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over a CrHNaY (32% chromium exchanged) zeolite catalyst at 400, 450, and 470°C have been
calculated. The interaction of n-heptane with a model Lewis acid such as BF; and progress along
the reaction coordinate have been studied by means of molecular orbital calculations. From the
kinetic results, i.e., activation energies and frequency factors, and the theoretical calculations, it
can be concluded that the controlling step in these reactions is not the formation of the carbonium
ion, but the subsequent transformation of this carbonium ion. In addition, the theoreticai caicuia-
tions show that the attack of a Lewis acid is more likely to occur on a carbon atom than on a C-H

bond.

INTRODUCTION

Paraffin (alkane) cracking has been fre-
quently chosen as a test reaction to mea-
sure the activity of different zeolite cata-
lysts (1 7) The kinetics of the cracking of
par: affins has been studied in maily Cascs b y
measuring the rate of disappearance of the
reactant (/, 8). It has been shown in a pre-
vious paper (9) that such a method of mea-
suring rates is inadequate since cracking is
generally accompanied by other secondary
reactions. A second problem with cracking

reactions arises from the fact that the activ-

taade A

ity of the catalyst is strongly dependent on
time on stream and, consequently, it is not
surprising to find in the literature different
values for the activity and activation energy
Ucpeﬁulﬁg on lIlC llIllC dl W[llbll UIC d.bl.lVlly
was measured (8).

Despite the commercial importance of
paraffin cracking and isomerization, these
reactions are not well understood mecha-
nistically. Even though the carbonium ion
theory is generally used to explain satisfac-
torily the distribution of reaction products,

! To whom all correspondence should be addressed.

in the case of paraffins the mechanism of
the initiation step, i.e., the formation of the
carbonium ion, is still a subject of discus-
sion (10, 11). Some authors (10-14) have
considered that the initial carbonium ion is
produced by proton donation to thermally
produced olefinic species by a Bignsted
acid site. In the view of others, however,
the activation of paraffins requires hydride
abstraction by a Lewis acid site on the cata-
lyst surface or by a very strong Brgnsted
acid site (10-12, 14-17). The protonation
of a saturated hydrocarbon by a strong pro-

ton-donor acid has also been enoopcfpd
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(10, 18) as a mechanism of carbomum ion
formation. The attack by a Brgnsted acid
site to break a C-C bond may involve in
this case a pentacoordinate intermediate
homolog of CHs* (18).

In the present work, the kinetic rate con-
stant, frequency factors, and activation en-
ergies for the cracking and the accompany-
ing isomerization and disproportionation
reactions of n-heptane on a chromium-ex-

changed Y zeolite have been calculated in
the absence of deactivation. The interac-

tion of n-heptane with a strong Lewis acid
such as BF; and progress along the reaction
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coordinate have been studied by means of
molecular orbital calculations. From these
theoretical calculations and the kinetic
studies a new model for the formation of
the carbonium ion in paraffin cracking is
proposed.

METHODS
Molecular Orbital Calculations

For the theoretical calculations, standard
geometries for the n-heptane molecule have
been chosen (19). The geometry of BF; has
been optimized by ab initio methods in-
cluded in the program. The method of
Bertréan et al. (21) has been used to calcu-
late the interaction energy between BF; and
n-heptane. This method gave satisfactory
results for the approximation channels be-
tween the two reactants (21, 22). The wave
functions, net atomic charges, and transi-
tion energies to excited states for these two
molecules have been calculated by the
CNDO/S method (23). More specifically,
the CNDO/M (24) program with the para-
meterization implicit in it, and with expan-
sion of the calculation to the 60 lower mo-
noexcitations, has been used. Calculations
involving the formation or breaking of C-H
bonds have been carried out by the
MINDO/3 method (25) with the program
set GEOMO (26) and the standard parame-
terization implicit in the program. Also, the
geometrical configurations of hydrocarbons
and intermediates have been optimized by
the gradient based method developed by
Rinaldi (27) and included in the same pro-
gram set GEOMO.

KINETIC CALCULATIONS
Cracking Reactions

Following the literature (8, 17), a first-
order kinetic equation has been used to fit
the overall cracking results, i.e., cracking
to C; + Cyplus C; + Cs

—In(1 — x) = k[Slt = k[Selor (1)

where x is the fraction of n-heptane
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cracked, k, is the overall kinetic rate con-
stant, [S] is the concentration of active sites
at each time on stream, [S,] is the concen-
tration of active sites at zero time on
stream, 7 is the contact time, and 0 is the
fraction of active sites available for crack-
ing ([S)/[So]. In Eq. (1) the expansion factor
has not been introduced since in the range
of working conversions the changes in vol-
ume are generally small and it can be con-
sidered negligible. However, since the ac-
tivity of the catalyst decays with time, the
fraction of active sites available will be a
function of the time on stream. We have
used here the following decay equation:
B ks @

which has been reported to fit the decay
with paraffinic feeds (28, 29).

Integrating Eq. (2) between time zero and
the final time on stream f; yields

0 = ek (3)

where k4 is a kinetic decay constant.
Introducing (3) in (1), we obtain

—In(l — x) = k[Sele~ktr.  (4)

The time on stream is related to the con-
tact time by

T=P-b-t (%)

where P is the catalyst/oil ratio in g/g, and b
is a proportionality constant.
Introducing (5) in (4),

—In(1 — x) = ki[Sole *Pbt;  (6)

where x is the instantaneous conversion, al-
though experimentally only average con-
versions ¥ were obtained. They are related
by the following equation:

xdt. )]

In Eq. (6) k, is the kinetic rate constant for
the overall cracking, i.e., Ky = kcy+c5 +
kcy+c, and was calculated by fitting the ex-
perimental conversion values to Eqgs. (6)



and (7). The values for kc,.c; and kc;.c,
can be calculated by taking into account the
initial selectivities (IS) for the two cracking
reactions yielding C, + Cs and Cy + G5,
obtained previously (9), and the following

annatinng:
LCyuativiis.

kilSe) - IS
keyeos = il o]. 5Cy+Cs ®)

T
IDC2+C5 + lbC4+C3

o~
\O
~—

Isomerization and Disproportionation
Reactions

It is generally accepted that catalytic
isomerization of paraffins is a first-order re-

action with respect to the hydrocarbon con-
centration (30), which can be renresented

by

>~

e = LIQ1 (10
’2 I\ZLU J\/- \l\l

=g

0.

The disproportionation of parafﬁns is,
however, a bimolecular reaction which pic-
sumably occurs via a Rideal mechanism in-
stead of a Langmuir-Hinshelwood mecha-
nism, since the latter would involve the
interaction between two carbonium ions.
Thus, one can write the following rate
equation for the disproportionation reac-

tion
L8104 41

ry = k3[S()]CQ (11)

Considering these two reactions and the
cracking reaction (r; = &[Sl C), the initial
overall rate of loss of n-heptane at zero cat-
alyst age can be expressed as:

i=2
~runep = CalSol | 3 ki + Coks (12)

where C, is the initial concentration of n-
heptane. It is clear that the ratio between
the rate of each reaction and the total rate

of dicanmoaranca af u_hantana usill ha tha
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initial selectivity for the products of that
particular reaction:

—
[«
—

k{SelCo

£173)
=2 . Wy

Co[So] [2 k; + Coka]

This equation can be further simplified
since in this work C, was maintained con-
stant at 1 atmosphere. Consequently

Tn thic anniatian wo naws the 'n;fl' I calar_
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tivity (obtained experimentally), and the ki-
netic rate constant (k[Se]) for the overall
cracking reaction can also be calculated.
Thus, the total rate of disappearance of n-
heptane can be calculated from Eq. (i4).
Now, knowing the total rate of disappear-
ance of n-heptane and the initial selectivi-
ties for the disproportionation and isomeri-
zation reactions, the kinetic rate constants
for these two reactions can also be calcu-
lated with Eq. (14).

EXPERIMENTAL

The materiais, as weil as the cataiyst
preparation and the experimental proce-
dure, have been previously reported (9).
Samples of 1-3 g of CrHNaY zeolite, with
32% chromium exchange, were used.
These were loaded in a glass tube and oper-
ated as an integral flow reactor. The n-hep-
tanie flow rate was varied from 1.10 to 1.846
g hr=!, In a series of preliminary experi-
ments it was established that in these condi-
tions and by using a catalyst particle size of
80-120 mesh the rate of reaction is not con-
trolied by either external or intraparticie
diffusion.

In order to determine the extent of ther-

mal cracking of n-heptane in the COIldlthllS
used in this study, some experiments were
performed in the absence of catalyst. It was
found that at the higher temperature,

AT oand clawer flaw rate nead in thig
FiV Cy dliu SIUVYLL UUWY  Jals udbvu 1l uio

study the maximum thermal cracking con-
version of n-heptane was less than 3%;
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hence no corrections of the catalytic data
reported have been attempted.

The kinetics of the n-heptane cracking re-
action were studied at the reaction temper-
atures of 400, 450, and 470°C. The cumula-
tive average yield for each product at
different times on stream and constant
space velocity were calculated from the av-
erage yields obtained, taking samples at
regular intervals during the run (9). From
these values at constant space velocity, the
cumulative average yields at various con-
stant catalyst/oil ratios were also calculated
using the relationship between space veloc-
ity, catalyst/oil ratio, and time on stream
(31). Also, to minimize the effect of sec-
ondary cracking reactions, only low con-
version data (generally under 20%) were
used. The cracking conversion data were
taken as one-half of the sum of the previ-
ously corrected C;,Cs and C;,C, fractions.
The corrections of these fractions were
made considering that the direct cracking
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reaction of n-heptane is accompanied by
disproportionation reactions which also
yield Cs;, C4, and Cs hydrocarbons (9).

RESULTS AND DISCUSSION
Cracking Reactions

The corrected experimental cumulative
average yields for the cracking products
(%xp) at different catalyst/oil ratios and
times on stream are summarized in Table 1.
By fitting the %, data to Eqgs. (6) and (7),
the initial kinetic rate (k;[Sp]) and decay
(kg constants for n-heptane cracking ob-
tained at the three temperatures used in this
work are given in Table 2. For comparison
purposes the average yields for cracking
products predicted theoretically (x;) from
Eqgs. (6) and (7) are presented in Table 1.
These values agree satisfactorily with the
experimental data. The total rate of disap-
pearance of n-heptane, as well as the ini-
tial kinetic rate constants for the dispropor-

TABLE 1

Experimental (ex) and Calculated (c) Average Yields for the Cracking of n-Heptane on a CrHNaY-32 Zeolite

Temperature
400°C 450°C 470°C
Cat/oil Timeon £,° xb Cat/oil Time on Xox X Cat/oil Time on X, X,
(wiw) stream (wiw) stream (wiw) stream
(min) (min) (min)
0.36 90.0 1.55 234 036 90.0 7.18 774 022 150.0 1198 9.52
150.0 4.81 3.87 180.0 10.19 11.09 0.27 120.0 12.35 9.61
180.0 3.61 4.62 180.0 10.05 11.09 0.36 90.0 12.34 9.87
195.0 328 499 043 150.0 1027 1123 0.40 180.0 18.53 19.00
0.40 255.0 942 7.18 150.0 10.89 11.23 0.48 150.0 19.02 19.50
0.43 150.0 372 460 052 120.0 11.16 11.26  0.80 90.0 19.24 20.50
0.52 105.0 3.53 3.9 120.0 11.40 11.26 0.83 120.0 24.97 26.47
135.0 3.89 5.09 0.69 90.0 10.36 10.93
0.65 90.0 3.84 4.43 90.0 11.31  10.93
105.0 3.52 4.86 150.0 18.10 17.46
165.0 6.90 7.52 0.77 120.0 1790 16.00
0.77 135.0 7.06 7.26
0.91 270.0 15.89 16.27
1.16 90.0 7.41 7.25
210.0 16.56 16.34

% %, corresponds to the corrected experimental value £ in Eq. (7).
b 1. corresponds to the value £ calculated from Eq. (7).
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tionation and isomerization reactions of
n-heptane, determined by means of Eq. (14)
and the corresponding values of initial se-
lectivities (IS) from Table 2, are also given
in this table. From the values of the kinetic
rate constants of all the above mentioned re-
actions at the three reaction temperatures,
the apparent activation energies and fre-
quency factors were calculated and are pre-
sented in Table 3. The value for the overall
cracking is 21.8 kcal mol~'. Maatman et al.
(8) reported for the cracking of n-heptane
on a rare-earth X zeolite 16.3, 19.6, and
22.7 kcal mol~! as the apparent activation
energies at 30, 15, and 0 min of reaction
time, respectively. Considering the errors
associated with the determination of the ac-
tivation energy, which will be even larger
for a decaying catalyst, it can be accepted
that the activation energies for the cracking
of n-heptane on a rare-earth X and on a
CrHNaY zeolite are the same. This implies
that the nature of the active sites involved
in the cracking of n-heptane on both rare-
earth exchanged X zeolite and CrHNaY ze-
olite is the same. The difference in activity
between the two catalysts would then be re-
lated to the total number of active sites
rather than to the nature of these active
sites. This result would, in turn, confirm the
idea that, even though it is possible to see a
wide range of acid strengths in zeolite cata-
lysts by titration methods, only a small
fraction of these sites plays an important
role in the cracking of n-heptane. The de-
cay constant for the cracking of n-heptane
at 470°C has been found to be 16.79 x 104
sec 1. This value can be compared with the
values of 34.5 x 10~* and 249 x 10~*
sec”! reported for the cracking of a paraf-
finic gas—oil on an ultrastable HY and a La-
exchanged Y zeolite, respectively, at 480°C
(15).

Reaction Mechanism

Rate-controlling step. The cracking,
isomerization, and disproportionation reac-
tions are believed to occur through a carbo-

TABLE 2

Initial Kinetic Rate Constants for Primary Reactions in the Catalytic Cracking of n-Heptane on a CrHNaY-32 Zeolite

470°C

450°C

400°C

Reaction

Total

kg X 104

k[S,] x 10*

1S

Total
rate

kg ¥ 104

k{S,] x 10¢

IS4

Total

k[Sy) x 10* kg x 10*

IS

(mol2 ")
(gZ—n . SCC)

rate
(x 10%

(sec™ 1)

(m0124 n)b

(sec™Y)

rate
(x 104

(sec™ 1)

(mol>-7)

(&"- sec)

(x 109

(g2‘ n, SCC)

37.42 £ 5.62 16.79 60.35

13.88

0.39 23.88

36.68  0.62
0.23

10.47

0.59 21.64 = 2.00
5.14
16.50

0.14
0.45
0.30

0.11

16.74

0.8

0.47 7.87 242
1.51

0.09
0.38 6.36
0.

Global cracking
Cracking to C, + C;
Cracking to C, + C,

2,61 x 10~*
5.43

0.26
0.09

1.82 x 104

4.04

0,95 x 104

32

Disproportionation
Isomerization

0.17 2,85

< IS is the initial selectivity taken from Ref. (9).

b p is the reaction order.
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TABLE 3

Activation Energies and Frequency Factors for the
Initial Rate Constant for the Reactions in the
Cracking of n-Heptane on a CrHNaY-32 Zeolite

Reaction Order of Activation  Frequency
reaction energy factor
(kcal/mol) X [Sel

(mol/g - sec)

21.8 8.06 x 10°
30.0 6.94 x 10°
18.7 6.68 x 10?
14.0 3.21 x 10—
8.7 1.78 x 10!

Global cracking
Cracking to C, + Cs
Cracking to C; + C,4
Disproportionation
Isomerization

— N =

nium ion mechanism. A common step for
these three reactions would then be the for-
mation of the carbonium ion. As can be
seen in Table 3, the activation energies for
the three reactions are different. Thus,
from these results two hypotheses can be
made regarding the reaction mechanism. (i)
If the formation of the carbonium ions were
the rate-controlling step, a series of differ-
ent carbonium ions would form on the cata-
lyst surface, one type causing cracking, an-
other isomerization, another dispropor-
tionation, another hydrogen transfer,
another coking, etc. (ii) If it is assumed
that the three reactions have a common
carbonium ion intermediate which, once
formed, can decompose, rearrange, or un-
dergo a bimolecular disproportionation
with a neutral molecule, it seems evident
that the rate-controlling step would not be
the formation of the carbonium ion but the
cracking of the carbon chain or its rear-
rangement.

Current opinion, however, holds that the
formation of the carbonium ion is the slow-
est step in the surface-catalyzed reaction
sequence of paraffin cracking (10). This is
based on the fact that olefins can form car-
bonium ions more easily than paraffins,
which is the supposed explanation of the
former cracking faster than the latter. To
arrive at this conclusion it is necessary to
assume that the carbonium ions formed on
a paraffin and on an olefin behave equiva-
lently and, furthermore, that the acid sites
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involved in both paraffin and olefin crack-
ing reactions are the same. These assump-
tions have neither been satisfactorily
proved, nor do they seem to be obvious.

An attempt to bring some light on these
questions, particularly for the cracking re-
actions, has been made by means of molec-
ular orbital calculations. The energies of
formation of different carbonium ions,
which can be formed on n-heptane by ab-
straction of a hydride ion by a model Lewis
acid such as BF;, have been calculated by
the MINDO/3 method.

In the calculations all geometric parame-
ters associated with the carbonium ion have
been optimized. The results are summa-
rized in Table 4. From these values it is
clear that the most stable carbonium ion is
that corresponding to the carbon number 4,
which upon scission produces C, + Cs.
However, its energy of formation is only
0.6 and 1.5 kcal/mol lower than that for car-
bon number 3 and carbon number 2, respec-
tively, both of them producing by rupture
C; + C,. Therefore, if the controlling step
in the cracking reaction were the formation
of the carbonium ion we should expect a
difference in the activation energies for the
cracking reactions

C7—)C5 + C2
C7—)C4 + C3

much lower than the experimental value of

TABLE 4

Relative® Values for Enthalpy of
Formation of the Different
Carbonium Ions Which Can Be
Formed from n-Heptane

Carbonium ion AH
(kcal/mol)
C,* 19.0
C,*+ 1.5
C,* 0.6
C* 0.0

< Energy values are referred to the
C,* ion.
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11.3 kcal/mol (see Table 3). Consequently,
we believe that the rate-controlling step in
the cracking of paraffins is the rupture of
the C-C bond and not the formation of a
carbonium ion. It must, however, be noted
that the apparent activation energies given
in Table 3 are not the activation energies for
the rate-controlling step but the sum of the
heat of formation of the intermediate carbo-
nium ion and the activation energy for the
controlling step.

We arrive at the same conclusion by ex-
amining the values of the entropy factors
given in Table 3. From the transition state
theory (32), in a catalytic reaction the fre-
quency factor (A) is given by:

A = [S,] % eAS*IR

where [So] is the initial concentration of ac-
tive sites, k is Boltzmann’s constant, A is
Planck’s constant, and AS# is the entropy
of activation. Table 3 shows that the fre-
quency factor is higher for cracking than for
isomerization or disproportionation. If the
active sites involved in the formation of the
carbonium ion in the three reactions are the
same, then the differences in the value of
the frequency factor for the three reactions
should be related to the entropy factor.
This entropy factor is higher for cracking
than for isomerization or disproportiona-
tion. From these results we can conclude
that energy requirements favor isomeriza-
tion and disproportionation over cracking,
while cracking is favored by the entropy.
Furthermore, because of the difference in
both activation energy and frequency fac-
tor, the relative rates for the three reactions
will be temperature dependent, as will be
the ratio of their initial yields. Therefore,
cracking has the most favorable AS (A fac-
tor) of the three processes and hence
should become increasingly favored as tem-
perature increases.

The entropy results are in agreement
with the idea that the isomerization, con-
trary to cracking, would take place without
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separation from the molecule of the methyl
group which is going to migrate. In other
words, as has been suggested (33, 34) dur-
ing isomerization a new carbon-carbon
bond is being formed at the same time that
the former bond is breaking, presumably
via a protonated cyclopropane complex.

Mechanism of carbonium ion formation.
As indicated before, several authors have
considered that the carbonium-ion forma-
tion from a paraffin requires the abstraction
of a hydride ion by an acid site. We have
studied theoretically this possibility by in-
teracting the n-heptane molecule with BF;,
which is a typical strong Lewis acid.

Figure 1 shows the isoenergetic lines for
the n-heptane—BF; interaction correspond-
ing to the approach of the BF; molecule in
parallel planes to those presented as planes
A and B in Fig. 2. The BF; molecule has
been maintained always parallel to the re-
ferred planes, and the position of the boron
atom is indicated. No interaction channels
of the Lewis acid site (boron atom) toward
the hydrogen atoms can be observed. There
are, however, clear interaction channels
conducting the BF; to the carbon atoms in
the opposite direction to the C-H bonds.
The minima of energy are located over car-
bon 4 and over the symmetric equivalent
carbons 2 and 6. Interaction on carbons 3
and 3§ is also possible but energetically less
probable. These results indicate that the at-
tack of a Lewis acid site (or also a strong
Brgnsted site) is more likely to occur on a
carbon atom than in the C-H bond, which
would be expected according to the classi-
cal mechanism of carbonium ion formation
via hydride abstraction. Thus, based on
these results, the formation of a carbonium
ion seems to take place via a pentacoordi-
nate complex formed on a carbon atom of
the paraffinic chain as illustrated in Fig. 3.

In other words, and generalizing this ob-
servation, the carbonium ion formation
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CO-olr <08

FiG. 1. Maps of isoenergetic (kcal mol 1) lines for the van der Waals interaction between BF; and n-
heptane. Distance (Z) from the BF, plane to the A plane: Z = -3 A. (a); Z= -2 A (b); Z= —1 A (c).
Distance from the BF, plane to the B plane: Z= +3A(d); Z = +2A (e); Z= +1 A (.

could be considered to occur by interaction
of a carbon atom with the sites in the cata-
lyst with positive density of charge or sites
with electronic defects. These sites are able
to interact with the carbon atoms and to

produce their polarization. In some cases
this polarization may be large enough to
give rise to the carbonium ion produced
usually in carbonium ion type reactions.
On the basis that the energy minima

| I‘
: i I:
: ! e
~— T ——y T B Aoy
| W N I
H [

B ! /I Vi I Yy Vv 5
Nt~ e~~~
i/ /| /| VA
/oW W W A

1 {
: 1 H : | Hw I}--J— ______ H‘““-‘r--,:——"—'
' . CA Wi
" ! N 7
A ¥ v 4

Fi1G. 2. Spatial orientation of the n-heptane molecule. The planes A and B are those referred to in

Fig. 1.
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Fi1G. 3. A probable model for the interaction of #-
heptane with BF,.
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shown in Fig. 1 are quite similar, and as-
suming that the rate of cracking is directly
proportional to the number of carbonium
ions, i.e., to the number of interaction com-
plexes between n-heptane and BF;, it
would be expected, in a first approxima-
tion, that the rate of formation of C; + C,
should be at least twice as high as that for
the formation of C, + Cs. This conclusion
is consistent with the observations deduced
from the values of the kinetic rate constants
given in Table 2.

CONCLUSIONS

In the present work the kinetic rate con-
stants and activation energies for cracking,
isomerization, and disproportionation of n-
heptane on a CrHNaY-zeolite have been
calculated. The activity of this catalyst for
cracking of n-heptane decays about twice
as slowly than that of a HY or aLaY zeolite
for cracking of a paraffinic gas—oil. It has
also been found that the rate-controlling
step in cracking does not seem to be the
formation of the carbonium ion, but the
C~C bond breaking. Furthermore, the theo-
retical calculations effected show that the
formation of the carbonium ion by a Lewis
acid may more probably occur by direct at-
tack on a carbon atom by the Lewis acid
site than by hydride abstraction. This at-
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tack may produce a positive polarization of
the carbon atom.
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