JOURNAL OF CATALYSIS 79, 222-226 (1983)

Constant-Coke Arrhenius Plots: A Diagnostic Tool

The presence of coke, highly unsaturated
hydrocarbons produced by unneeded side
reactions and strongly adsorbed on the cat-
alyst, is known to decrease the activity of
the catalyst. However the role of coke in
the deactivation is not straightforward. If
the coke molecule is adsorbed on a site
hitherto active in the desired reaction, the
catalyst loses activity because the site has
been taken out of circulation. This is
termed deactivation by direct site suppres-
sion. Phenomenologically, the intrinsic rate
constant (on a total catalyst volume basis,
for example) is decreased. On the other
hand, the presence of coke molecules ad-
sorbed on pore walls increases the resis-
tance to mass transfer inside the catalyst
pellet, decreases the concentration of reac-
tant in the fluid phase above an active site,
and thereby decreases the rate of reaction.
This is termed deactivation by pore chok-
ing. Phenomenologically the effective diffu-
sivity of the reactant inside the catalyst pel-
let decreases.

The two effects are not mutually exclu-
sive; both or neither could be significant un-
der appropriate conditions. Some data on
deactivating catalysts show a rapid initial
loss of activity followed by a slow and per-
sistent decrease. The initially rapid drop
could be interpreted as being caused by di-
rect site suppression, since only a single
coke molecule would be sufficient to tie up
a single active site. The slow decrease
could be caused by a monotonically in-
creasing choking of the pore.

It is important to know which phenome-
non is the predominant one in causing deac-
tivation by coking. If both are important as
suggested above, it is important to know
the time on stream and/or coke level at
which the transition may be considered to

occur. This is because changes in catalyst
preparation required to minimize direct site
suppression may be very different from
those required to minimize pore choking. It
is even possible that what decreases one
effect may increase the other, so changes
that are successful under one set of feed,
catalyst, and reaction conditions may be
spectacularly unsuccessful under another
set of conditions.

Assignment of one or the other phenome-
non to deactivation by coking requires the
separate evaluation of the intrinsic Kinetics
and the effective diffusivity at the reaction
temperature, pressure, and fluid phase
composition as a function of coke level on
the catalyst. Then a decrease in the intrin-
sic rate constant with increasing coke level
might imply direct site suppression, while
pore choking may be inferred if the effec-
tive diffusivity decreased with coke level.
Needless to say the rate constant evaluated
must be that of the actual reaction, since
active sites may differ for different reac-
tions. Similarly the effective diffusivity
must be that of the reactant, since pore in-
teractions with small probe molecules may
be significantly less important than with
large complex molecules. In general, how-
ever, the rate constant and effective diffu-
sivity are coupled through the effectiveness
factor and the Thiele modulus. Hence iso-
thermal activity data, such as conversions
at various times on stream or coke levels,
do not yield the information required.

This work shows how modification of a
technique recently reported by Wan () can
be used to evaluate separately (pseudo-)
first-order intrinsic rate constants and ef-
fective diffusivities of the reactant under
actual reaction conditions. Using the origi-
nal technique, Wan was able to estimate
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effective diffusion coefficients of aromatic
and naphthenic compounds over an un-
coked zeolite catalyst while the cracking re-
action was in progress. Repeating this for
various types of zeolites, he was able to
relate the effective diffusivity to the critical
molecular size of the window aperture of
the zeolite. We show below that a great
deal more information can be extracted
with a proportionately smaller increase in
effort. The outcome here is primarily a rec-
ipe for qualitative assignment of pore chok-
ing and/or direct site suppression to any
given deactivation by coke. More detailed
quantitative results for a specific case will
be published later.

The modified technique is as under.
First-order (observed) rate constants for
the overall reaction (kus) and the percent-
age of coke on the catalysts (C) are ob-
tained for various times on stream in an iso-
thermal reactor, and the experiment is
repeated at several temperatures (7). The
kos—C—T data are recast into a set of Ar-
rhenius plots (In kg vs 1/T), each plotted at
a different but constant value of C. Then
the work of Aris (2) and others predicts that
two asymptotic straight lines can be drawn
through the data, at sufficiently high and
sufficiently low temperatures in turn. Two
such sets of straight lines are shown in Fig.
1. At temperatures low enough that the

SPeTTT

Ta 1/ T—

Fi1G. 1. Arrhenius plots at two different levels of
coke on the catalyst. The coke level increases from
curve a to curve b.
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overall reaction in the largest catalyst parti-
cles is governed by intrinsic Kinetics on the
catalytically active sites, the observed rate
constant can be set equal to the kinetic con-
stant, kg, assumed first order, i.e.

kopsa = k. (1)

At temperatures high enough that the over-
all reaction in the smallest catalyst particles
is governed by diffusion through the pores
and intrinsic kinetics

kobsd = kK/d) (2)

Here & is the generalized Thiele modulus
for the collection of particles

& = l(kg/De)? (3a)

where [ can be considered as an average
particle dimension

[ = [PrdlifPnd (3b)

and D, is the effective diffusivity of the
reactant in the catalyst pore. In Eq. (3b) the
limits of integration are from 0 to o, and
mAl is the number of particles of size be-
tween [ and | + Al. Equations (3) are de-
rived by adding contributions to the total
reaction rate from particles of all sizes.

For a given coke level, extrapolating the
asymptotic straight lines corresponding to
Egs. (1) and (2) results in their intersection
at a point (kin, Tine) 2s shown in Fig. 1. At
T, the right-hand sides of Eqs. (1) and (2)
must be equal to each other and to ;. This
yields values of kx and D, at a particular
temperature (T;,) and for the given coke
level as

kg(Tint) = king (4a)
De(Tid) = (D? kine. (4b)

The temperature dependence of kx and D,
can be obtained by noting that the slopes of
the low-temperature and high-temperature
asymptotes, mg and mp, respectively, are
related to the activation energies Ey and Ep
of the rate constant and diffusion coeffi-
cient, respectively, via

mg = —EK/R (Sa)



224

and
mp = —(Ex + Ep)2R. (5b)

In terms of the parameters kin, Tini, 7k, and
mp, the intrinsic rate constant and effective
diffusivity can be written

k(T,0) = kn( Chexp| - ’;Kég]
exp[mK;C)] (6a)
D(T,0)
= (I kim(C)exp[mK(CTi;(é;nD(C )]
exp[— m(C) - 2mD(C)]_ 6b)

If this is repeated for a series of coke levels,
only two of which are shown in Fig. 1, the
variations (if any) in kx and D. with the
level of coking can be ascertained. The rel-
ative magnitudes of these changes can be
used to indicate the relative importance of
direct site suppression and pore choking as
the causes of the deactivation. If the deacti-
vation is governed by one effect upto a cer-
tain coke level and the other effect at
greater coke levels, as suggested earlier,
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FiG. 2. Constant coke Arrhenius plots expected
when deactivation is by pore choking only. The rate
constant is independent of coke level and the diffusion
coefficient decreases with increasing coke. All inter-
section points fall on a line of slope my, i.e., on the
low-temperature asymptote.
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Fig. 3. Constant coke Arrhenius plots expected
when deactivation is by direct site suppression only.
The diffusion coefficient is independent of coke level
and the rate constant decreases with increasing coke.
All intersection points fall on an approximately hori-
zontal line, i.e., the value of k;,, is approximately inde-
pendent of the coke level.

that too can be observed by this technique.

Criteria which determine if either kx or
D, decreases with increasing coke level
while the other is constant can be obtained
as under. If kg is independent of C while D,
is a function of C, i.e., if deactivation oc-
curs by pore choking, then

gflln/_TI:,S = mg = constant. @]
In words, this implies that the low-tempera-
ture asymptote has a slope that is un-
changed as the level of coke increased. Fur-
ther, the locus of the intersection of the two
asymptotes lies on the low-temperature as-
ymptote. These criteria for deactivation by
pore choking are illustrated in Fig. 2.
On the other hand, if D, is independent of
C while kg decreases with increasing C,
i.e., if deactivation is by direct site suppres-
sion, then

d ln kint
d(l/ Tint)

The term (myx — 2mp) is of course the acti-
vation energy for diffusion, Ep/RT, which is
normally a small number. Hence the locus
of the intersection of the two asymptotes is

= 2mp — mg = constant. (8)



NOTES

an approximately horizontal line. These cri-
teria for deactivation by direct site suppres-
sion are illustrated in Fig. 3.

Data of ks~ C—T are difficult to come by
in the literature. Two examples are given in
Figs. 4 and 5. Interestingly, neither of them
has the qualitative form of Figs. 1-3.

Figure 4, from the data of Ozawa and
Bischoff (3), represents a situation where
the adsorption enthalpy overshadows the
intrinsic activation energy of the reaction,
leading to observed reaction rates decreas-
ing with temperature. Here the reaction
controls the process at higher tempera-
tures. Aside from that, the treatment of the
data is unchanged. Since there are only
three data points for each coke level, any
asymptotes drawn must be viewed with ex-
treme caution. However the lines drawn in
Fig. 4 would appear to meet the criteria of
Eq. (8) rather than those of Eq. (7). In other
words the deactivation in this case is proba-
bly due to direct site suppression. This is
not inconsistent with the conclusions
reached by Ozawa and Bischoff.

Figure 5 is taken from the data of
Langner (4). At sufficiently low tempera-
tures, the observed rate constant decreases
with temperature, but this is followed at
higher temperatures by a dramatic reversal
of the trend. Only a second reaction or set
of reactions in parallel with the first can ex-
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F1G. 4. Data of Ozawa and Bischoff (3). The positive
slopes of all lines indicate strongly exothermic adsorp-
tion. Note that the ki, values as drawn are indepen-
dent of the level of coke.
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F1G. 5. Data of Langner (4). The increasing slopes of
the low-temperature asymptote lines with increasing
coke indicate adsorption-controlled reactions. The
high-temperature asymptotes indicate the presence of
parallel reaction(s). The vee-shaped nature of the as-
ymptotes is not observed when the data are plotted at
constant times.

plain this effect. Since the transition tem-
perature is around 280°C, the parallel reac-
tions are probably not those of the
homogeneous uncatalyzed gas phase. Fur-
ther the activation energy of the parallel set
increases with coke level, not what is ex-
pected for a homogeneous reaction.

The foliowing conclusions may be ar-
rived at. For ‘‘conventional’ relations be-
tween the observed reaction rate and tem-
perature, the constant coke Arrhenius plot
technique allows us to determine whether
deactivation by coking occurs via the direct
suppression of active sites or by choking of
the pores. If both effects are observed, this
technique would ascertain the conditions
under which one or the other effect pre-
dominates.

“‘Unconventional’” relations show up
dramatically with this approach, as demon-
strated by Figs. 4 and 5. In these cases, the
use of this technique may be able to shed
some light on the mechanism of the reac-
tion and its dependence on the coking level.

It should be noted that if the data of Fig.
5 were recast as Arrhenius plots at constant
time (not shown) rather than constant coke
level, the Vee-shaped curve would not be
observed. This emphasizes the diagnostic
usefulness of this technique even (or espe-
cially) in cases when the mode of deactiva-
tion cannot be obtained from them in a
straightforward manner.
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