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The effects of dilution by N,, H,, CO,, and CO on 2-methylpentane cracking over ultrastable
zeolite HY have been studied at 400°C. It was found that all these diluents slow down the rate of
feed conversion, shorten the kinetic chain length, and reduce the selectivity ratios of both paraffin
to olefin and isomerization to cracking. However, different diluents show different degrees of
influence on these values. To explain this we propose that the various diluents ‘‘passivate’ the
strength of the active sites to a different degree. A quantitative description and a detailed compar-
ison of activity and selectivity for this reaction in the presence of these various diluents are pre-

sented. © 1993 Academic Press. Inc.

INTRODUCTION

There continues to be a great deal of re-
search on the cracking of paraffins on alumi-
nosilicate catalysts (/-14) to which we have
recently contributed by describing, in quan-
titative terms, a chain process which ex-
plains the mechanism of paraffin cracking
(15). In our view this mechanism consists
of three steps:

(1) initiation of the reaction, in which a
feed paraffin is adsorbed onto a Brgnsted
acid site to form a carbonium ion and is
then protolyzed into a smaller paraffin (or
hydrogen) and a new carbenium ion, which
stays on the acid site;

(2) propagation of the reaction chain, in
which a carbenium ion acts as an active
Lewis acid site and reacts with a feed mole-
cule (by hydride transfer or disproportiona-
tion) to produce a paraffin and a new carbe-
nium ion which can in turn act as a new site;

(3) termination of the reaction chain, in
which a carbenium ion desorbs as an olefin
or forms ‘‘coke.”’

A kinetic model describing this chain
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mechanism has been applied to several par-
affin cracking reactions on HY zeolite (/6).
A quantitative method of treating product
selectivity has also been presented (/7).
Here we investigate the effects of four dilu-
ents, N,, H,, CO,, and CO, on the activity
and selectivity of this reaction. Some of
these diluents are nonpolar, while others are
polarizable and potentially active in the
chemistry of the reaction.

THEORY
Kinetics

A kinetic model suitable to this system
has been described previously (/5). The
model accounts for monomolecular and bi-
molecular cracking, both of which are active
in 2-methylpentane cracking. It assumes
that the same locations on the surface cata-
lyze both mechanisms, that the surface reac-
tion is rate controlling, and that it yields the
rate equation
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where X is the instantaneous fractional con-
version of reactant, 7 is the space time, G
is the deactivation rate constant, N is the
decay exponent, and ¢ is the volume expan-
sion coefficient. The constants A,, A,, and
B are functions of rate and equilibrium con-
stants of various processes in the mech-
anism:
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The A, parameter is related to the sum of
the rates of reaction occurring via monomo-
lecular and bimolecular chain processes,
while A, is related to the sum of the reaction
rates of bimolecular processes alone.

Selectivity

A suitable methodology for determining
the initial selectivity of products from exper-
imental product yields and conversion data
has been presented previously (19, 20). For
each reaction product, the time-averaged
yield sampled from ¢ = 0 to f is plotted
against the average conversion of feed, X e
Each of the plots can be enveloped by a
single curve, the optimum performance en-
velop (OPE), which describes the selectivity
behaviour of that product as catalyst decay
approaches zero. The initial selectivity of a
product, given by the slope of the OPE at
the origin, is nonzero for a primary product
and zero for a secondary or subsequent
product. Primary products are those which
are formed directly from the feed molecule
without any detectable gas phase interme-
diate.

EXPERIMENTAL

The 2-methylpentane was obtained from
Aldrich and used without further purifica-
tion. The only impurity present was
3-methylpentane (0.55%). The N,, H,, CO,,
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and CO (UHP grade) were obtained from
Linde and used as diluents.

Ultrastable HY zeolite (USHY) was pre-
pared from NaY (BDH Chemicals) by re-
peated exchange with 0.5M NH,NO, solu-
tion at 20°C for 24 hr. Between exchanges,
the catalyst was dried at 110°C for 24 hr.,
then calcinated in air at S00°C for 2 hr. After
10 such exchanges the catalyst was steamed
at 200°C for 24 hr. The powder was pel-
letized, crushed, and sieved to obtain the
60—-80 mesh material used in our runs. On
analysis, the catalyst was found to be 99.8%
Na* exchanged. The unit cell size was
24.536 (A) (X-ray diffraction); each unit cell
contained 35 Al atoms. The bulk Si/Al ratio
was 2.5 (X-ray fluorescence). The frame-
work Si/Al ratio was 4.49 (¥*Si MAS-NMR)
and the surface area was 540 m?/g (N, BET).

All experiments were performed in a
fixed-bed plug-flow glass reactor (60 x 1.7
cm 1.D.) which had an independently con-
trolled three-zone heater and a 0.15-m cata-
lyst bed containing catalyst diluted with
sand in order to minimize thermal effects.
Time on stream was varied between 2 and 20
min. At various times catalyst-to-reactant
ratios between 0.013 and 0.11 were used.
Details of experimental apparatus and meth-
odology have been presented previously
(21). Blank runs were carried out to deter-
mine the extent of thermal cracking.

The identification of the products was per-
formed using a Finnigan 1020 GC/MC. Gas-
eous products were analyzed by a Carle SX
1156 gas chromatograph which also allowed
for hydrogen determination. Liquid prod-
ucts were analyzed by a Varian 3700 gas
chromatograph with a 60-m SES4 capillary
column and a flame ionization detector.
Products up to C; were eluted at 15°C fol-
lowed by a temperature ramp of 5°C/min up
to 300°C. At the end of each run, the reactor
was purged with dry N, for 30 min and the
purge gases were also collected in the bu-
rette. All unpurged residues were regarded
as coke. The catalyst was then regenerated
by passing dry, carbon-dioxide-free air
through the reactor at 500°C for 8 hr. Regen-
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eration gases were passed through a second
reactor containing an oxidation catalyst to
ensure their complete combustion to carbon
dioxide and water. The water produced was
trapped in two drierite tubes in series and
the carbon dioxide in two ascarite tubes.
The amount of coke produced during the
reaction was calculated from the weight of
water and carbon dioxide trapped during re-
generation.

RESULTS AND DISCUSSION
ACTIVITY

The kinetic model presented in the theory
section accounts for monomolecular and bi-
molecular processes and is based on the as-
sumption that the same locations are active
in the two processes and that the surface
reaction is rate controlling. Figure 1 shows
that for the reaction of 2-methylpentane on
USHY at 400°C in all cases, whether with-
out or with N,, H,, CO,, or CO as a diluent
at dilution ratios from 1 to 3, experimental
data are well fitted by this model. Optimum
values of kinetic parameters for various re-
action systems are given in Table 1.

We know that the rate of a catalytic reac-
tion depends on the strength, distribution,
activity, and concentration of active sites
on the catalyst surface, as well as the con-
centration of the reactant in the gas phase.
The introduction of a diluent gas into a reac-
tion system decreases the concentration of
reactant but may or may not change the
concentration, decay rate, or strength distri-
bution of active sites.

Cumulative Conversion

The various curves of cumulative conver-
sion Y,f as a function of time on stream at
different catalyst-to-feed ratios are pre-
sented in Fig. 1. We find that, in general,
the addition of N, or H,ata 1: 1 ratio lowers
the early slopes of the conversion curves as
shown in Fig. 1. The limiting conversions
decrease with increasing dilution ratio and
curves continue to become flatter in the
early stage as shown in Figs. Ic and le.

The fact that the limiting conversion does
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not vary a great deal with N, or H, dilution
suggests that the dilution decreases the de-
cay rate as well as the reaction rate (17). In
the case of CO, as a diluent one may see
that both the limiting conversion and the
early slope of the conversion curve decrease
at a dilution ratio of 1:1 (Fig. If) and the
trend continues with increasing dilution ra-
tio (Fig. 1g). In the case of CO the above
tendency is even more pronounced. For ex-
ample, at a catalyst/oil ratio of 0.11 and a
time on stream of 20 min, the cumulative
conversion declines sharply from 42% to
29% to 24% with increasing dilution ratio
from 0 (Fig. la) to 1 : 1 (Fig. 1h) to 3: 1 (Fig.
11).

The behaviour of conversion curves plot-
ted in this way allows an alternative ap-
proach to the quantitative evaluation of ini-
tial catalyst activity and the rate of decay.
The slope at the origin of the X vs f; curve
is given by

ax\  _ o p(dX)  _ (At Az)
(d;)r-»o bP(dT )’r—-O bP( I1+B
2k K
= pP _._'__A__).
(l + KAICL)y ©)

This in turn represents the initial rate of
reaction modified by the adsorption parame-
ter B. As long as we take it that the A param-
eters do not vary significantly with dilution,
it is the parameter B which governs change
in this slope. A smaller slope indicates a less
negative value of B, which agrees with Table
1. The A parameters, however, do vary
somewhat with dilution. In the case of dilu-
tion the slope at the origin of the X vs f;
curve is given by

()5l
dtf ’r—)() ] + IB dth 1rB—»0
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The level of the plateau in X at a given
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F1G. 1. Theoretical curves and experimental points of average conversion vs time on stream for
2-methylpentane cracking on HY at 400°C. Reactant molar composition: (a) pure feed, (b) N,/feed =
1, (¢) Ny/feed = 3, (d) Hy/feed = 1, (e) Hy/feed = 3, () CO,/feed = 1, (g) CO,/feed = 3. (h) CO/
feed = 1, (1) CO/feed = 3. Catalyst-to-feed weight ratio: (V) 0.11; (A) 0.068; (@) 0.035; (O) 0.013.

catalyst/oil ratio is a function of the decay,
adsorption, and decay constants. It is not
easy to write down the specific form of that
dependence but one can say that if dilution
does not change the X level significantly
then the constants which define X have not
been changed or have been changed in some
compensating manner.

One would also expect that the results in
Fig. 1 reflect the dependence of the conver-
sion rate on the concentration of feed in
the gas phase, since any diluent reduces the
concentration of reactant. The higher the
dilution ratio, the slower should be the con-
version rate. We note, however, that the

same dilution ratio, using different diluents,
reduces the reaction activity to a different
extent in the following order:

CO >CO,>N, ~H,. (7

This difference must be a function of the
physical and chemical properties of the dilu-
ents. Among the four diluent gases, CO is
a polar molecule with a permanent dipole
moment, while H,, N,, and CO, are nonpo-
lar molecules but with polarizability in the
order H, = N, < CO,. We can therefore
expect the ability to adsorb on ionic acid
sites to increase as follows:

H, =~ N, < CO, < CO. (8)
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TABLE
Optimum Values of Kinetic Parameters for 2-Methylpentane Cracking on HY at 400°C
Kinetic Gases (dilution ratio)

parameter

Pure

feed N, N, H, H, CO, Cco, co cO

(V) 4y 3) ) 3 4y 3) n 3)
Ay (min™") .267 .308 498 316 .521 .304 337 292 .295
A, (min™") —.084 ~.077 -.063 -.081 —.065 —.073 —.066 —.062 —-.056
B -.902 —-.850 —.663 -.863 —-.657 —-.753 —.525 —.549 —-.356
G (min~") .262 232 .208 254 211 .209 199 .194 .189
Ne 1 ] 1 1 1 1 1 1 1
gt .309 166 .094 .161 .093 181 104 .202 .116

% N is fixed at a value of 1 (16, 20).

b ¢ is calculated using experimental selectivity data (16, 20).

It seems then that we must attribute some
of the loss of activity to *‘passivation’ of
active Brgnsted sites by the polar interac-
tions of the diluent with active sites, as well
as to the simple effect of dilution. We pro-
pose that the interaction of H, and N, with
an active site is weak and does not change
the rate parameters significantly, since they
cause little loss of limiting conversion, while
that of CO is strongest since it causes a large
loss in limiting conversion. That of CO, falls
between these two cases.

A further possible reason for the loss of
activity is the polar interaction between dil-
uents and surface carbenium ions, those
which are active in bimolecular chain pro-
cesses in this reaction. As an electron ac-
ceptor (Lewis acid) a carbenium ion can in-
teract with an electron donor (Lewis base).
This interaction alters the acid strength, or
‘‘passivates’’ the bimolecular reaction sites,
resulting in a drop of conversion due to de-
creased chain propagation. H, and N, , with
no active free electrons, are not expected
to take part in such interctions. CO is a
known electron donor while CO,, with four
pairs of free electrons, may also act as a
donor. Both can inhibit chain propagation
reactions by passivating active carbenium

ions on the surfaces, causing a reduction in
total conversion.

Initial Reaction Rates

To examine the effects of dilution on the
initial conversion rate in another way we
can consider the variation in the value of
(A, + A))/(1 + B) with dilution using Table
1, since this is a measure of the monomolec-
ular rate dX/dr at t— 0 and x — 0, i.e., the
instantaneous initial rate (Eq. (1)). Figure 2
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Fi1G. 2. A comparison of the initial rate for pure
2-methylpentane cracking with the rate in the presence
of diluent H,, N,, CO,, or CO at dilution ratio of 1
or 3.



DILUENTS IN 2-METHYLPENTANE CRACKING

shows the value of (A, + A,)/(1 + B) without
and with N,, H,, CO,, and CO as a function
of the diluent at the dilution ratios 1: 1 and
1 : 3. The rate of pure feed conversion is the
highest. For each diluent it decreases with
an increase in dilution ratio. For the various
diluent gases at the same dilution ratio the
magnitude of this initial rate is in the order:

H,=N,>» CO,> CO. ©9)

Here we clearly see the effects of both
simple dilution by hydrogen and nitrogen
and dilution plus passivation by the other
two diluents, on a clean catalyst surface.
The more polar the diluent, the stronger the
passivation of the active sites, and the
smaller the initial rate of reactant conver-
sion as we saw in Fig. 1.

Monomolecular and
Bimolecular Processes

We have argued that the mechanism of 2-
methylpentane cracking on HY consists of
monomolecular and bimolecular processes
in which the active sites are Brgnsted acid
sites on the pristine catalyst and carbenium
ions on these Brgnsted sites, respectively
(15, 17). We must therefore investigate the
effects of dilution on these two different but
related processes. To do that we derive the
following equation using Egs. (2) and (3):

(4, +A)_ kK,

(10)

The right hand side in Eq. (10) is the rate
ratio of monomolecular processes to bimo-
lecular processes at a steady state coverage
by surface species. If the adsorption and
reaction rate constants do not change upon
the addition of a diluent, Eq. (10) becomes

(A, +A2) kKA1 +B)
B

= s 11
A, b SkeanKica

where g is the dilution ratio and [C,J] is the
initial concentration of feed without dilu-
tion (22).

In a previous study (22) we applied Eq.

3383
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Fi1G. 3. A comparison of the rate ratio of mono-
molecular process to bimolecular process for pure
2-methylpentane cracking with the ratio in the presence
of H, N,, CO,, or CO as a diluent at dilution ratio of
1or3.

(11) to the case of N, as a diluent at ratios
from 1:1 to 5:1 and concluded that N, di-
luted the concentration of reactant and pro-
moted the desorption of carbenium ions as
olefins but did not significantly change the
constants of adsorption and reaction. From
Fig. 3 we see that by this measure H, has
almost the same effect as N,. In the case of
CO, and CO the situation is significantly
different. First, at the dilution ratio of 1:1
this ratio is slightly larger than that for N,
or H,. Second, on increasing the dilution
ratio from 1:1 to 3:1 this ratio for CO or
CO, increases much less than that for N, or
H,. The result can be explained by consider-
ing the balance of the effects of passivation
on monomolecular reaction sites (i.e.,
Brgnsted sites) and on bimolecular reaction
sites (i.e., carbenium ions).

Both CO and CO, as simple diluents
would have the same effect as that seen for
N, and H, in Fig. 3. What makes the effect
of CO and CO, different is that at 1: 1 ratio
both gases seem to slow down bimolecular
reactions more than by simple dilution. The
result is that | A, | decreases more than ex-
pected and theratio (A, + A,)/(—A,)is larger
than for N, and H,. We think this occurs
because the polar diluents interact with sur-
face ions, both protons and carbenium ions,
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to make them less reactive. Table 1 supports
this conjecture; we see |A,| decreasing
much more for the polar gases, while A,
remains almost constant.

As we increase the diluent ratioto 1 : 3 we
see that (A, + A,)/(—A,) increases markedly
for H, and N,, indicating a rapid suppres-
sion of bimolecular reactions by the dilution
effect. For the polar gases this suppression
of bimolecular reactions seems to be smaller
or, alternatively, there is a significant sup-
pression of monomolecular reactions repre-
sented by (4, + A,). This in fact is the case,
as shown in Fig. 2 and in Table 1. It seems
therefore that polar diluents have the follow-
ing effects on the rates of surface processes:

(1) A simple diluent effect which reduces
the probability of bimolecular collisions and
hence of both the initiation and chain propa-
gating reactions.

(2) A passivation effect on both protons
and carbenium ions which also slows down
the rates of both initiation and propagation
reaction but to a different extent.

Parameter B and G

The value of the kinetic parameter B
quartifies the competition for adsorption
sites between product olefins and the feed.
The smaller (i.e., more negative) the value,
the stronger the adsorption of products vis-
a-vis the reactant. From Table 1 we see that
dilution increases the B value. For the same
diluent the larger the dilution ratio, the
larger the B value. For various diluents at
the same dilution ratio (1:1 or 3: 1) the val-
ues follow the order

pure feed < N, = H, <CQO, < CO. (12)

That is to say that the adsorption of product
(i.e., carbenium ions) becomes weaker vis-
a-vis the reactant (i.e., carbonium ions).
There is also a tendency for the decay
parameter G to decrease with dilution ratio
(Table 1). Since catalyst decay results from
the formation of coke, which in turn seems
to involve bimolecular reactions between
adjacent carbenium ions (22), we interpret
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the decrease in G as being related to the
reduction of surface coverage by active car-
benium ions. Furthermore, passivation of
carbenium ions by interaction with a polar
diluent molecule makes them less reactive
in the coke-making reaction.

SELECTIVITY

Tables 2 and 3 present the initial selectiv-
ity data for 2-methylpentane cracking over
HY at 400°C, without and with N, , H,, CO,,
or CO as adiluent, at the dilution ratioof 1 : 1
or 3:1. For each case, the initial products
include C,—C; paraffins, C,—C, olefins, three
C, isomeric paraffins, coke, and hydrogen.

Product Formation Probability

Table 3 shows that total molar selectivi-
ties increase due to the addition of all dilu-
ents indicating that the molecule is breaking
up into more fragments. For the same dilu-
tion ratio the order of total molar selectivi-
ties is CO > CO, > N, > H,. To investigate
the changes in selectivity distribution in
more detail we divide all products, exclud-
ing coke, into three classes:

(a) C,-C; paraffins and hydrogen;
(b) C,-C, olefins;
(c) C, isomeric paraffins.

The variations of their PFPs (i.e., normal-
ized molar selectivities) with dilution are
shown in Fig. 4. We see that for the same
diluent both (a) and (b) increase with dilu-
tion and that at the same dilution the PFPs
of (a) or (b) follow the order

CO > CO, >N, = H, > purefeed. (13)

The PFPs of (c) decrease with dilution ratio
and for various diluents at the same dilution
ratio in the order

pure feed > H, = N, > CO, > CO (14)

In other words, different diluents inhibit
isomerization to a different extent. This is
the root reason that the total molar selectiv-
ity increases.

According to our proposed chain mecha-
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TABLE 2

Initial Weight Selectivities for 2-Methylpentane Cracking on HY Zeolite at 400°C

Products Gases {dilution ratio)
Pure
feed N, N, H H, co co CQ, Cco,
[0} () 3) (1 3) (€3] 3) (1) (3)
Hydrogen .0004 .0002¢  .0001°  .0002 .0001 .0004 .0003 .0005 .0003
Methane .0030 .0047 .0076 0057 .0087 0038 L0059 .0054 .0069
Ethane .0021 .0023 .0029 .0031 .0051 .0033 .0055 .0048 .0067
Propane 0955 1021 1091 .0970 1018 1360 1507 1078 1198
Butanes .0824 .0869 .0933 .0802 .0820 .0741 0796 0756 L0821
Pentanes .0883 .0894 .0928 .0848 .0930 0795 0865 0816 0911
Hexanes .5476 .5241 .4833 .5431 .5028 .4740 4161 Sli4 4613
Ethylene 0066 .0076 .0108 .0082 .0163 .0130 L0156 0116 .0163
Propylene .0976 .1088 1192 .0990 1032 1376 1578 1107 1251
Butenes 0117 0127 0193 .0191 0227 0176 0229 .0188 0275
Pentenes 0065 .0079 0106 0112 .0168 .0076 0105 .0142 0165
Hexenes .0487 .0475 L0465 .0476 L0461 .0416 0409 .0470 0427
Coke .0086 .0063 .0039 .0068 .0052 0123 .0101 .0095 .0063
Totals 0.9990 1.0006 0.9994 1.0060 1.0038 1.0008 1.0024 0.9989 1.0026
40.00024.
?0.00015.

nism for paraffin cracking (22), olefins are
the products of chain termination (carbe-
nium ion desorption); isomeric paraffins are
the products of the chain propagation (hy-
dride transfer between feed molecules and
carbenium ions); and paraffins whose num-
ber of carbons is less than that of the feed
molecute may be produced by the protolysis
of the feed molecule or by chain propagation
(dimerization cracking).

As we have already pointed out, one func-
tion of a diluent is to reduce the concentra-
tion of feed and thus slow down the rate of
bimolecular chain propagation, hence the
drop of the PFPs of C, isomeric paraffins.
Since the rate of chain termination is inde-
pendent of the concentration of feed in the
gas phase, the rise in the PFPs of olefins as
the bimolecular processes slow down is also
expected. For the smaller paraffins, dilution
reduces their PFPs by slowing the rate of
bimolecular reactions but also enhances
their PFPs by increasing the proportion of
conversion due to chain initiation in the

overall reaction processes. Here we see the
values increase slightly due to these off-
setting trends.

To explain the difference in the effects of
different diluent gases we must consider the
interaction between a diluent and the active
site in more detail. As we outline in the
preceding section, CO and CO, may be eas-
ier to attach to an ionic site than H, and N, .
It is this interaction that we believe reduces
the surface residence time of carbenium ions
and hence inhibits the propagation of reac-
tion chains as well as promoting the forma-
tion of olefins.

The increase in the PFPs in Fig. 4b and
the sharp drop of the PFPs in 4¢ for CO
as a diluent, in contrast to N, or H,, is so
pronounced that we may even want to call
CO an inhibitor of the isomerization reac-
tion. Unfortunately the whole issue of inter-
preting catalyst properties using the PFPs is
greatly complicated, if not made impossible,
by the confusion caused by the presence of
the chain processes. Each PFP represents
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TABLE 3
Initial Molar Selectivities for 2-Methylpentane Cracking on HY Zeolite at 400°C
Products Gases (dilution ratio)
Pure
feed N, N, H, H, CO CcO Co, CO,
(0) (n (3) (9} (3) (N 3) (§)] (3)
Hydrogen: H, 0172 0105 0063 .0086 0043 0172 0129 L0215 0129
Paraffins: C, 0161 0253 .0409 .0306 .0468 .0204 .0317 10290 0371
C, .0060 0066 .0083 .0089 .0146 .0095 0158 .0138 .0192
Cy 1867 1996 2132 1896 1990 .2658 .2946 2107 2342
C, 1222 1289 1383 1189 1216 1099 1180 1121 1287
Cs 1055 .1068 1108 1013 111 .0950 .1033 0975 .1088
Cs .5476 5241 4833 .5431 .5028 4740 4146 5114 4613
sum 1.0013 1.0018 1.0012 1.0010 1.0020 9918 .9924 9960 .9952
Olefins: C, 0203 10233 0332 0252 .0501 0399 .0479 .0356 .0501
C, .1998 2228 2441 .2028 2113 2818 3231 2267 2562
C, .0180 0195 .0296 .0293 .0349 .0270 0352 .0289 10422
Cs .0080 .0097 0130 0137 L0206 L0093 0129 0174 .0203
Cs .0499 .0486 0476 .0487 .0472 0426 0419 .0481 .0437
sum .2960 3239 3675 3197 3641 4006 4610 .3567 4125
Coke* .0086 0065 .0039 .0068 .0052 .0123 .0101 .0095 0063
Totals 1.3059 1.3319 1.3726 1.3275 1.3695 1.4027 1.4635 1.3622 1.4140

Note. Molar selectivity = (Weight selectivity) x Mol. wt. of feed/Mol. wt. of product.
9 The coke selectivity is in terms of weight, not in moles.

a molar selectivity composed of the contri-
bution of one or more modes of formation
for that product. To see a more fundamental
cause for these effects we must examine the
probabilities of conversion by each of the
many processes occuring on the surface. It
is the changes in these Reaction Pathway
Probabilities (RPPs) which may reveal the
cause of the changes induced by dilution or,
for that matter, by catalyst formulation.

Reaction Path Probability (RPP)

The reaction network for 2-methylpen-
tane cracking on HY consists of a series of
individual elementary reactions, as shown
in Table 4. The mathematical model of this
mechanism (i.e., matrix expression) and the
computer procedure used to evaluate the
RPPs have been presented previously (/7).
The RPPs of all individual reaction path-
ways for our systems can be calculated us-

ing this methodology. We apply the same
model as in (/7) to all the cases with various
diluents at different dilution ratios. The re-
sults are presented in Fig. 5. The RPPs of
pathway X5, X5, X3, X4, and X, are not
shown since they are 0 at all dilutions. We
see that for monomolecular initiation, the
RPPs of paths Xy, Xy, and Xy, increase
with dilution but to a different extent for
various diluents. X, varies slowly with dilu-
tion while the change in X, is opposite to
that for the other protolysis modes.

For propagation the RPPs of X5, X,
and X, decrease while X, and X, increase
with dilution ratio, but to different extents
for various diluents. At the same time X5,
increases with N, and decreases with CO or
CO, with increasing dilution ratio. All the
above-mentioned changes can be attributed
to changes in the number and strength distri-
bution of surface active sites due to the addi-
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CO.

tion of various diluents at various ratios. We
can now compare chain initiation to chain
propagation probabilities.

From Fig. 6 we see that the total of the
RPPs of initiation reactions increases with
increasing dilution ratio for ali diluents and
follows the order

(15)

while the total of RPPs of the propagation
reactions changes in reverse order. More
detailed consideration of the individual
chain propagating reactions is left for con-
sideration in the future when more exam-

CO > CO, > H, = N, > pure feed,

ples of this type of information become
available.

Bond Cracking Probability (BCP)

To compare the probabilities of protolysis
of various C-C and C-H bonds we have
defined

(16)

The calculated BCP values with no dilu-
ent show the protolysis of bonds in the feed
molecule obeys the following order of pref-
erence (17):
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F1G. 5. Reaction pathway probability in 2-methylpentane cracking with various diluents at different

dilution ratios.

C,-C,>C,~C,>C,~CyorC,—C,>C,—H
BCP, BCP BCP, BCP,

Dilution does not change the above order
but does change the ratios among the BCPs.
From Fig. 7 we see that increasing the dilu-
tion ratio caused BCP, to stay constant in
the cases of N,, H,, and CO, as a diluent
and to increase in the case of CO. BCP,
decreased and BCP; increased to a different
extent for the various diluents. BCP, de-
creased with N, as a diluent and increased
then decreased with H,, CO, and CO,. The
reasons for these changes are not immedi-
ately clear. However, if one agrees that the

various modes of protolysis proceed prefer-
entially on sites of specific strengths the situ-
ation may be understandable. To us it seems
that there is no doubt that the strength distri-
bution of acid sites decides the BCP distri-
bution. There is also no doubt that the avail-
able acid strength distribution of the pristine
catalyst itself is not the same as that avail-
able for the protolysis reaction at steady
state in the absence of diluent, and that this
distribution will change due to the introduc-
tion of a diluent, at least because more sites
are made available by the enhanced desorp-
tion. That is to say that the level of dilution
and the kind of diluent used results in a
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F1G6. 5—Continued

specific site strength distribution of the un-
covered, ‘‘pristine’’ sites. By the same to-
ken it changes the strength distribution of
the sites covered by carbonium ions. This in
turn governs the proportions of the various
BCPs and of the chain carrying processes.
The complex behaviour observed is not im-
mediately obvious and its detailed interpre-
tation awaits further investigations.

Kinetic Chain Length (KCL)

We have defined the kinetic chain length
(KCL) as the ratio of overall reaction rate
to initiation reaction rate. Its value may be
calculated from the RPP data (/7). Figure 8

shows the KCLs of 2-methylpentane crack-
ing on HY varies with the dilution ratio.
One can see that the KCL becomes shorter
with increasing dilution ratio for all dilu-
ents. For the same dilution ratio the order
of KCL is H, = N, > CO, > CO. This
result confirms that dilution slows down
the rate of overall reaction by impeding
the propagation of reaction chains more
than it does the rate of initiation. The
converse shouid aiso be true: high pressure
cracking should proceed via chain propaga-
tion to a larger extent. This influences
the selectivity for products in a manner
analogous to that described above; i.e.,
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F1G. 6. Reaction pathway probability of initiation and propagation reactions in 2-methylpentane
cracking with various diluents at different dilution ratios: (a) initiation; (b) propagation.

higher pressure should increase the selec-
tivity for paraffins, isomers, and coke.

Competitive Events on Carbenium Ions

As the active sites of chain propagation
processes, carbenium ions play a very im-
portant role in the reaction mechanism. Ex-
amining the various competitive events oc-
curring on them can help to unravel more
of the causes for the observed effects of
dilution on the reaction mechanism. Here
we specifically discuss the fates of C5, Cy,
and C¢ carbenium ions, since they are the
dominant surface species in this reaction
system (22).

From the reaction network presented in

Table 4 we see that there are two kinds of
fates awaiting C; or C7 ions, desorption as
ethylene or propylene or reaction with a
feed molecule (hydrogen transfer or dispro-
portionation), and that there are three fates
awaiting C¢ ions, desorption as Cq olefins,
hydrogen transfer with a feed molecule, and
B-cracking. We can observe the probability
of each of these fates.
For example, by defining (/7)

d,
dy+ Xpp+ Xy + Xpn + X3

d3_Xb63
= Xpez t X350+ X3 + Xy

(17)

oG, =

(18)

0C, = 2
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ds

=—_— (19)
dy — Xoer T Xeo

0oC,
we calculate the probability that an ion will
desorb as an olefin rather than suffering any
of the other fates.

Using the values of RPPs and d, in Eqgs.
(17), (18), and (19), the values of OC,, OC;,
and OC, in various cases have been calcu-
lated and are shown in Fig. 9. One can see
that the value of OC, is 18% at no dilution
and increases rapidly with dilution ratio for
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FiG. 8. Plots of kinetic chain length as a function of
dilution ratio. Diluent: (¥) H,, (O) N,, (A) CO,. (@)
CO.

all diluents; the value of OC, is 82% at no
dilution and also increases with the dilution
ratio. At any given dilution CO causes the
largest increase of both OC, and OC;. This
confirms that dilution promotes the desorp-
tion of C; or C;7 ions and tells us that the
C5 ion is more sensitive to dilution than
C7 ions as well as that CO causes more
desorption than do the other diluents.

For C,H}, ions we have calculated that
X,; = 0 for all cases discussed here. Figure
9¢ shows that the value of OC, is 8.4% at no
dilution and increases slightly with dilution
ratio for all diluents. This behaviour indi-
cates that the C/ carbenium ion is stable to
both B-cracking and desorption as an olefin
and prefers to attract an H™ from a feed
molecule (isomerization) in the reaction of
2-methylpentane over USHY at 400°C. The
reason that the PFP for isomerization is
reduced so much (see Fig. 4) is therefore
not so much the desorption of Cq carbe-
nium ions as a decrease in their population
due to the large decrease in the bimolecu-
lar, chain propagating, hydrogen transfer
processes. These in turn are inhibited by
the increase in the desorption of C, and
C, carbenium ions as discussed above.
The desorption of these ions leaves less
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TABLE 4

Reaction Mechanism of 2-Methylpentane on HY Zeolite

Reaction pathway Type RPP symbol
CH,, + HS — H, + CH,S X
CH,, + HS — CH, + C;H,;S X!
CeH,, + HS — C,H, + C,H,S Initiation { Xy
CeH,, + HS — C,Hy + C,H,S P’
CeH,, + HS — CHy + CHS | Xy
CH,, + CGHS  — CH + CH,5S [ Xy
CH,y + C:HS  — CiHg + CH S ) Xy
CHyy + GHS  — CiHjg + CiHS Xn
CHy, + CGGHS  — CHyy + GH;S Xy
CeHq + C;H,S  — CyHg + CH3S : Xy
CH, + CH,S — CHy + CH, S Propagation 1 x4,
CHyy + GH,S  — GHyp + CH,S X5
CeHiy + CHyS  — CH,yp + GH3S Xy
CHyy + CHS  — CHyp + CsH S {Xu
CHyy + GH S — CH;, + CH ;38 X5
CH,  + CH;S — CH,4 + CH;3S) Isomerization X
C¢H,S* — C;H¢ + C;H,S* B-Cracking KXo
CeH s - m,C,H, + m,H, Coke formation Xke
CH,S" — C,H, + HS d,
CH,S* — C,H, + HS dy
C,H,S* — C4Hg+ HS Termination d,
C5H“S* had C5H10 + HS d5
C.H? — CHypy + HS d,

Note. X, is the probability of feed consumption via the ith mode of protolysis
mode of initiation; X, is the probability of feed consumption via the reaction of a
feed molecule with the surface ion C;H,;,,S” forming a paraffin molecule C,H,,,,
and a new surface ion Cq.,;_Hag.; )+ 1S™; Xg is the probability of feed consumption
via the production of isomers of the feed molecule; X, is the probability of feed
consumption by the formation of coke; Xi; is the molar selectivity for propylene
(C5) production from the B-scission of C¢H;S™ (Cq) ion; d; is the molar selectivity for
olefin C;H,; production from the desorption of C;H;;,;S™ in a termination reaction.

opportunity for the hydrogen transfer reac-
tions which are necessary to form hexyl
carbenium ions.

CONCLUSIONS

Our investigation of the effects of four
diluents (N,, H,, CO,, and CO) on the reac-
tion of 2-methylpentane on USHY at 400°C
indicates that the addition of an inert diluent
to a heterogeneous catalytic reaction system
has multiple effects on the reaction:

(1) The diluent reduces the concentration
of the gas-phase reactants in the case of all
of diluents. This leads to a decrease in the

rate of reaction, a decrease in the rate decay,
and an increase in the contribution of mono-
molecular (initiation) reactions to overall
conversion.

(2) The diluent changes the number and
acid strength distribution of Brgnsted sites
available for initiation by changing the frac-
tion of these sites left unoccupied by diluent,
reactant, or product molecules.

(3) The diluent influences the reactivity
of ions on the surface if the diluent is an
active electron donor or acceptor. This
changes the RPPs of all processes in ways
which are superimposed on the effects of
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Fi1G. 9. Desorption probability of carbenium ions

vs dilution ratio: (a) OC2: for C; carbenium ion,

(b) OC3: for C7 carbenium ion, (c) OCé: for C; carbenium ions. Diluent: (V) H,, (O) N,, (A) CO,,

(@) CO.

concentration-driven population changes
which arise with any diluent.

As a result of dilution the 2-methylpen-
tane cracking rate decreases and the ratio
of monomolecular to bimolecular reactions
increases. The decay rate also decreases.
For N, and H, these changes are attributable
to simple concentration changes due to the
dilution of the reactant. We believe that
these two gases are indeed inert.

For CO, and CO the effects are more com-
plicated as these diluents passivate both
monomolecular and bimolecular reaction
sites, as well as diluting the concentration
of the feed.

The influence of dilution on the selectivity
of this reaction is most easily characterized
by the molar selectivity ratios of product
paraffin to olefin and of isomerization to
cracking products. Both these ratios de-
crease with dilution which inhibits the prop-
agation of reaction chains and promotes
chain termination.

We have seen no products which could
be attributed to a chemical reaction be-
tween any of the above diluents and the
feed.

APPENDIX: NOMENCLATURE

instantaneous fractional conver-
sion of feed

X
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average fractional conversion
reactant to catalyst density ratio
(dimensionless)

space time (min)

catalyst time-on-stream (min)
total run time of the experiment
(min)

volume expansion coefficient
aging parameter (min~')

aging exponent (dimensionless)
catalyst to oil weight ratio (di-
mensionless)

kinetic parameters
concentration of active sites (ini-
tial)

diluent gas to feed mole ratio
initial concentration of reactant
(mol/liter)

the mole numbers of the ith
product when 1 mol of feed com-
pletely reacted

adsorption constant of reactant
adsorption constant of the jth
product

rate constant of the ith mode of
monomolecular reaction

rate constant of carbenium ion
CHy.;S" undergoing the Rth
mode of bimolecular reac-
tion.

product formation probability
reaction pathway probability
RPP symbol of initiation pro-
cesses

RPP symbol of propagation pro-
cesses

bond cleavage by protolysis
probability

kinetic chain length

olefin desorption probability

I

2.

1.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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