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A general kinetic model which describes the catalytic cracking of pure hydrocarbons is pre-
sented. The model includes a monomolecular cracking path based on the Langmuir adsorption
1sotherm as well as a bimolecular path, following Rideal kinetics, which accounts for the possibility
of a chain cracking mechanism being involved. Catalyst decay is accounted for using the time-on-
stream decay function. Fitting of experimental data from n-nonane cracking on USHY at 673 K.
combined with Monte Carlo simulations indicates that, in that case, the total catalytic activity
could include between 0 and 90% of activity due to chain processes. This large margin of error
stems from the combined effects of a large decay rate. forcing the experimenter to use average
conversion data, and of experimental error. Fitting of the model to previously published cracking
data for 2-methylpentane on USHY showed that the model lacks a suitable parameter to account
for thermal reactions which were not accounted for in the original data set. This observation
supports the impression that the model is sensitive to departures from the postulated mechanism.
The above kinetic model has also been fitted to the results of n-nonane cracking at three tempera-
tures as well as to previously published data for various other linear paraffins. In all these systems
the parameter A,, which is a function of the bimolecular cracking rate constants. is found to be
statistically insignificant, in spite of other experimental evidence which supports the existence of
this route of cracking. Parametric analysis of the n-nonane conversion results suggests that catalyst
surface composition is very sensitive to temperature due to a large difference in the enthalpy of
adsorption between the reactant and the average product of cracking. As temperature is increased.
the reactant competes more successfully for active sites, with the result that the relative impor-
tance of monomolecular cracking processes increases with temperature at the expense of bimolecu-
lar reactions. The rate of cracking per crackable bond was also considered. We present arguments
that previous reports of increased cracking rate per bond as chain length of the feed molecule is
increased are due 1o the use of inadequate models of the kinetics involved, rather than constituting

a real phenomenon. @ 1993 Academic Press. Inc.

INTRODUCTION

Mechanistic studies of catalytic cracking
on zeolites have suggested that two modes
of reaction are required to explain the prod-
uct distribution observed: monomolecular
protolysis on pristine Brgnsted acid sites on
the zeolite framework and bimolecular re-
actions between an adsorbed carbenium ion
and a gas-phase reactant molecule (/—4).
The latter mechanism constitutes a bimo-
lecular reaction between an adsorbed prod-
uct of cracking and gas-phase molecule of
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the feed (4, 5) and is the ‘‘chain’’ mecha-
nism of cracking. While evidence from vari-
ous experimental studies in the literature
suggests cracking occurs via both mecha-
nisms, their quantitative importance to the
overall kinetics has not been rigorously as-
sessed. Previously, the kinetics of n-hexa-
decane cracking (6—8) and of other linear
paraffins in the C¢—C ¢ range (4, 9-11) was
modelled assuming a monomolecular pro-
cess and a Langmuir isotherm, as well as
with a simpler first-order model (/2). Mc-
Vicker et al. (13) proposed an entirely dif-
ferent kinetic model for the reaction of iso-
butane based on the reaction being
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propagated via surface-stabilized radicals.
With the general acceptance of surface car-
bocations as the intermediates in catalytic
cracking, this model has not been given fur-
ther elaboration in the literature.

Both the monomolecular Langmuir-
based model and the simple first-order
model have been used to support mechanis-
tic conclusions about the cracking reaction.
At the same time, it has been shown in
other studies (/, 2, 13, 14) that a chain
cracking reaction is important with C4 par-
affins. Furthermore, Abbot and Wojcie-
chowski (9) presented experimental data
from the cracking of various branched Cq
paraffins in which an induction period in the
conversion versus time-on-stream curves
was clearly visible. Bimolecular reactions
have also been shown to be important in the
reactions of olefins (/5) on USHY and to a
lesser extent with cumene (5) on various
solid-acid catalysts.

In this work the simpler models previ-
ously used to describe hydrocarbon crack-
ing kinetics are elaborated to yield a new
model which includes the possibility of
cracking via a chain mechanism. Decay is
accounted for using the time-on-stream ap-
proach to decay (5, /6). A simpler model
involving both monomolecular and bimo-
lecular cracking was recently proposed by
Haag et al., who did not take into account
catalyst decay. That model is also accom-
modated by this, more general approach
(17). Our general model therefore encom-
passes all earlier monomolecular models
presented in the literature and accommo-
dates most of the currently discussed mech-
anisms of catalytic cracking. The model is
examined using simulation in order to show
what conditions may allow us to discrimi-
nate between the various mechanisms of
cracking on the basis of kinetics alone and
to investigate the morphology of the model.
Experimental data from a study of n-no-
nane cracking and previously published
data for the cracking of various other paraf-
fins on USHY are used to evaluate the
model’s ability to fit experimental data.
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THEORY

The assumptions involved in the devel-
opment of the general model are:

+ all cracking reactions are irreversible,
* surface reactions are rate limiting.

The initiating monomolecular reaction in-
volves the adsorption of the reactant as a
carbonium ion followed by protolysis, re-
sulting in the formation of a gas-phase par-
affin and a residual surface carbenium ion.
The residual surface ion can desorb to form
an olefin product or undergo a bimolecular
reaction with a second gas-phase reactant
molecule. A simplified scheme of kineti-
cally important reactions can be repre-
sented by

A+SEASEN np +S )
Kp, A
Pi + S (:; P,S?—> n,~P,~ + S. (2)

(ke

where A is the reactant, P, the ith product,
S an active site on the catalyst, K4, Ky, are
the equilibrium adsorption constants for the
reactant, A, and the ith product, respec-
tively, Zky, is the sum of the rate constants
for the various modes of the monomolecu-
lar cracking, while (Zkc); is the sum of the
rate constants for the bimolecular reaction
between the ith surface species and the re-
actant, and #,; is the stoichiometric factor
for the formation of the ith product.

A differential rate expression is obtained
by assuming that the surface reactions are
rate-limiting and that all adsorption reac-
tions are at equilibrium. Thus the surface
concentrations of adsorbed reactant and
products can be expressed as

[AS] = KalS]IAL 3
[P:S] = KP‘[Pi][S]- 4)

The expression governing the time rate of
change in A will be

—ra = (Z kM,)[AS]
+ (3 (S ke ) psi)iAL

i J

(5)
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Using Egs. (3) and (4) to substitute for the
surface concentrations in (5) gives

—ra = (3 kw)KALAIS]
+ (3 (3 ke) KetPa)IAISI,

i

(6)

Next, a site balance is carried out on the
active sites. There are three possible states
in which a site may exist: in a pristine state,
free of adsorbed species; with an adsorbed
reactant or product of reaction on it; or it
may be deactivated. It is assumed that the
sites decay according to the time-on-stream

_ [ kw)KAIA] + (ZiZ; ke )iKp[PDIANISI( + Gr)=N
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function. If subscripts 0 and d represent ini-
tial sites and deactivated sites, respec-
tively, then a balance on the sites gives

[S] =[S}y — [AS] — X [P:S] ~ [Sly ()

(1 = (Sh — | KalAl + 3 KolP 18]

, t)
= [1 = (1 + Gn)~¥][S]o,

where (1 + Gt)V is the fraction of sites still
active at time ¢.

Solving for [S] and substituting into (6)
results in

Fa

It is assumed that the concentrations of
product species, [P;], involved in the bimol-
ecular cracking and competitive adsorption
reactions are proportional to the conver-
sion of reactant thus:

(P] = & ([A] — [AD,

where %, represents the moles of the ith
product formed per mole of feed reacted,
1.¢., the molar selectivity. This is equiva-
lent to assuming that all products are pri-
mary and stable. Such a simplification is
quite accurate up to some 50% conversion
in the systems under consideration here
and becomes inapplicable above some 75%
conversion. The molar selectivity of the ith
product is the sum over all reactions of the
probablity S;, for each reaction, times the
stoichiometric factor for the production of /
in this jth reaction, n;. Thus,

@,‘ = z (Sjl’lj).

1

Summing over all { products gives

ZZ(Sjnj)i:Zgi=1+8,
J

i i

1 + KAlA] + Z K [Pi]

)

where e is the volume expansion coefficient
for the reaction and is assumed to be con-
stant with respect to conversion. This pa-
rameter is experimentally determined using
initial selectivity data.

It is convenient to express the concentra-
tion of reactant in terms of the dimension-
less variable X, the fractional conversion of
the reactant:

(1 -X) (1 - X)

[A] = [A]Om = CAﬂm'

The reactions under consideration here
are normally carried out in plug-flow reac-
tors. Recall that the design equation for a
plug-flow reactor is (/9).

ax
dr’
where T is the space time and is propor-
tional to P, the ratio of the weight of cata-
lyst in the bed to the total weight of reactant
passed over the catalyst, and to #;is the run
duration (ta Pty). The constant of propor-
tionality was arbitrarily assigned a value of
one for this work.

Using these relationships and Eq. (9),

—rA = CA()
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gives
2.4 [A|[(1— V(1 + eX)] + ALl — XN/ + XD + GV 10
or 1 + B[I — X)/(1 + £X)] (10)
where
B > ky)Ka + (2 (Z k )iKiF)C 4,
t 1 + 2 K:F.C,, (Sho an
_ —(Z; (2 A )KiF)C s,
A2 = 1 + 2 KFCa, Sk (12
A — (2, KF))C,y,
B =
1 + 2, KiFCa, (1)

where G = decay constant, N = decay ex-
ponent, and the parameters are restricted to
the following regions:

A1>0; _A|<A250: B> —1;
G=0, N=0.

The above model can be used to describe
a first order kinetic process if A; and B are
equal to zero. There are two possible ad-
sorption scenarios which lead to B = 0;
when the surface is sparsely covered with
both reactant and product (K, = 0 and 2
K;%; = 0) or when a singularity occurs, that
is if Ko = 2 K,;%;. The sparse coverage
condition represents the typical low pres-
sure condition of heterogeneous catalysis
(18). The second case can be understood if
one imagines a simple cracking reaction
where only 2 products are formed (¥, =
%, = 1). The singularity then occurs when
KA = K, + K. In that case, the ratio of the
fraction of the surface covered by reactant,
04, to that by the products, 8, + 6,, will be
the same as the ratio of their mole fractions
in the gas phase. Under these conditions
the observed kinetics are identical to those
of a homogeneous gas-phase reaction, since
adsorption effects do not distort the relative
concentrations of the adsorbed reactant
and products from their gas-phase concen-
trations.

The model describes monomolecular
cracking kinetics following the Langmuir

adsorption isotherm when A; is zero. Both
bimolecular and monomolecular cracking
with competitive adsorption for active sites
is described by the full model. Statistical
model building can now be applied and the
simplest model which adequately describes
the kinetic data selected.

The rate expression contains two inde-
pendent variables, ¢, the catalyst age, and 7.,
space time. In a plug flow reactor system,
each differential increment of reactant is in
contact with the catalyst for a time d; which
is much smaller than the total run during t;.
Therefore, it is assumed that each differen-
tial element of reactant contacts catalyst of
the same age along the length of the reac-
tor. With this assumption, the rate expres-
sion can be integrated with respect to space
time, treating catalyst age as constant. The
time-on-stream dimension is dealt with sub-
sequently. The validity of the time-on-
stream model has been discussed previ-
ously (/6) and depends on assuming that
both reactant and products are equally
likely to cause a deactivation event to
occur.

Rearranging Eq. (10) to separate the vari-
ables gives

a+ bX + cX? _ N
X T o = X) dX = (1 + G1) Ndr,
(14)
where
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I + B,
A+ Ay,

a =

q

Integration of Eq. (14) within the limits
X =0, X = Xs;7 =0, 7fand with t constant
gives the following implicit equation in in-
stantaneous output conversion, X;:

O X7 + daAn(1Xy) + dsln(de Xy + 1)

+ dsti(l + Gty N =0, (13)

where ¢; are functions of the constant pa-
rameters. When the kinetic parameters are
restricted to regions of physical significance
as outlined above there is only one set of &;
possible as shown below:

¢ = —p(p + g)ele — B)
¢y = —pAl + €)

;s = pX(1 + B) — pq(2e + B(e — 1))
+ g*(e — B)e

by = plg
bs = —piAp + q).

p. q are defined for Eq. (14).

The roots of Eq. (15) predict the instanta-
neous conversion at the exit of the reactor
as a function of catalyst age, ¢. Because cat-
alyst decay is often rapid in cracking sys-
tems, it is not possible to measure instanta-
neous conversion X;. To circumvent this
problem, the products and unconverted re-
actant are pooled during the time t = 0 to ¢¢
and the average conversion measured. This
process can be described mathematically
by

= l i
K= [ xcdr. (16)
Iy /0
where Xy is the time averaged conversion
obtained in a run of duration ;.

The expression for X;, Eq. (15), is an im-
plicit equation, and to obtain values of Xj
the integration must be carried out numeri-
cally. Fortunately, X; can be determined
from Eq. (15) to an arbitrary degree of ac-
curacy using an appropriate root finding
routine. The numerical integration in Eq.

b =2+ Ble + 1),
p:Ale—Ag.
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¢ = ele — B),

(16) then becomes relatively straight for-
ward. Brent’s method (20) was used to de-
termine the roots while a five-step Gaussian
quadrature was applied for the subsequent
numerical integration of Eq. (16). Simula-
tions with quadrature rules of various or-
ders and step control policies resulted in
convergence to the same value as reaction
time became large for any set of parame-
ters, or if the step size was chosen small
enough for a fixed reaction time (27). In
treating experimental data, the optimal pa-
rameters of the model were determined by
minimizing the sum of squares of residuals
between the experimental average conver-
sion and that predicted by numerical inte-
gration of Eq. (16). The Levenburg—Mar-
quardt approach was used with subroutines
published by Press et al. (22).

EXPERIMENTAL
Catalyst Activation

NaY catalyst which we modified to form
the USHY used in this study was pur-
chased from BDH Chemicals (Lot No.
45912, 13Y, SK40). The chemical composi-
tion of the parent NaY is given in Table 1.
About 75 grams of the NaY (dried under
vacuum at 383 K) was stirred with 500 ml of
0.5 M NH4NO; for 24 h at room tempera-
ture. The solids were removed from the

TABLE 1
Chemical and Physical Properties NaY (Anhydrous)

Oxygen

48.14 wt%
Silicon 29.68
Aluminum 12.44
Sodium 9.64
Chlorine 0.05
Fluorine 0.05
Bulk ratio Si/Al 2.29
281 MAS-NMR Si/Al 2.42
Unit cell constant 24.696 A

N, BET surface area (m?/g) 590
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electrolyte by filtering through a 5-pm fil-
ter. The cake was then washed with dis-
tilled water to remove electrolyte. The solid
was next dried and calcined in a static oven
at 773 K for 2 h. This exchange, drying and
calcining was repeated 10 times, resulting
in a 99+% exchanged HY catalyst. The fi-
nal powder was pelletized to form particles
of between 80 and 100 mesh size, then
steamed for 24 h at 473 K to form the final
catalyst.

All catalytic runs were carried out in an
isothermal plug-flow reactor (5).

RESULTS AND DISCUSSION
Examination of the Model by Simulation

We first explore the morphology of our
kinetic equation using the following simula-
tions based on a hypothetical cracking reac-
tion of ““A’’ into two products, P, and Ps.
The volume expansion coefficient, €, was
taken as one, while Z K;F, = Kp, + Kp, =2
Kp. The simulations were performed in or-
der to examine the influence of adsorption,
decay, and reaction mechanism on the mor-
phology of plots of fractional average con-
version against time on stream along con-
tours of constant catalyst-to-reactant ratio.
To simplify the analysis further, it is as-
sumed that the system is such that X
K;%,C 4, is much larger than one (high-pres-
sure assumption for product adsorption re-
actions) and that C,, is equal to 1. Further-
more we use the rate expression derived on
the basis of assuming that an equilibrium
exists between product olefins and corre-
sponding carbenium ions. Under these con-
ditions, the parameters of the model can be
simplified to

A = (Ka/2Kp)ky + ke
Az = k¢
B = (KA/(zKp)) — 1.
All the rate constant terms here include
the initial concentration of sites. The decay
parameters, G and N, were assigned values

of one for all simulations except where
noted.
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Average Conversion

0 L. AV e — N
0 5 10 15 20
Time on Stream (min)

Fi1G. 1. Monomolecular model simulations: adsorp-
tion effects; B as indicated, Ay = 1, G = | [time'[; N =
1, € = 1; catalyst/reactant = (.128.

Simulation of Monomolecular Cracking

To simulate a monomolecular cracking
process, the A, parameter of the model is
set to zero. The results of the simulation
shown in Fig. 1 demonstrate the influence
of the adsorption parameter, B, on the aver-
age conversion versus time on stream at a
catalyst-to-reactant ratio of 0.128. The total
activity of the catalyst, as represented by
the monomolecular rate constant, is 1 (i.e.,
ky = 1) for all curves. The B parameter was
varied from —0.99, corresponding to a ratio
of KA/(2Kp) = 0.01, to zero, corresponding
to the observed first-order kinetic model if
K4 =2Kp. If Nis varied, the curves exhibit
the three classes of decay described previ-
ously (23). These are determined solely by
the value of the decay exponent, N. With
N = 1, the curves are monotonic and ap-
proach an asymptotic value of average con-
version as time on stream is increased.
From Fig. 1, it can be seen that as competi-
tive inhibition by the products is increased
(B approaching —1) the average conversion
obtained is significantly reduced for a given
set of conditions. Under severe inhibition
(B = —0.99) average conversion is almost
constant after 5 time units, whileat B =0 a
longer time on stream is required to arrive
at a much higher asymptote.

Figure 2 shows the effect of the decay
rate parameter G on the first order model
(A; and B = 0). Catalytic activity is the
same as in Fig. 1. It can be seen that as G is
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Fi1G. 2. Monomolecular model simulations: decay
effects; G as indicated; B = 0; other parameters as in
Fig. 1.

increased, the average conversion obtained
for a given set of conditions is reduced in a
manner which is qualitatively quite similar
to the effect of increasing competitive inhi-
bition. Discrimination between these two
effects is made possible only by obtaining
data at a wide range of catalyst-to-reactant
ratios and applying Eq. (10). Even so, the
combined effects of experimental error and
decay rate could make discrimination be-
tween the two phenomena difficult.

Simulation of Chain Cracking

In a system where chain cracking is ki-
netically significant, the A, parameter will
be negative and smaller in magnitude than
A,. The sum of these two parameters is re-
lated to the contribution of monomolecular
protolysis to the total conversion and can-
not be zero since it accounts for the initial
source or carbenium ions. In principle,
however, carbenium ions could come from
any source such as added olefins or olefins
from thermal reactions, as was suggested
by Weisz (24). Simulations were conducted
using a series of A, values while keeping the
total ‘‘intrinsic activity’’ constant (ky + k¢
= 1) in order to investigate if there are ob-
servable effects on conversion when chain
reactions are present.

It was found that the value of the B pa-
rameter had a strong effect on the morphol-
ogy of conversion versus time-on-stream
plots obtained at any real value of A,, i.e.,
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in the presence of chain processes. This
seems to be reasonable since this parameter
governs ion concentration on the catalyst
surface, thus directly influencing the contri-
bution of chain processes to the overall re-
action kinetics. To demonstrate this effect,
we first examine the effect of chain pro-
cesses when the products of reaction are
very much more strongly adsorbed on the
catalyst than the reactant. To simulate this
situation, B was assigned a value of —0.99,
corresponding to the average adsorption
constant on the products being fifty times
that of the reactant. Figure 3 presents the
simulated average conversion predicted by
the model as the activity of the catalyst
shifts from a purely monomolecular reac-
tion (ky = 1; k¢ = 0; lower curve) to one in
which chain processes dominate (ky =
0.01; kc = 0.99; upper curve). The conver-
sion versus time on stream curves exhibit
purely monotonic behaviour for &y = 1 and
an increasingly evident induction period as
the mechanism shifts to being dominated by
chain reactions (k¢ = 0.99). The induction
period under these adsorption conditions is
short due to the rapid shift in the mecha-
nism of conversion to the bimolecular,
chain propagation, route. This we ascribe
to the high coverage of the surface by car-
benium ions which facilitate bimolecular re-
actions while inhibiting monomolecular
processes by reducing the availability of
pristine sites for the initiation reaction.

Average Conversion

0 L I - . )
0 5 10 15 20

Time on Stream (min)

F1G. 3. General model simulations: mechanism ef-
fects; B = —0.99; ky + k¢ = I other parameters as in
Fig. 1.
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Average Conversion

o _—— s L
0 5 10 15 20

Time on Stream (min)

Fi1G6. 4. General model simulations: mechanism ef-
fects; B = —0.75; ky + k¢ = 1; other parameters as in
Fig. 1.

Simulations of the case where the reac-
tant competes for adsorption sites more
successfully are presented in Figs. 4 and 5.
The values of the B parameter are —0.75
and —0.50, respectively. The induction pe-
riod and acceleration due to the change in
the relative importance of the two mecha-
nisms is more gradual as B increases. The
difference in morphology between in Figs.
4 and 5 and Fig. 3 is exclusively due to
changes in adsorption constants, since all
other parameters, including the sum of the
two rate constants, are the same. When
products and reactants compete more
equally for the adsorption sites, a higher
concentration of product olefins in the gas
phase is required to effect the change in
mechanism. The result is that the induction
period is more gradual and the acceleration

Average Conversion

0 5 10 15 20
Time on Stream (min)

F1G. 5. General model simulations: mechanism ef-
fects; B = —0.5; ky + k¢ = 1; other parameters as in
Fig. 1.
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p=0.128

p = 0.064

p=0032

5 10 15 20
Time on Stream (min)

Average Conversion
o

FI1G. 6. General model simulations: catalyst to reac-
tant ratio (P) effects; B = —0.0; ky = 0.001; k¢ =
0.999; B = —0.5; other parameters as in Fig. 1. Pis the
catalyst to reactant weight ratio.

more evident in practice. This effect is ac-
centuated in Fig. 6, where the catalyst-to-
reactant ratio is varied in a system where
chain processes account for 99.9% of the
activity and B = 0. The morphology ob-
served here is similar to that previously re-
ported with for the cracking of Cy paraffins
(25). Interestingly, as the catalyst-to-reac-
tant ratio increases, the induction period
seems to become shorter. This is due to the
fact that a certain level of conversion is re-
quired to saturate the surface with carbe-
nium ions derived from product olefins and
hence to make chain cracking dominant.
This level of conversion is reached at a
shorter time on stream for high cat/oil runs.
The resultant behaviour of the constant cat/
oil plot is such that the induction period is
over at a shorter time on stream.

To confirm the generality of this behav-
iour a system whose kinetics are dominated
by the chain process but using a decay ex-
ponent (N) greater than one, was studied.
The conversion versus time curve obtained
is presented in Fig. 7 and exhibits an initial
induction period, an acceleration as the
chain mechanism gains in importance. and
finally as asymptotic decrease to zero as
time increases to infinity. Significantly dif-
ferent parameters were used in this simula-
tion in order to accentuate these phenom-
ena.

It is important to remember that the plots
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Average Conversion
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5
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F1G6. 7. General model simulation: decay exponent
effect; A, = 2: A, = -1.99: B =0:G = 1. N =2,
€ =1.

of fractional average conversion versus
time on stream presented in Figs. 1 to 6
represent systems whose total catalytic ac-
tivity as measured by ky + k¢, is the same
in all cases, yet the observed results are
dramatically different. Normally, a stan-
dard set of conditions is used for screening
catalysts, e.g., the ASTM microactivity
test. In light of the above simulations, it is
evident that such tests do not measure cata-
lytic activity in any fundamental sense but
rather some unknown combination of the
adsorption, activity, and decay characteris-
tics of the system. The sensitivity of the
conversion vs TOS morphology is impor-
tant to note, since adsorption could differ
significantly from catalyst to catalyst due to
variations in pretreatment or if novel for-
mulations are being tested. More emphasis
and understanding of adsorption equilibria
seems to be needed in the study of catalytic
cracking. We should also note that the ad-
sorption involved here is the formation of
carbonium ions (Kj4) or carbenium ions
(Kp), not simply physical adsorption.

Testing the Model Using Data from
n-Nonane Cracking at 673 K

The results of fitting the above kinetic
model, with A, fixed at zero, to the cracking
data of n-nonane at 673 K are presented in
Table 1. The fit of the three-parameter
model was found to be excellent without
any strong correlations between the nonlin-
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FiG. 8. Fitted data: n-nonane on USHY at 673 K.
Solid lines represent values predicted using optimal
model parameters from Table 1. Catalyst/reactant ra-
tios are: (X) 0.0447, (A) 0.0266. (<») 0.0180, (+)
0.0091, and (O)) 0.0045. A, and N fixed at 0 and 1.
respectively.

ear parameters. Attempts to fit a simpler
model with both A, and B = 0 were unsuc-
cessful. Figure 8 shows the experimentally
determined fractional average conversion
versus time on stream for this system, as
well as curves representing the optimal fit
of the data. Residuals for this fit are plotted
against time on stream and catalyst-to-reac-
tant ratio in Figs. 9 and 10, respectively.
The value of N, the decay exponent, was
fixed at one, since the average conversion
obtained exhibited asymptotic behaviour as
time on stream was increased along a con-
tour of constant catalyst-to-reactant ratio
(23). The fit, as shown in Figs. 8 to 10 is
excellent and is significant at the 95% confi-

o015 ¢
o1 F’
E
< 0% o O o -
=
5 U —Eg—
§ : g o a i o
005 B O o
-.01 -
-.015 L e h—— - L L
o 5 10 15 20 25

Time on Stream (min)

Fi1G. 9. Residuals versus time on stream for fit of n-
nonane data at 673 K by model with A, and N fixed at 0
and 1, respectively.
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F1G. 10. Residuals versus catalyst to reactant ratio
for fit of n-nonane data at 673 K to model with A, and
N fixed at 0 and 1, respectively.

dence interval based on a mean-squared ex-
perimental error estimate of 4.9E-5 deter-
mined from nine replicate runs.

Despite this, mechanistic studies and
product selectivity studies (to be described
elsewhere) lead to the conclusion that a
bimolecular reaction is present in the n-
nonane system. The minimum initial contri-
bution to total conversion by the bimolecu-
lar reaction was found to be 16.5% at 673 K
(26). Yet an adequate fit of the three-param-
eter kinetic model indicates that the A, pa-
rameter, which in this development con-
tains all the bimolecular cracking rate
constants, is not required to model the
overall kinetics. To investigate this unex-
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pected result, the A, parameter was freed
and again optimal parameters were ob-
tained, It was found that the A, parameter
was indeed not significant at the 95% confi-
dence interval using the principle of extra
sum of squares of residuals.

Upon further investigation, it was found
that a large number of combinations of A,
and A; values, requiring relatively small ad-
justments of the B and G gave the same or
very close to the same sum of squares of
residuals (SSR), when fitting the data. The
combinations of A, and A, which settle at
the minimum in the sum of squares of resid-
uals consist of sets where A, + A, was ap-
proximately constant. To pursue this mat-
ter further, average conversion data were
synthesized using the experimental condi-
tions (catalyst-to-reactant ratios, times on
stream) of the n-nonane data set for a series
of A, and A, values with 4, + A,, B, G, and
N held constant at values listed in Table 2.
The values of A; and A, used represented
systems where between 0 and 90% of the
catalytic activity stemmed from bimolecu-
lar processes as measured by the ratio of
|A2] to A;. Gaussian noise with variance
equal to that of the n-nonane data was then
added to the synthesized data points, and
the three-parameter model fitted to the re-
sulting synthetic data set. Table 3 illustrates

TABLE 2

Kinetic Parameters: n-Nonane at 673K

Temp. A,

B G N

(K) mol (min ')
(g cat min)
673 0.694 —-0.932 S.511 [.0¢
Approx std.
error 0.019 0.004 0.093 0.0
Correlation matrix:
A, B G
A 1.000
B 0.784 1.000

G 0.709

¢ The decay exponent was fixed at one since our data exhibit asymptotic

0.184

1.000

behaviour as time on stream becomes large.
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TABLE 3

Monte Carlo Simulation Results

509+
Sim* Fitted:
A 1.388 0.755
A, —0.694 0.000
B -0.932 —0.915
G 5.211 4.926
F (value) 1.136

¢ Percentages represent (—A,/A;) X 100. Sum A, + A; = 0.694 in all cases.

75% 90%
Sim Fitted Sim Fitted
2.775 0.871 6.938 1.265
—2.081 0.000 -6.244 0.000
-0.932 -0.910 -0.932 —0.840
5.211 4.467 5.211 2.657
1.398 1.820

» SIM represents the parameter values used to synthesize the data set.
¢ Optimal parameters obtained by fitting a three-parameter model 1o simulated data generated by the parame-
ters shown and containing Gaussian noise as described in the text.

the results of this Monte Carlo type proce-
dure for simulated data sets of 50, 75, and
90% catalytic activity due to bimolecular
processes. It was found that for systems
where bimolecular processes accounted for
less than 90% of the catalytic activity, the
three-parameter model was statistically sig-
nificant at the 95% confidence level. For the
system with 90% activity from chain pro-
cesses, the three-parameter model is still
adequate according to the F-ratio test, how-
ever, trends appear in the residuals with re-
spect to P, the catalyst-to-reactant weight
ratio, and to )7,-, the conversion. We con-
clude that at our reaction conditions and
using the described methodologies, chain
processes could account for up to 90% of
the catalytic activity without adversely in-
fluencing the fit of the three-parameter
model. Further simulations showed that if
the decay rate or experimental error had
been lower, the influence of chain reactions
on the total rate of reaction could have been
more easily assessed.

Application of the Model to Data from
2-Methylpentane Cracking

Previously published data from the
cracking of 2-methylpentane, which ex-
hibits sigmoidal curves of average conver-
sion versus time on stream (9), have been
fitted to the kinetic model proposed here.

The model was found to be an inadequate
representation of the data. This is clearly
illustrated by the residual plot of Fig. 11 for
the data of 2-methylpentane against time on
stream. A distinct trend in the residuals
plotted against time on stream is observed.
Since in addition to catalytic reactions,
thermal reactions are aiso known to be
present in this data, a trend is to be ex-
pected in the residuals with respect to time
(27). To account for these thermal reac-
tions, the model should be modified to ac-
count for conversion due to thermal reac-
tions or thermal conversion should be
subtracted from the total measured conver-
sion. It is reassuring to find that in the case
of a known abberation in the data the model
clearly indicates that a problem exists. This
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Fig. 11. Residual plot for 2-methylpentane data
against iime on stream. Lack of fit of model.
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TABLE 4
Optimal Parameter Estimates: n-Paraffins¢
Reactant Catalyst? Temperature A B G Ref.
/ mol (min™ ")
(g cat min
n-Hexane A 773 0.492 -0.759 1.62 5)
n-Heptane B 703 0.096 —0.995 1.32 (18)
n-Octane A 673 0.072 -0.977 1.10 (5
n-Nonane C 673 0.694 -0.932 5.51 (2)
n-Nonane C 723 3.83 -0.729 5.14
n-Nonane C 763 10.8 —0.471 4.90
n-Dodecane A 673 0.304 —0.984 0.991 (5)
n-Dodecane D 673 -0.958 0.985 (19)

0.219

« The decay exponent, N, was fixed at one, since the experimental data exhibit asymptotic behaviour as time
on stream increases along a contour of constant catalyst-to-reactant ratio. The model was found to be significant

at the 95% confidence interval for each system.

» Catalysts: (A) 97% Exchanged USHY, (B) 15% exchanged LaHY, (C) 99% exchanged USHY, and (D) LaY

unspecified properties.

assures us that the model is not infinitely
flexible and able to fit erroneous results.

Application of the Model to Data from
n-Alkane Cracking

The results of fitting the kinetic model,
with A, set at zero, to the cracking data for
n-hexane (/5), n-heptane (/2), n-octane
(/1), and n-dodecane (25) from the litera-
ture and n-nonane from this study are pre-
sented in Table 4. For all data sets the fit of
the three-parameter model was excellent.
Attempts to fit the simpler first-order ki-
netic models (A> and B = () were unsuc-
cessful. The decay exponent N was as-
signed in all cases a value of one, since the
average conversion data exhibit asymptotic
behaviour as time on stream is increased
along contours of constant catalyst-to-reac-
tant ratio (23). The fit for each system was
found to be significant at the 95% confi-
dence interval based upon a variance esti-
mate of 4.9E-5 determined from nine repli-
cate runs in the n-nonane experiments. The
fitted fractional average conversion data for
the n-nonane system at three temperatures
are presented in Figs. 12, 13, and 14. The A»
parameter was found to be statistically in-
significant for all systems examined, thus

the influence of bimolecular cracking is not
detectable in these systems via kinetic anal-
ysis alone. This parametric insensitivity
was discussed above in detail for the 673-K
data. Similar analysis of the n-nonane data
at 723 and 763 K showed that the maximum
possible contribution by chain processes to
the overall kinetics, without adversely af-
fecting the fit of the three parameter model,
are 70 and 45% respectively. These figures
are related to the value of the B parameter,
suggesting that sensitivity of the fit to the
value of A- is associated with the relative
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FiG. 12. Fitted data for n-nonane on USHY at 673
K. Solid lines represent predicted values. Catalyst-to-
reactant weight ratios are: (x) 0.0477, (A) 0.0266, (<)
0.0180, (+) 0.091, and (J) 0.0045.
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Fi1G. 13. Fitted data for n-nonane on USHY at 723
K. Solid lines represent predicted values. Catalyst-to-
reactant weight ratios are: (x) 0.0477, (A) 0.0266, ($)
0.0180. (+) 0.091, and () 0.0045.

values of the equilibrium adsorption con-
stants for the reactant and products.

The n-heptane data had been previously
modelled using a first-order model (A, =
B = 0). We found that this model did not
give a satisfactory fit of the data. Based
upon the principle of extra sum of squares,
the B parameter was found to be statisti-
cally significant at the 95% confidence in-
terval with an optimal value —0.9995.

The values of the optimal parameters re-
ported for n-hexane, n-octane, and n-dode-
cane data differ somewhat from those re-
ported previously though not enough to
alter previously stated conclusions. These
differences are attributed to the increased
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FiG. 14. Fitted data for n-nonane on USHY at 763
K. Solid lines represent predicted values. Catalyst-to-
reactant weight ratios are: (x) 0.0477, (A) 0.0266, (&)
0.0180, (+) 0.091; and (C3) 0.0045.
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accuracy of the numerical methods used in
this study. The previously published pa-
rameter estimates were obtained as fol-
lows:

The predicted average conversion was
determined by numerically integrating the
differential rate expression with respect to
space time, 7, using Hamming’s predictor
corrector method (23) at five nodes be-
tween ¢t = 0 and ¢t = ¢ regardless of the
values of the parameters or the time on
stream, #. These five numerically deter-
mined values of X; were then used as the
function values in a quadrature integration
with respect to time on stream to obtain a
value for the time averaged conversion, X;.
In the current work, the instantaneous con-
version was determined by finding the roots
of the implicit equation in X at five nodes
for each step in time. These values were
then used in a five-step Gaussian quadra-
ture integration to calculate X;. The step
size taken in the time domain was selected
to ensure the error in each step did not ex-
ceed a prescribed tolerance. Thus the meth-
odology in this study replaces Hamming’s
numerical integration routine with respect
to space time by a root finding procedure of
arbitrary accuracy (X7 was determined to an
accuracy of 1.E-8) and improves the accu-
racy of the numerical integration in the on
stream time domain by an appropriate step
control policy.

The optimal parameters for the various
paraffin systems can be analyzed to yield
information about the rate and equilibrium
adsorption constants of the system using
the values presented in Table 5. Consider
for example the effect of temperature on
the adsorption parameter B in n-nonane
cracking,

Given only the optimal values of the B
parameter, it is evident that individual equi-
librium adsorption constants of the system
cannot be determined. It is however possi-
ble to derive useful information from the
temperature dependence of this parameter.
This we do by examining the two limiting
cases;
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TABLE 5
Parametric Analysis: n-Paraffins
Feed Temp. (K) Catalyst* lim2 K, %, > 1¢ lim 2 K. % K,
Kp/K 4 = ki So) Ky Z klSolK 4
n-Hexane 773 A 2.27 0.0237 109.0 2.04
n-Heptane 703 B 105.0 0.192 6041.0 19.3
n-Octane 673 A 123 0.0275 1201.0 3.13
n-Nonane 673 C 7.35 0.0937 379.0 10.2
n-Nonane 723 C 1.78 0.110 77.0 14.1
n-Nonane 763 C 0.88 0.159 25.9 20.4
n-Dodecane 673 A 27.7 0.114 1507.0 9.3
n-Dodecane 673 D 10.4 0.0306 548.0 5.22

« High product coverage assumption: K,/Kp calculated according to Eq. (9). > k[S,) calculated according to

Eq. (13).

b Low reactant coverage assumption: Kp and 2 k[S.K s calculated according to Egs. (12) and (15), respec-

tively.
« Catalyst types are as in Table 4.

(1) 2 K;F,Ca, > 1, i.e., the system is in
the region of high surface coverage by the
products of reaction, and;

(2) 2 K; %; > K4, which only assumes
that the products are adsorbed much more
readily than the reactant.

To proceed with the analysis, a weighted
average equilibrium constant for the prod-
ucts of cracking, Kp, is defined as follows:

2K F
> F,

Since the initial product distribution for
n-nonane consists predominantly of C4 and
C; fragments and is fairly constant over the
temperature range (26), calculation of an
average quantity such as that defined by Kp
seems to be justified.

__Anexpression which governs the ratio of
Kp to K, can be obtained by solving for K,
and dividing by Kp. This results in

KA_KAEGJ".'

Kp = (7

2K F

Kr
=@+ 1 (3% +BiIC, Ke).
(18)

Using the high coverage assumption (as-
sumption 1) from Eq. (18) we get

-Iéés(BwL 2 %F. (19)
Kp
Rearrangement of Eq. (13) can also yield
[? _ E K,' O}[
Iy,

1 B
"B+ DEF) [K“ - C_A] 20)

Under assumption 2 (preferential product
adsorption), Eq. (20) simplifies to

- -B

2F B+ DEF)Cy,

— _2K195~
p =

D

Based upon assumption 1, the optimal
values of the B parameter give ratios of the
adsorption constant of the reactant to the
weighted average adsorption constant of
the products of 0.136, 0.562, and 1.140 and
673, 723, and 763 K, respectively, suggest-
ing that the reactant competes for adsorp-
tion sites more successfully at high reaction
temperatures. Alternatively, analysis via
assumption 2 yields weighted average equi-
librium adsorption constants of the prod-
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F1G. 15. Ratio of the equilibrium adsorption con-
stant of the reactant, K, to that of the weighted aver-
age product, Kp, plotted as a function of K, along
contours of constant B for n-nonane data. B =
—0.9323, ~0.7292, and —0.4706 at 673, 723, and 763
K, respectively. Contours are calculated based on Eq.
(9).

ucts of 379., 77.0, and 25.9 [litre/mole] at
673,723, and 763 K, respectively, using Eq.
(21). This second approach suggests that a
rapid decrease in surface coverage by prod-
ucts occurs, but does not yield information
about reactant adsorption since it is as-
sumed to be negligible relative to that of the
products.

Using Eq. (18) and the ideal gas law, the
ratio of the adsorption constants at the
three temperatures as determined in this
way is presented in Fig. 15. Each curve fol-
lows a contour of constant B (set at the ex-
perimental value) for the system. Any point
on a curve yields a set of coordinates Ky
and K 4/K » which are a possible solution for
the n-nonane system at the temperature in-
dicated. As the value of Kp increases, the
ratio K4/Kp approaches that predicted by
assuming 2 K; F; C,, > | (assumption 1).
Since the high product coverage assump-
tion yields information based on taking the
limit as Kp goes to infinity, it also implies
significant surface coverage by reactant.

Figure 16 presents the calculated value of
Kp for various values of K4 according to
Eq. (20) along contours at constant B for
that temperature. It can be seen that the
values obtained for Kp in the limit, as K4
approaches zero, are consistent with those
obtained by assuming that 2 K; F; > K,
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(assumption 2), where the reactant is in the
low coverage region. In this case, 2 K, F;
Ca, will be 14, 3, and 1 at 673, 723, and 763
K, respectively. Surface coverage by prod-
ucts is then sparse at higher reaction tem-
peratures only.

Unfortunately there is no evidence to
show if either of these assumptions is repre-
sentative of this system over the tempera-
ture range used. The results from the fitting
of the kinetic model to the data from n-oc-
tane and n-dodecane on an USHY catalyst
give estimates of B which are very close to
—1. This can only occur if these systems
are in the high surface coverage region and
the products are much more strongly ad-
sorbed than the reactant. Since the n-no-
nane results were obtained on a different
USHY catalyst and because adsorption ef-
fects of catalysts are sensitive to pretreat-
ment conditions, it cannot be assumed that
a high coverage situation exists in the
present study as well.

Although it cannot be unequivocally de-
termined where on Figs. 15 or 16 this sys-
tem lies, the Van’t Hoff relationship (28).
which describes the temperature depen-
dence of equilibrium constants, can be used
to obtain differences in enthalpies of ad-
sorption between products and reactant.
The observed difference in enthalpy of ad-
sorption, AAH, was determined from the
slope of the logarithm of the ratio of K,/ Kp
against inverse temperature for various val-
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F1G. 16. Relationship between Kp and K, along con-
tours of constant B as governed by Eq. (11) for n-
nonane data. B parameter as in Fig. 4.
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ues of Kp. Such analysis predicts that AAH
(= AHp — AH,) 1s 30.45 kcal/mol (low reac-
tant coverage assumption 2) and 24.32 kcal/
mol (high coverage assumption 2). The two
values of AAH represent the minimum and
maximum differences in enthalpy of ad-
sorption between the reactant and the aver-
age product. It is apparent that at higher
temperatures the reactant will compete for
adsorption sites much more successfully
under cither assumption. In a similar fash-
ion the behaviour of the sum of the mono-
molecular rate constants can be analyzed.
Using Eq. (11), (12), and (13), Z ky, [S]o can
be obtained as a function of the parameters
of the system and K. for the completely
general case shown below:

A.+A3( I
B+1 ‘Ki+ Ca,

2 ky, [8]y = ) (22)
Under the assumption of high reactant sur-
face coverage (K, > 1}, Eq. (22) simplifies
to

+ A,
A ey

BEl (23)

z kM‘ (Sl =
while under the low reactant surface cover-
age assumption Eq. (11), (12), and (13) give

A+ A

——B'T—l—. 24)

2 km, K (Sl =
Since K, approaches zero for this assump-
tion, it must be included in the left-hand
side of Eq. (24). Figure 17 presents 2 ky
[S]y using the optimal parameters obtained
for n-nonane at the three temperatures in-
vestigated as a function of assumed values
of K, using Eq. (22). Using the high reac-
tant coverage assumption we obtain an av-
erage activation energy, Eg,. of 6.3 kcal/
mol with a linear correlation coefficient of
0.986. The low reactant coverage assump-
tion predicts Egns 7.7 kcal/mol with a linear
correlation coefficient of 0.990. The ob-
served activation energies of reaction were
found to be independent of the assumed en-
thalpy of adsorption of the reactant.
The observed ‘‘activation energy’’ for
the cracking reaction is therefore less than
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F16. 17. Predicted values of Z Ky, [S], for n-nonane
as a function of K, along contours of constant B based
on Eq. (13). B values as in Fig. 4.

1/10 the average C-C bond dissociation en-
ergy (81 kcal/mol) (29) and much lower
than would be anticipated for the true acti-
vation energy of cracking. An anomalously
low activation energy has also been previ-
ously reported in cumene cracking (30). As-
suming that the enthalpy of adsorption is
positive and given that the overall reaction
is endothermic by between 12 and 17 kcal/
mol, a true activation energy of reaction of
6 to 8 kcal/mol is not possible. Further-
more, bulk diffusional restrictions were
ruled out as the rate-limiting step by verify-
ing that catalyst particle size had no influ-
ence on the conversion obtained (26). In
published work on cumene cracking, Best
and Wojciechowski (30) made the case that
the formation of a carbenium ion from cu-
mene is an endothermic process. The same
situation may exist here.

Bond Cracking Probability

By applying the two limiting coverage as-
sumptions to the parameters obtained for
the reactions of n-octane, n-nonane, and n-
dodecane, the effect of carbon chain length
on reaction kinetics can be investigated.
Selectivity data for rn-octane and n-dode-
cane indicate that the smallest fragment
formed in the initial reactions was a C; frag-
ment (25). Thus there are three and seven
C-C bonds which can react in the n-octane
and n-dodecane molecule, respectively.
The selectivity data for n-nonane (26) re-
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TABLE 6

Influence of Carbon Chain Length®

Reactant C.B.r lim K, > 1 lim 2 K, % > K,
2k [Sa] 2k [Ss) Ko Corrected
C.B. C.B.
n-Octane 3 0.0092 1.05 1.05
n-Nonane 6 0.0156 1.71 1.59
n-Dodecane 7 0.0162 2.77 1.93

« Calculations were based on parameters in Table | for n-octane and n-
dodecane on catalyst A and n-nonane on catalyst C using Eq. (14) and (15)
for the high and low reactant coverage assumptions using results at 673 K.

» C.B. indicates the number of crackable bonds.

< This column represents the normalized cracking rate for the low reac-
tant coverage limit, assuming the reactant adsorption constant increases in
proportion to the reactant molecular size.

veals the presence of C,, and C; fragments
as initial products, thus there are six
“‘crackable’’ C—C bonds in this system. Di-
viding the values of 2 ky [SplKs and Z ky,
[So] obtained from the low reactant and high
product coverage assumptions discussed
above by the number of crackable bonds
yields average cracking rates per crackable
bond. The results are presented in Table 6.
Under the low reactant coverage assump-
tion, an additional relationship is required
between the reactant adsorption constants
for the various feed molecules. It has been
previously reported that the adsorption
constant of a linear paraffin on a zeolite in-
creases linearly with increased carbon
chain length (37). Thus the adsorption con-
stant of n-octane was assigned a value of 1,
and those of n-nonane and n-dodecane
were made to increase in proportion to the
number of carbon atoms in each molecule.
The results of such an analysis are also
shown in Table 6.

With either assumption it is found that
the normalized cracking rate per crackable
bond increases in the series n-octane, n-no-
nane, n-dodecane, where we have data at
673 K. Interestingly, the rate at which the
increase occurs is approximately the same
for the two assumptions. Nace (32) re-

ported that the observed Kkinetic rate con-
stant for cracking of n-paraffins on HX cat-
alyst increased with carbon number up to
Cie, then decreased. Abbot and Wojcie-
chowski (25) reported an increased crack-
ing reactivity per bond for the series n-oc-
tane, n-dodecane, n-hexadecane on USHY
zeolite. While it is to be expected that the
electron distributions for the C-C bonds
along the molecule are not identical as one
moves toward the centre of the molecule, it
would be surprising if these subtle differ-
ences can be observed in this type of exper-
iment. One possible explanation lies in the
implicit assumption that the bimolecular
mechanism makes a negligible contribution
to the estimate obtained for the A, parame-
ter when A, is found to be statistically insig-
nificant. In fact, the values of the A| param-
eter also account for any bimolecular
conversion occurring. The observation that
our kinetic equation cannot ‘‘see’’ this pro-
cess is due to the form of the equation and
its properties when statistics is applied to
test for the adequacy of fit. It is therefore
likely that estimates of cracking rate per C~
C bond based on A, or on a first-order con-
stant from an even simpler kinetic expres-
sion, are in fact artifacts due to the
contributions to cracking activity made by
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bimolecular reactions. Such contributions
cannot be separated from the monomolecu-
lar rate and the interpretation of changes in
A, as being due to monomolecular cracking
alone presents a distorted picture.

It appears therefore that reports in pre-
vious kinetic studies showing that the
cracking rate per crackable bond increases
with reactant molecule length are in fact
such as artifact caused by the unrecognized
contributions of the bimolecular chain pro-
cess to overall conversion. This in turn sug-
gests on the basis of the results in Table 6
that longer feed molecules are converted to
an increasing degree by bimolecular chain
processes.

Catalyst Decay

The rate of decay in n-nonane cracking
decreases with temperature. We ascribe
this to the reduction of surface coverage by
carbenium ions, as discussed above. It is
the surface ions and their chance malignant
reactions which lead to coke and to catalyst
decay. In the n-nonane reaction a reduction
in the adsorption of products (olefins which
form carbenium ions) is almost exactly bal-
ance by the increase in rate due to the tem-
perature coefficient (activation energy ef-
fect) of the malignant reactions, so that the
net result is a small decrease in the rate of
decay. Such a balancing act will clearly al-
low increases or decreases in decay rates,
depending on the molecule and even the
catalyst being investigated.

CONCLUSIONS

A general kinetic model and a numerical
method by which it can be fitted to average
conversion data in pure hydrocarbon crack-
ing has been presented. The model encom-
passes previously proposed kinetic models
and accounts for most of the currently pos-
tulated mechanisms of catalytic cracking.
The model has been shown to be applicable
to experimental data on the cracking of a
variety of paraffins on USHY, though it ap-
pears to lack an appropriate time compo-
nent to describe previously published
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cracking data for 2-methylpentane, which is
known to include thermal conversion.

The influence of the chain mechanism on
reaction kinetics can be masked by various
phnomena. Fitting of simulated data gener-
ated by a four-parameter model which en-
compasses both monomolecular and chain
cracking mechanisms indicates that the
chain process could account for up to 90%
of the catalytic activity in the n-nonane sys-
tem and still not influence the ability of a
three-parameter model to describe the ki-
netics adequately. Experimental error, the
high rate of catalyst decay, the necessity to
work with average conversion data, and
perhaps some of the simplifications in the
model contribute to model insensitivity to
chain-mediated cracking reactions. If the
decay rate had been larger, even the effects
of adsorption would be difficult to discern,
and a two-parameter model may well be
found to be statistically adequate to de-
scribe our data. To define the true mecha-
nism of reaction, detailed studies of prod-
uct selectivity will in general be necessary.

The model has been shown to be applica-
ble to the reactions of linear paraffins be-
tween C¢ and C,, on several Y-zeolite cata-
lysts. Extensive data for an-nonane show
that coverage and composition of the cata-
lyst surface changes significantly between
673 and 763 K, due to a large difference in
the enthalpy of adsorption between the
products and the reactant.

An anomalously low activation energy
was obtained for this cracking reaction,
This low value may be the result of the in-
fluence of chain cracking processes on the
first-order A, parameter or to endothermic
adsorption in the process of formation of
carbonium ions.

The cracking rate per crackable bond, as-
suming only monomolecular cracking, was
found to increase over the range of linear
paraffins examined. This is believed to be
an artifact due to the effect of an unrecog-
nized contribution of chain processes to the
total first-order catalytic activity, and to the
fact that linear paraffins of different chain
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length have a different tendency to crack by
chain processes.

We conclude that adsorption equilibria
play a major role in catalyst activity and
selectivity. Our model distinguishes be-
tween the effects of adsorption decay and
of site activity as described by the B, G, and
A parameters. It is, however, unable in the
case of n-alkanes to distinguish between
monomolecular and bimolecular rates of re-
action from kinetic data alone.
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