrue (En+> 0) is well in the range of realistic
conditions.

APPENDIX A

The numerical procedure which was used for this paper is
described in (6), where the interested reader may find a de-
tailed derivation. It yields the mean number H* of reactant
molecules and the mean occupancy ® (output quantities)
dependent on the parameters (input quantities) v, a, w, &,
x,and N. Its essence is a rather huge set of linear equations
which can be solved numerically. Since the set of equations
had to be generalized in order to account for the passage
not yet considered in (6), Fig. 13 shows the set used for this
paper.

By the way, the algorithm is equally able to yield the
mean intracrystalline lifetime tintra, the residence time dis-
tribution ¢(7), and all its moments. Moreover, one gets
all the quantities locally at the individual sites as well, i.e.,
their profiles along the channel, such as the total concen-
tration profile or the concentration profile of the reactant
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molecules. The drawback of the algorithm is the immense
size of the set of equations, which limits, due to computer
memory size, the maximal channel length N to be investi-
gated. Here, as in (6), we have chosen N =8, which, how-
ever, proves sufficient to assess the principal behaviour of
the considered systems.

APPENDIX B: SYMBOLS

A, Angular coefficient of the isolines

A, A,, A: Displacement coefficients

a Dimensionless parameter, defined by Eq. [9]
B Slope coefficient of the isoline diagram

D Single-particle diffusion coefficient

E, Activation energy of the quantity (-)

Eapp Apparent activation energy of the conversion
Etrue True activation energy of the conversion

Eg Potential barrier between adjacent sites

E, Interaction energy

Em Potential barrier at the margins

(sorption heat)
Ex Potential barrier for mutual passages of
molecules at adjacent sites
Total output rate of product molecules
Intrinsic conversion rate
Distance between adjacent sites
Number of sites per channel
Dimensionless parameter, defined by Eq. [8]
Adsorption rate of the isolated particle
Jump rate of the isolated particle
Desorption rate
* Mean number of reactant molecules within
the channel
Effectiveness factor
Coverage (relative concentration, occupation)
Dimensionless parameter, defined by Eq. [10]
Relative rate of passages
Tintra Mean intracrystalline life time
P Thiele modulus
w Parameter of the attractive interaction
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