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The effect of steam dilution in shaping the selectivity of
2-methylpentane cracking has been studied at 400, 450, and 500°C
using a USHY zeolite. The results show that the presence of steam
enhances isomerization of the feed and suppresses the production
of cracked products. This and other evidence leads us to believe
that steam dilution enhances the chain propagating reactions in the
mechanism of catalytic cracking. At the same time, steam inhibits
chain termination by desorption. The net result is that the presence
of steam increases kinetic chain length and the paraffin-to-olefin
ratio. The effects of steam dilution are surprisingly strong at lower
temperatures but become less significant as temperature rises. All
these effects are interpreted in terms of their influence on the ele-
mentary steps of the chain mechanism and are principally rendered
in terms of a new measure: the reaction path probabilities (RPPS).
These describe the likelihood that a feed molecule will be converted
by a given reaction. Probabilities of all the reactions of the various
ions present in the chain mechanism of 2-methylpentane crack-
ing are quantified by formulating appropriate secondary functions
using the RPPs derived from our experimental data. These vari-
ous “internal” probabilities are used to quantify just how likely are
each of the many alternative reactions of a given ion, as reaction
conditions change. They allow us to track the effect of changes in
reaction conditions, or in catalyst formulation, in unprecedented
detail. Moreover, they give a detailed picture of the behavior of
elementary processes in this reaction. We present and discuss ex-
amples of the quantitative information which our methods make
available, and the mechanistic interpretations which flow from this
information. In particular, we apply these measures in a study of
the effects of steam when it is added to cracking 2-methylpentane
in various proportions. It appears that catalytic cracking is much
more susceptible to the effects of dilution than has previously been
suspected.  © 1996 Academic Press, Inc.

INTRODUCTION

In this work we describe a new and potentially impor-
tant direction in studies of the mechanism of hydrocarbon

1 To whom correspondence should be addressed.

cracking over zeolite catalysts, a topic which is under active
investigation in a number of laboratories (1-10). Our previ-
ous reports on 2-methylpentane cracking over USHY and
on the effects of various diluents on this reaction have con-
firmed the presence of a chain mechanism in the cracking
of this paraffin, and in the cracking of paraffins in general
(11, 12). They have also shown that there are previously un-
suspected interactions between the active sites and diluent
molecules (13, 14). This stimulated our interest in investi-
gating the interactions between “inert” electron donors and
acceptors, when these are used as diluents added to the feed
during the cracking reaction. As we will show, such studies
have helped us to illuminate some fundamental aspects of
acid catalysis on zeolites.

The role of steam as a modifier and stabilizer of zeo-
lite catalyst activity in “steaming” is well known. Catalyst
steaming is thought to reduce and narrow the strength dis-
tribution of acid sites on the surface of cracking catalysts
(15-20). However, the influence of steam as a diluent on
the kinetics and selectivity of cracking reactions has been
largely ignored. Thisissurprising, since steam isan unavoid-
able contaminant in commercial cracking operations.

In our first paper on the consequences of steam dilution
in catalytic cracking, we reported an investigation on the
effects of steam dilution on the kinetics and activation en-
ergy of 2-methylpentane cracking over USHY (21). In this
second report we comment on the effects of steam dilu-
tion and of reaction temperature on the initial selectivity
of 2-methylpentane cracking on USHY, and on other more
detailed aspects of the mechanism of this reaction.

THEORY
Chain Mechanism

We have recently proposed a chain mechanism for paraf-
fin cracking (12, 22). This consists of three main steps:

1. chain initiation by the direct protolysis of C-C and
C—-H bonds of feed molecules on Brgnsted acid sites;
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STEAM DILUTION, 11

TABLE 1

Reaction Mechanism of 2-Methylpentane on HY Zeolite

RPP
Reaction pathway Type symbol
C6H14 + HS — H; + C6H13$ Initiation Xoo
CsHis + HS — CH4 + CsH;1 S (protolysis) Xo1
C6H14 + HS d CzHe + C4Hgs XQZ
C5H14 + HS — C3H3 + C3H7S X03
CsHis + HS — C4Hyg + CoHsS Xoa
CeHis + CoHsS — CyHg + CgH13S Propagation Xoo
CeHis + CoH5S — CsHg + CsH1u1 S (dispropor- Kot
CsH14 + CoHsS — C4Hyg + C4HgS tionation) X2
CgHys + CoHsS — CsHip + C3H7S Xas
CgHi4 + C3H;S — C3Hg + CgH13S Xs0
CgHig + C3H7S — C4Hyo + CsHy1 S Xa1
CgHis + C3H7S — CsHyp + C4HeS X3z
CeHis + C4HoS — C4H1p + CeH13S Xao
CgHis + C4HoS — CsHyp + CsH11S Xt
CeHis + CsH1i1S — CsHyp + CeH13S Xso
CeH1s + CgH13S — CgHyy + CsH13S Isomerization Xeo
C(5H138Jr — C3H6 =+ (:3H7SJr ﬂ-cracking Xb63
(chain transfer)

CeHys — mCyHy + mpH; Coke formation XKike
CjH3j+1S* — CjHy + HS Termination d;

(desorption)

Note. Xy is the RPP of feed conversion via the ith mode of pro-
tolysis, Xj, is the RPP of feed conversion via the reaction of a feed
molecule with CjHy;j;1S™ to form a paraffin CyHzn 2 and a new surface
ion Ce 4 j_nHa(s +j—n) +1ST, Xkc is the RPP of feed conversion by the forma-
tion of coke Xpez is the molar selectivity for propylene from the 8-scission
of CeH13S ™ (Cs) ions dj is the molar selectivity for CjHy; olefin production
from CjHy; ;1S by desorption.

2. chain propagation by hydrogen transfer and other dis-
proportions between feed molecules and carbenium ions
on the catalyst surface;

3. chain termination by the desorption of carbenium ions.

Afull set of elementary reactions in 2-methylpentane crack-
ing on USHY, including some ancillary processes, is pre-
sented in Table 1. In order to quantify this mechanism, we
collect experimental selectivity data.

Selectivity
1. Optimum Performance Envelope (OPE)

Well-defined initial selectivities must be used in evalua-
ting the quantitative aspects of the cracking reaction mech-
anism. This is not a simple matter in practice and must be
done correctly if one is to avoid confusing secondary re-
actions with initial processes. The contribution of thermal
products must be identified and removed in order to quan-
tify the initial overall process of catalytic cracking in a given
hydrocarbon. A methodology for determining the initial se-
lectivity of products from experimental product yields and
conversion data has been presented previously (23) and has

375

stood the test of time (24-28). The method involves plotting
the time-averaged yield of each product against the time-
averaged conversion. According to theory (23), each resul-
tant plot is enveloped by a single curve, called the optimum
performance envelope (OPE), which describes the selectiv-
ity behavior of that product under conditions of zero decay.

The selectivity “types” of the various products can be
determined from the shape of the OPEs by noting the ini-
tial slope and subsequent curvature, as shown in Fig. 1. The
initial selectivity of a product, given by the slope of the
OPE at the origin, is non-zero for a primary product and
zero for secondary or subsequent products. Primary prod-
ucts are those gas-phase products which are formed from
the feed molecule without any detectable gas-phase inter-
mediates. OPEs which exhibit a maximum with conversion
belong to unstable products; those which increase linearly
with conversion belong to stable products; and those which
curve up belong to products which arise in both primary
and secondary reactions.

For any product, the slope of the OPE at the origin rep-
resents the ratio of the rate of formation of that primary
product to the total rate of conversion of the feed. There-
fore the molar selectivity of a product is a measure of the
ratio of two corresponding rates of reaction in units of moles
per unit time: .

1

F =
It

[1]
where

Fi is the molar selectivity of the ith product
ri is the molar rate of formation of the ith product
ry is the molar conversion rate of the feed.

YIELD OF PRODUCT (%)

CONVERSION OF FEED (%)

FIG.1. OPEs and selectivity types: (1) stable primary product; (2)
unstable primary product; (3) stable secondary product; (4) unstable sec-
ondary product; (5) stable primary plus secondary product; (6) unstable
primary plus secondary product.
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2. Initial Molar Selectivity (F)

In our experiments we measure the weight yields of prod-
ucts and the weight conversion of the feed, and thus we can
directly obtain the initial weight selectivities (F,;) of prod-
ucts from their OPE curves. Initial molar selectivities (F;)
of the products are then calculated from their weight selec-
tivities by using the relationship

M W
i = Fw' Y E 2
7= Fu () 2]
where
MW is the molecular weight of feed
MW is the molecular weight of the ith product

Fui is the weight selectivity of the ith product.

Itis clear that the sum of the initial weight selectivities of all
products in any reaction must be one, in order to meet the
requirement of mass balance. On the other hand, the sum
of the initial molar selectivities of all products in a cracking
reaction, which indicates the extent of “volume expansion”
in the reaction, may be other than one. Summing of the
initial weight selectivities therefore provides a check on
the quality of the experimental data and can reveal the
presence of unanalyzed products. The total molar selectivity
in turn supplies the volume expansion factor necessary for
kinetic-parameter evaluation in terms of a mechanistic rate
expression. This factor was used in our previous report on
the kinetics of this reaction.

The preliminary verification of experimental data by
summing the initial weight selectivities is of great impor-
tance in determining if the experimental results are quan-
tifiable by the subsequent mathematical procedures. Exper-
imental results with bad mass balances are uninterpretable
by our procedures— or, in fact, by any other means. In our
procedures this is made amply clear by the fact that, if the
mass balances are bad, the requisite selectivity equations
cannot be solved for any sensible mechanism.

3. Product Formation Probability (PFP)

By normalizing the molar selectivity of all products, we
introduce a new measure: the product formation probabil-
ity (PFP). The PFP of a given product is defined by

Fi ri
PFP = ' = —,
YA X

where PFP; is the PFP of the ith product. The PFP is there-
fore directly derived from selectivity measurements. Since
products may arise from more than one reaction, the PFP
is not a fundamental measure of the events taking place in
a reaction.

(3]
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Reaction Path Probability (RPP)

Since the production of any product, even in the initial
stages of a cracking reaction, may involve several contribut-
ing elementary reactions, the initial molar selectivity of
a product is the sum of contributions from all contribut-
ing processes, rather than a representation of the product-
forming rate of just one elementary reaction. This point can-
not be overemphasized as to its importance in unravelling
the true mechanism of any reaction. In a sound mechanistic
approach to catalytic cracking, it therefore becomes neces-
sary to introduce another measure of product formation,
one defined at the level of the various elementary reaction
paths. We have introduced such a concept and call the cor-
responding measure the reaction path probability (RPP).

1. The Definition of RPP

The RPP of an elementary reaction is defined as the frac-
tion of total conversion which proceeds via that one ele-
mentary reaction. According to this definition, for the ith
reaction path involving a protolysis reaction, which we will
denote with a leading 0 subscript (that is, 0i), we write the
RPP (=X) as

Ioi Foi

T + > rir

and for a propagation reaction path (with subscript jR), its
RPP is

Xoi = [4]

lir lir
Xip= 20 =— 1% 5
IR It > roi + > fiRr 5]

where

X is the symbol for the RPP;

r is the symbol for the rate;

0i  represents the ith mode of protolysis which gives
the paraffinic product C; H,; ., containingi carbons
and a residual carbenium ion;

jR represents the Rth mode of bimolecular dis-
proportionation reaction involving a carbenium
ion CjHy;,,S™ containing j carbons and a feed
molecule. These produce a product paraffin con-
taining R carbons CrHr2, and a new carbenium
ion.

Obviously, the sum of all RPPs for all conversion processes
must be equal to one:

ZX0i+ZXjR=ZrOi:ZrJR=1- [6]

Since an RPP presents a measure of the relative rates of
elementary reactions, it represents an important mecha-
nistic parameter and will supply a crucial measure in our
mechanistic quantification of this, or any other, cracking
reaction.
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2. Kinetic Chain Length (KCL)

We define kinetic chain length as the ratio of the rate of
feed conversion to the total rate of all initiation reactions;
that is,

rt
> Toi

_ Soroi + Y rir
> Toi

_ > Xoi + > Xjr
> Xoi

. 1

3 Xoi

3. Bond Cracking Probability (BCP)

KCL =

(7]

To compare the probabilities of protolysis of various C-C
and C-H bonds, we define the “internal” bond cracking
probability (BCP) for a given protolysis reaction as

i Xoi
Soroi > Xoi

The BCPy; is the (internal) probability of cleaving bond i by
the appropriate protolysis processes as a fraction of all pos-
sible protolysis reactions. Its value is calculated using X
values, confirming the importance of obtaining experimen-
tal data which will allow the calculation of reliable values
of the RPPs.

BCPy =

> BCPi=1. [8]

4. Isomerization Probability (IP)

According to the chain mechanism, isomerization in
paraffin cracking is an integral part of the overall process of
feed conversion and proceeds via a step which is part of the
chain propagation suite of reactions. We define the isomer-
ization probability of “originating parent” ions (that is, ions
derived from the feed molecule before rearrangement) as

P — formation rate of product isomers
~ formation rate of parent ions

[9a]

In the case of 2-methylpentane cracking, the IP is calculated
from

. I'eo

~ Too+ 20+ T30+ T + I'so + leo

_ Xeo

"~ Xoo + X20 + X30 + Xao + Xso + Xeo

IP

[9b]

5. lon Desorption Probability (IDP)

Since a carbenium ion may be involved in various com-
petitive events, we quantify the relative contribution of the
desorption reaction to the fates which can befall a given
carbenium ion. In 2-methylpentane cracking, for example,
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the C, carbenium ion may desorb as an olefin or participate
in various disproportionation reactions (see Table 1). To
guantify the competition between desorption and dispro-
portionation involving C; ions, we define

r&m,
r82H4 + 20 +T21 422+ 123
_ FcoH,
" FeoH, + Xoo 4+ Xor + Xog + Xoz”

IDP, =

[10]

whererd | represents the rate of formation of ethylene by
the desorption of an ethyl carbenium ion.

Other measures of probability can be derived; all depend
on the quality of the experimental data. Careful experimen-
tal work will allow a wealth of understanding that cannot
be derived from inadequate data.

EXPERIMENTAL

The feed consisted of 2-methylpentane (99+%o) obtained
from Aldrich and was used without further purification.
Distilled water and the feed, at the designed ratio, were
separately pumped into the reactor, vaporized, and mixed,
before the mixed stream entered the catalyst bed.

HY zeolite was prepared from NaY (BDH Chemicals)
by exchanging 10 times with 0.5M NH4NO3 solution at 20°C
for 24 h, drying at 110°C for 24 h and then calcinating at
500°C for 2 h after each exchange. The HY zeolite was then
converted to ultrastable HY (USHY) by steaming at 400°C
for 24 h.

All experiments were performed in a fixed-bed plug-flow
glass reactor. Details of the apparatus and methodology
have been described previously [29]. Before the main ex-
perimental runs were carried out, we conducted two pre-
liminary sets of runs: one set of blank runs to determine
the extent of thermal cracking; and one of replicate runs to
examine the stability of USHY at the reaction conditions of
high temperature and in the presence of steam as diluent.

All products were identified by GC/MS and analyzed
guantitatively using a Carle chromatograph (for gases) or
capillary chromatograph (for liquids). Mass balances were
performed on the raw data, and runs whose mass balances
were off by more than 3% were rejected. This level of
accuracy was adequate for the construction of useable
OPE plots.

RESULTS AND DISCUSSION

Selectivity

Initial weight selectivities for 2-methylpentane cracking
over USHY at three temperatures and four steam dilu-
tion ratios were measured from weight OPE curves and
are listed in Table 2. Table 3 presents the molar selec-
tivities calculated from the data in Table 2 using Eq. [2].
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TABLE 2a

Initial Weight Selectivity for 2MP Cracking at 400°C
with Steam Dilution

H,O/feed molar ratio

Products 0.00 0.07 0.73 1.46
Hydrogen 0.0004 0.0002 0.0001 0.0000
Methane 0.0030 0.0003 0.0007 0.0010
Ethane 0.0021 0.0006 0.0009 0.0017
Propane 0.0955 0.0412 0.0473 0.0515
i-butane 0.0595 0.0618 0.0704 0.0782
n-butane 0.0229 0.0084 0.0103 0.0146
i-pentane 0.0814 0.0641 0.0754 0.0826
n-pentane 0.0069 0.0035 0.0044 0.0052
2,2-DMbutane 0.0000 0.0057 0.0054 0.0050
2,3-DMbutane 0.0853 0.1830 0.1716 0.1570
3-Mpentane 0.4151 0.4806 0.4575 0.4385
n-hexane 0.0472 0.0539 0.0486 0.0445
Total paraffin (mass) 0.8193 0.9033 0.8926 0.8798
Ethylene 0.0066 0.0029 0.0037 0.0049
Propene 0.0976 0.0357 0.0388 0.0507
Butenes 0.0117 0.0066 0.0107 0.0115
Pentenes 0.0065 0.0034 0.0104 0.0120
Hexenes 0.0487 0.0433 0.0414 0.0397
Total olefin (mass) 0.1711 0.0919 0.1050 0.1188
Coke 0.0086 0.0063 0.0046 0.0032
Total (mass) 0.9990 1.0015 1.0022 1.0018

As shown in Table 3, the primary products are similar
at all dilution ratios. The only new product in the pres-
ence of steam is 2,2-dimethylbutane. In each case, the pri-
mary products include skeletal isomers of 2-methylpentane,
C1—Cs paraffins, C,—Cg olefins, coke, and hydrogen. At
higher conversions, hydrocarbons with carbon number >6
appear as secondary products.

The procedure of drawing the slopes in order to obtain
the initial selectivities is somewhat arbitrary but is guided
by well-defined constraints: first of all, the slopes must be
believable by inspection; second, their sum must be close
to one; and finally, the atomic mass balance of the products
must close. Iterating between these constraints, one arrives
within fairly narrow bounds of acceptable initial selectivi-
ties which are then used as inputs into our calculations. The
whole procedure can be quantified and automated to some
extent, but remains semi-qualitative.

The selectivity values are obviously affected by the tem-
perature and dilution ratio. Some preliminary quantitative
information is available at this stage from the raw data. For
example, the selectivity for feed isomers shows a significant
increase with increasing dilution ratio from 0.00 to 0.07,
and then decreases with this ratio from 0.07 to 1.46 at all
temperatures. This shows that a small amount of steam can
significantly enhance isomerization of the feed, an effect
which is reduced at higher steam dilution ratios and higher
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temperatures. In contrast, the total selectivity for olefinic
products shows a significant decrease as the dilution ratio
increases from 0.00 to 0.07, and then increases with further
steam addition, indicating that a small amount of steam
inhibits desorption (proton release) of surface carbenium
ions.

We note that the sum of molar selectivities of the paraf-
finic products is very near one at all dilution ratios and
temperatures. This supports the proposed chain mechanism
shown in Table 1 (12), where it can be seen that each conver-
sion reaction results in the formation of a product paraffin.
This “check-sum” presents a new measure of data reliabil-
ity; if the sum of paraffin selectivities is found to be other
than one, we may well wonder why.

According to the simple B-cracking hypothesis, the sum
of olefin selectivities was also expected to be one, but we see
that it need not be that at all. In fact, olefins in this reaction
arise mainly by desorption. If they arise exclusively in this
way, then the reciprocal of their molar selectivity will be
equal to the kinetic chain length of the reaction. Thus, if
the reaction proceeds by protolysis alone, with no chain
propagation, the total olefin selectivity will be one, as will
the Kinetic chain length. As the chain length increases, the
selectivity for olefins decreases. In principle this decrease
goes to zero at infinite chain length, i.e., if there is only a
sequence of propagation reactions, and no desorption, after
initiation.

TABLE 2b

Initial Weight Selectivity for 2MP Cracking at 450°C
with Steam Dilution

H,O/feed molar ratio

Products 0.00 0.07 0.73 1.46
Hydrogen 0.0008 0.0005 0.0003 0.0002
Methane 0.0028 0.0008 0.0012 0.0019
Ethane 0.0016 0.0009 0.0015 0.0019
Propane 0.1510 0.0905 0.1012 0.1119
i-butane 0.0609 0.0714 0.0842 0.0884
n-butane 0.0214 0.0169 0.0208 0.0263
i-pentane 0.0870 0.0796 0.0842 0.0934
n-pentane 0.0055 0.0037 0.0053 0.0072
2,2-DMbutane 0.0000 0.0037 0.0048 0.0056
2,3-DMbutane 0.0690 0.1651 0.1488 0.1209
3-Mpentane 0.3045 0.3517 0.3250 0.3063
n-Hexane 0.0460 0.0476 0.0394 0.0371
Total paraffin (mass) 0.7505 0.8324 0.8167 0.8011
Ethylene 0.0068 0.0060 0.0082 0.0112
Propene 0.1695 0.1042 0.1145 0.1232
Butenes 0.0161 0.0068 0.0119 0.0134
Pentenes 0.0080 0.0055 0.0092 0.0137
Hexenes 0.0420 0.0413 0.0350 0.0321
Total olefin (mass) 0.2424 0.1638 0.1788 0.1936
Coke 0.0074 0.0040 0.0029 0.0026
Total (mass) 1.0003 1.0002 0.9984 0.9973
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TABLE 2c

Initial Weight Selectivity for 2MP Cracking at 500°C
with Steam Dilution

H,O/feed molar ratio

Products 0.00 0.07 0.73 1.46
Hydrogen 0.0023 0.0010 0.0005 0.0003
Methane 0.0031 0.0029 0.0032 0.0045
Ethane 0.0030 0.0025 0.0034 0.0038
Propane 0.2170 0.2029 0.2181 0.2243
i-butane 0.0820 0.0948 0.0978 0.0994
n-butane 0.0217 0.0207 0.0266 0.0272
i-pentane 0.0950 0.1078 0.1171 0.1205
n-pentane 0.0033 0.0088 0.0094 0.0107
2,2-DMbutane 0.0000 0.0036 0.0033 0.0030
2,3-DMbutane 0.0382 0.0523 0.0453 0.0404
3-Mpentane 0.1210 0.1398 0.1148 0.1017
n-hexane 0.0210 0.0331 0.0282 0.0243
Total paraffin (mass) 0.6076 0.6702 0.6677 0.6601
Ethylene 0.0124 0.0146 0.0167 0.0185
Propene 0.2900 0.2376 0.2401 0.2439
Butenes 0.0394 0.0290 0.0308 0.0324
Pentenes 0.0032 0.0074 0.0079 0.0094
Hexenes 0.0410 0.0393 0.0376 0.0356
Total olefin (mass) 0.3860 0.3279 0.3331 0.3398
Coke 0.0065 0.0028 0.0021 0.0018
Total (mass) 1.0001 1.0009 1.0029 1.0017

This simple picture is distorted by the presence of
B-cracking reactions which produce olefins without con-
suming paraffins. Moreover, a number of successive -
cracking events can take place in large carbenium ions. In
such cases these events result in more than one olefin being
formed from one ion before desorption takes place. This
could, in principle, lead to a paraffin-to-olefin ratio smaller
than one; or, looking at it from another perspective, to a
total olefin selectivity greater than one. We therefore come
to the realization that desorption and g-cracking belong
to the same set of decomposition reactions. The upshot of
these various considerations is that olefin selectivity can be
anything ranging from more than one to zero. It is danger-
ous to use the P/O ratio a priori as a measure of any feature
of the reaction.

Reaction Path Probability (RPP)

The RPPs of all elementary reactions for 2-methyl-
pentane have been calculated by using the reaction net-
work in Table 1, the experimental molar selectivity data in
Table 3, and established mathematical procedures (12). The
results are presented in Table 4.

1. A General View and the Kinetic Chain Length

The total RPP value of the initiation processes (i.e.,
>~ Xoi) decreases as dilution ratios increase from 0 to 0.07,
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and then increases with dilution ratio from 0.07 to 1.46. The
total RPP of all chain propagation reactions (i.e., Y Xjr)
shows the opposite change, as it must if the sum of all RPPs
is to be equal to one.

According to the definition given in Eq. [7], the kinetic
chain length (KCL) is the ratio of overall rate of feed con-
version to the rate of the sum of all the initiation reactions. A
value of KCL = 2, for example, indicates that the initiation
and propagation processes contribute equally to the overall
conversion of the feed, whereas a value of one indicates that
only initiation is taking place. The actual values of KCL at
various temperatures and steam dilution ratios have been
calculated from the RPP data and are shown in Fig. 2.

Asshown in Fig. 2, changes in KCL with dilution ratio are
significant at 400°C, observable at 450°C, and negligible at
500°C. At400°C the dominant processes are the chain prop-
agation reactions, with a KCL of 3.38 at zero dilution, 7.09
at a dilution ratio of 0.07, and 5.21 at a ratio of 1.46. Thus at
low temperature and dilution, propagation contributes six
times as much conversion as does the protolysis reaction, a
significant departure from the predictions of the g-cracking
mechanism. In view of the very different product selectivi-
ties resulting from initiation and propagation reactions, this
has a major impact on the overall selectivity of cracking.

The chain initiation reaction becomes more important
as temperature is raised. At 500°C the rate of initiation
reactions is about twice that of propagation reactions, as

TABLE 3a

Initial Molar Selectivity for 2MP Cracking at 400°C
with Steam Dilution

H,O/feed molar ratio

Products 0.00 0.07 0.73 1.46
Hydrogen 0.0172 0.0086 0.0024 0.0000
Methane 0.0161 0.0016 0.0038 0.0054
Ethane 0.0060 0.0017 0.0026 0.0049
Propane 0.1867 0.0805 0.0925 0.1007
i-butane 0.0882 0.0916 0.1044 0.1160
n-butane 0.0340 0.0125 0.0153 0.0216
i-pentane 0.0972 0.0766 0.0901 0.0987
n-pentane 0.0082 0.0042 0.0053 0.0062
2,2-DMbutane 0.0000 0.0057 0.0054 0.0050
2,3-DMbutane 0.0853 0.1830 0.1716 0.1570
3-Mpentane 0.4151 0.4806 0.4575 0.4385
n-hexane 0.0472 0.0539 0.0486 0.0445
Total paraffin (moles) 1.0013 1.0005 0.9992 0.9984
Ethylene 0.0203 0.0089 0.0114 0.0151
Propene 0.1998 0.0731 0.0794 0.1038
Butenes 0.0180 0.0101 0.0164 0.0177
Pentenes 0.0080 0.0042 0.0128 0.0147
Hexenes 0.0499 0.0443 0.0424 0.0406
Total olefin (moles) 0.2960 0.1407 0.1624 0.1919
Coke 0.0086 0.0063 0.0046 0.0032
Total (moles) 1.3059 1.1474 1.1662 1.1935




380

TABLE 3b

Initial Molar Selectivity for 2MP Cracking at 450°C
with Steam Dilution

H,O/feed molar ratio

Products 0.00 0.07 0.73 1.46
Hydrogen 0.0344 0.0215 0.0129 0.0065
Methane 0.0151 0.0043 0.0065 0.0102
Ethane 0.0046 0.0026 0.0043 0.0054
Propane 0.2951 0.1769 0.1978 0.2187
i-butane 0.0903 0.1059 0.1248 0.1311
n-butane 0.0317 0.0251 0.0308 0.0390
i-pentane 0.1039 0.0951 0.1006 0.1116
n-pentane 0.0066 0.0044 0.0063 0.0086
2,2-DMbutane 0.0000 0.0037 0.0048 0.0056
2,3-DMbutane 0.0690 0.1651 0.1488 0.1209
3-Mpentane 0.3045 0.3517 0.3250 0.3063
n-hexane 0.0460 0.0476 0.0394 0.0371
Total paraffin (moles) 1.0012 1.0038 1.0020 1.0010
Ethylene 0.0209 0.0184 0.0252 0.0344
Propene 0.3471 0.2134 0.2345 0.2523
Butenes 0.0247 0.0104 0.0183 0.0206
Pentenes 0.0098 0.0068 0.0113 0.0168
Hexenes 0.0430 0.0423 0.0358 0.0329
Total olefin (moles) 0.4455 0.2913 0.3250 0.3569
Coke 0.0074 0.0040 0.0029 0.0026
Total (moles) 1.4541 1.2291 1.3300 1.3605

shown by the KCL value of ~1.50 at all dilution ratios
at 500°C. Under these conditions the product distribution
we observed approaches that expected from the g-cracking
model, a model which was previously expected to hold un-
der all reaction conditions. However, even at the highest
reaction temperature the product distribution shows a sig-
nificant departure from the perfect g-cracking model, and
it does this, not because of “side reactions,” but because of
processes which participate in the main-line chain mecha-
nism of 2-methylpentane cracking at all conditions.

Once again we note an important fact. Initiation and
propagation reactions belong to the same class of processes:
disproportionations. This class includes all disproportiona-
tions between surface-resident ions and gas phase paraf-
fins. There are therefore only two types of processes active
in catalytic cracking: disproportionations and decomposi-
tions. It is the large number of possible variants in each
type of process that makes possible the variety of products
and mechanisms which arise in the cracking of various pure
feeds.

2. Monomolecular Initiation and BCP

In our previous study of the effects of “inert” gases such
as nitrogen or hydrogen as diluents, we found that the total
RPP of all protolysis reactions increases with the addition
of each diluent. Thisis to be expected in the case of a diluent
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whose only role is to dilute the concentration of the feed.
Dilution reduces the rates of all reactions, but it reduces the
rates of higher order reactions more. On the simplest level
of interpretation we see that, since protolysis reactions are
first order in feed concentration while propagation reac-
tions are second order in reactant concentration, an inert
diluent suppresses chain propagation (13, 14) more than it
suppresses chain initiation.

In the case of steam dilution, by contrast, we find that
the total RPP of the initiation reactions shows a large drop
as the dilution ratio rises from zero to 0.07 at the lower
temperature. It then rebounds slowly as the dilution ra-
tio increases from 0.07 to 1.46. This anomaly in the dilu-
tion range from zero to ~0.07 must indicate that a small
amount of steam increases the surface residence times of
some of the carbenium ions, by inhibiting their desorption.
This increases surface coverage by carbenium ions, thereby
lowering the number of pristine Bransted sites and hence
inhibiting protolysis while promoting disproportionations.
To do this, steam must raise the acidity of the available
Brgnsted sites; but why does this reduce their contribution
to the overall product distribution? To examine this issue in
more detail we look at the chain mechanism in more detail
and at the occurrence of each protolysis reaction in turn by
calculating their BCPs.

From RPP data we see immediately that, of all the pro-
cesses of protolysis, the path Xoz has the largest RPP; the

TABLE 3c

Initial Molar Selectivity for 2MP Cracking at 500°C
with Steam Dilution

H,O/feed molar ratio

Products 0.00 0.07 0.73 1.46
Hydrogen 0.0989 0.0430 0.0215 0.0129
Methane 0.0167 0.0156 0.0172 0.0242
Ethane 0.0086 0.0072 0.0097 0.0109
Propane 0.4241 0.3966 0.4263 0.4384
i-butane 0.1216 0.1406 0.1450 0.1474
n-butane 0.0322 0.0307 0.0394 0.0403
i-pentane 0.1135 0.1288 0.1399 0.1439
n-pentane 0.0039 0.0105 0.0112 0.0128
2,2-DMbutane 0.0000 0.0036 0.0033 0.0030
2,3-DMbutane 0.0382 0.0523 0.0453 0.0404
3-Mpentane 0.1210 0.1398 0.1148 0.1017
n-hexane 0.0210 0.0331 0.0282 0.0243
Total paraffin (moles) 0.9997 1.0017 1.0019 1.0002
Ethylene 0.0381 0.0448 0.0513 0.0568
Propene 0.5938 0.4865 0.4916 0.4994
Butenes 0.0605 0.0445 0.0473 0.0498
Pentenes 0.0039 0.0091 0.0097 0.0115
Hexenes 0.0420 0.0402 0.0385 0.0364
Total olefin (moles) 0.7383 0.6252 0.6384 0.6540
Coke 0.0065 0.0028 0.0021 0.0018
Total (moles) 1.7445 1.6297 1.6424 1.6560
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TABLE 4

Reaction Path Probabilities for 2-Methylpentane Cracking on USHY at Various Levels of Steam Dilution

H,O/feed 0.00 0.07 0.73 1.46 0.00 0.07 0.73 1.46 0.00 0.07 0.73 1.46
Temp. (K) 673 673 673 673 723 723 723 723 773 773 773 773

Xoo 0.006 0.003 0.001 0.000 0.026 0.014 0.006 0.001 0.092 0.039 0.020 0.012
Xot 0.016 0.002 0.004 0.005 0.015 0.004 0.006 0.010 0.017 0.016 0.017 0.024
Xoz 0.006 0.002 0.003 0.005 0.005 0.003 0.004 0.005 0.009 0.007 0.010 0.011
Xoz 0.151 0.080 0.092 0.101 0.266 0.148 0.168 0.186 0.418 0.397 0.416 0.427
Xoa 0.117 0.054 0.063 0.081 0.117 0.122 0.140 0.155 0.133 0.161 0.175 0.179
> Xoi 0.296 0.141 0.163 0.192 0.429 0.291 0.324 0.357 0.669 0.620 0.638 0.653
X0 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Xo1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Xao 0.005 0.007 0.006 0.007 0.005 0.006 0.016 0.015 0.021 0.010 0.009 0.009
Xos 0.091 0.038 0.046 0.059 0.090 0.098 0.099 0.106 0.074 0.106 0.115 0.114
X0 0.036 0.000 0.000 0.000 0.029 0.029 0.030 0.033 0.007 0.000 0.011 0.011
Xa1 0.000 0.003 0.009 0.009 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000
Xap 0.006 0.043 0.050 0.046 0.015 0.002 0.003 0.007 0.031 0.027 0.029 0.030
Xa0 0.000 0.041 0.042 0.040 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Xa 0.000 0.000 0.000 0.000 0.000 0.000 0.005 0.007 0.000 0.000 0.000 0.000
Xs0 0.008 0.000 0.000 0.000 0.005 0.000 0.000 0.000 0.013 0.006 0.007 0.013
Xeo 0.548 0.723 0.683 0.645 0.419 0.568 0.518 0.470 0.181 0.229 0.192 0.169
S Xir 0.694 0.855 0.836 0.806 0.563 0.705 0.671 0.638 0.327 0.378 0.363 0.346
Xic 0.009 0.006 0.005 0.003 0.008 0.004 0.003 0.002 0.004 0.002 0.001 0.001
Xos3 0.000 0.000 0.000 0.000 0.017 0.000 0.000 0.000 0.070 0.006 0.000 0.000

second most probable path is Xo4, While paths Xgg, Xo1, and  preference:

Xoz are less important. To compare the internal probabil-

ities of various protolysis events, BCPg; values have been Ci—Cs>Cs—-Cs>C;—Cp or Ci—H

calculated at various steam dilution ratios and at each of
the three temperatures.

The results indicate that the protolysis of bonds in the
2-methylpentane molecule obeys the following order of

8.00
6.00 | 400 C
o 400}
450 C
2.00 | 500 C
v
o.oo 1 2 1 3 1
0.00 1.00 2.00

H20/Feed (mol/mol)

FIG. 2. KCL vs steam dilution ratio at various temperatures: 400°C
(0); 450°C (@); and 500°C (V).

BCP03 > BCP02+04 > BCP()]_ > BCPO().

This order does not vary with steam dilution or tempera-
ture, but the BCPs themselves do vary with dilution ratio
and with temperature. From Fig. 3 we see that:

—BCPy, decreases with increasing dilution ratio at
each temperature;

—BCPy; at 400 and 450°C and BCPg,—y4 at 400°C de-
crease with the dilution ratio from 0to 0.07, then rebound
when dilution ratio goes from 0.07 to 1.46;

—BCPy3; and BCPy, appear less sensitive to the effect of
steam dilution.

Our observations almost certainly reflect changes in the
acid strength distribution of active sites as a result of di-
lution. It is to be expected that sites of different acid-
ity will act preferentially in promoting the various modes
of protolysis, with the stronger sites contributing more to
the more difficult reactions. Exactly what is causing the
change in acid site distribution is less clear. The effect on
the increased acid strength is masked by the fact that the
number of available protolysis sites is simultaneously de-
creased by an increase in surface coverage by carbenium
ions. If the level of surface coverage is changed by any
means at all, the sites remaining uncovered will have a new
distribution of acidities, unless the additional coverage is
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deducted from the previously uncovered site distribution in
exactly the proportions required to preserve the previous
distribution. This seems highly unlikely, so that, as steam
changes the acid properties of sites, its effect is distorted
by changes in the number of pristine sites present at steady
state.

If we take it that the order of preference in the BCPs
indicates that the least probable protolysis (corresponding
to BCP) occurs on the strongest acid sites, then we must
conclude that, for whatever reason, the remaining acid sites
have a distribution with relatively fewer strong sites avail-
able for protolysis. The primary C—C bond cracking is also
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enhanced while the remaining probabilities stay relatively
constant. Both observations indicate a flatter distribution
of pristine acid sites available for protolysis, not a decrease
in their absolute strength.

3. Bimolecular Propagation and IP

From Table 4 we see that the total of the RPPs of prop-
agation increases as the dilution ratio rises from zero to
0.07 and then drops slowly as the ratio increases from 0.07
to 1.46. Of all the propagation processes, Xgo is the most
probable path for the reaction to take and has the largest
RPP. The data in Table 4 show that path Xg, dominates all
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paths at lower temperatures and continues to dominate the
propagation paths at higher temperatures. The results also
show that steam can significantly enhance isomerization of
the feed at lower temperatures and low dilutions.

It is important to remember that, according to the chain
mechanism of cracking, isomerization is an integral part of
the overall conversion process. There is no need to invoke
special “isomerization sites.” This is not so much a matter
of choice as it is of closing mass balances and arriving at a
soluble set of selectivity equations for the RPPs. The math-
ematics and physical realities of mass balances require that
isomerization be treated as an integral part of the conver-
sion mechanism.

The dominance of the isomerization reactions is such that
it will be informative to focus on the reactions of C{ car-
benium ions, the active ionic species in the majority of the
reactions leading to isomerized products. Besides skeletal
rearrangement followed by hydride transfer, there are two
potential fates awaiting C{ ions: desorption as Cg olefins;
and g-cracking to form smaller olefins and carbenium ions.

A high IP value indicates that there is a strong tendency
for C{ ions to abstract a hydride from a feed molecule rela-
tive to the total rate of formation of parent carbenium ions.
The probability of isomerization IPg was calculated using
Eqg. 9b. Figure 4 shows that the values of IPg increase with
the first increments of steam dilution, indicating that the
addition of small amounts of steam to the reactant mixture
encourages hydrogen transfer between an isomerized C/
carbenium ion and a feed molecule. The effect is persistent
and does not change with further additions of steam.

At the same time an examination of Xy;; values shows
that steam is a strong inhibitor of the g-cracking of C{ ions.

1.00
400 C
X ¢ ®.50 ¢
0.90 - P
[ ]
v  v- o 500 C
0.80 -
[{e]
o
a
0.70 -
v
0.60
0.50 1 " 1 " 1
0.00 1.00 2.00
H20/Feed (mol/mol)
FIG. 4. IPvssteam dilution ratio at various temperatures: 400°C (O);

450°C (®); and 500°C (V).
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The increase of 1Pg with steam dilution is therefore much
larger at 500°C than at 400°C. At the higher temperature
B-cracking was becoming important in the dry reaction,
while it is completely suppressed by the presence of steam.
The parent carbenium ions are therefore forced either to
desorb as olefins or to abstract a hydride and desorb as iso-
mers of the feed. The presence of steam alters the active
sites so as to encourage hydride transfer over -cracking or
desorption of C{ carbenium ions. If B-cracking is a more
energetic reaction than hydride transfer, then steam is seen
to favour the less energetic reaction, hydride transfer. By
the same token, desorption must also be more demanding
than hydride abstraction. The two observations can be ra-
tionalized under one hypothesis, if we remember that both
B-cracking and desorption are decomposition reactions and
then adopt the following explanation.

Steam strengthens the pristine acid sites and weakens the
conjugate Bransted bases. The two effects constitute one
dichotomy (there are a number of such dichotomies which
are important to the interpretation of cracking mecha-
nisms). As a consequence of this dichotomy, desorption
of carbenium ions and g-cracking are both inhibited. The
weak bases have more difficulty in abstracting a proton from
the carbenium ion or speeding the decomposition of ad-
sorbed carbenium ions. The carbenium ions thereby have
an increased time of residence on the surface and so cover
more of the sites. The sites remaining uncovered are there-
fore fewer and have a different site acidity distribution, re-
sulting in slower protolysis reactions and a somewhat al-
tered set of BCPs.

In the above we have recognized that g-cracking and
desorption of olefins are alternative modes of carbenium
ion decomposition. In a sense, therefore, the proton on a
pristine acid site is a carbenium ion with carbon number
zero. Although this is an unconventional viewpoint, it can
help to see various interconnections in the chain mechanism
of catalytic cracking.

4. Termination and IDP

As we have discussed, the desorption of carbenium ions
to yield olefins is responsible for the terminating chain pro-
cesses. This fate may befall an ion which might otherwise
have undergone a propagation reaction or g-cracking. If it
does, the ion gives up a proton to the Brgnsted base on the
catalyst and departs as an olefin.

In the case of C{ ions, we have seen that steam dilu-
tion encourages hydride transfer to the ion and inhibits
B-cracking. We can also examine the probability of proton
release for this ion in terms of IPDg. From Fig. 5, we see
that the value of the ion desorption probability, 1DPg,
remains relatively constant between 400 and 450°C. At
500°C IDPg increases slightly with steam dilution. Thus at
the highest temperature the total suppression of g-cracking
causes the internal probabilities of the reactions of C{ ions
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to rearrange so that there is a slight increase in IDPg. The
fact that the total of the internal probabilities must be one
leads to confusion of this kind and it is therefore advisable
to extract the actual rates of the individual reactions and
examine the effects of steam at that level. We will do that
after we have examined the remaining selectivity effects in
terms of probabilities.

5. Formation of Hydrogen and Coke

(a) Coke formation. The RPP value of the path forming
coke, Xy, also decreases with both increasing dilution ratio
and increasing temperature, indicating that the formation
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of initial coke is inhibited by both these influences. We have
proposed elsewhere that catalytic (poisonous) coke is the
result of surface disproportionations of adjacent carbenium
ions (30, 31). In this context, temperature increases lead
to reduced catalytic coke because, under high temperature
conditions, the surface is less densely covered by adsorbed
carbenium ion species.

The explanation for the inhibition of coke formation by
steam is more complicated. As we have seen, steam tends to
increase surface coverage. If surface coverage were the sole
parameter affecting coke formation by surface dispropor-
tionation of ions, then the presence of steam should increase



STEAM DILUTION, 11

the coke make. According to previous discussion, ions on
weak conjugate bases are more reactive in disproportion-
ating with gas phase molecules. It now seems that the same
ions are less reactive in ion—ion disproportionations, reac-
tions which we suspect are responsible for second-order
decay in the cracking of pure components. We should
remember that this means that ion—ion disproportionations
are relatively less likely than the other fates an ion can
suffer.

(b) Hydrogen formation. It is generally acknowledged
that initial molar hydrogen can be formed by the protoly-
sis of C—H bonds in feed molecules and by the elimination
of molecular hydrogen from surface species in association
with the hardening of coke. Comparing the RPP values of
the path Xy in Table 4 to the total molar selectivity of hy-
drogenreported in Table 3, we find that the ratios of Xqo/ Fn,
are approximately 35% at 400°C and 93% at 500°C, at all
the dilution ratios. This indicates that at 400°C most of the
hydrogen is produced in association with coke formation,
whereas at 500°C more than 90% is formed by protolysis
of the C—H bonds in the feed.

In other words, dehydrogenation of surface “precoke”
species is the dominant source of molecular hydrogen at
400°C, while the protolysis of C-H bonds in the feed
molecule dominates the production of hydrogen at 500°C.
This agreeswith the observation that more coke is formed at
the lower temperatures (32-34). However coke is formed,
at all conditions the formation of coke involves hydrogen
depletion of the residual surface species. Now we see that
much of this hydrogen depletion of the surface species, in a
process known as “hardening,” results in the formation of
molecular hydrogen rather than in the transfer of hydrogen
to unsaturated products.

The presence of steam seems to have no affect on hydro-
gen production modes at 400 or 500°C. The result at 450°C
is more complicated and we will not attempt to explain it
now. A clearer picture will emerge when we consider the
rates of the various reactions including coking.
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Temperature Effects in Cracking Selectivity in the
Presence of Steam

The Influence of Temperature on Protolysis

In a recent paper on the roles of steam as a diluent in hy-
drocarbon cracking (21), we presented a phenomenological
approach to the effects of temperature on the activity and
kinetics of 2-methylpentane cracking over USHY, with and
without steam dilution. We obtained an apparent activation
energy of 150 kJ/mol and an apparent order of 1.92 for the
overall reaction of the feed conversion (21). Now that we
have RPP values, we can take a look at the effects of temper-
ature on the various elementary reactions in this reaction
system. We begin by discussing the effects of temperature
on the protolysis processes.

The initial rates of various protolysis reactions have been
calculated by first distributing the total rate of initiation, ob-
tained from optimum kinetic parameters (12), to the various
protolysis paths, by means of the equation (34)

roi = Xoi - I't

_ ( Xoi ) A+ A

T\ Xoi 1+B°
where Aj, Ay, and B are optimum kinetic parameters (11)
and the Xo; RPPsrefer toinitiation reactions only. The prop-
agating and coking reaction rates are calculated using an
appropriately modified form of this equation. The calcu-
lated rates of all protolysis reactions in 2-methylpentane
cracking at different temperatures and with various steam
dilution ratios are presented in Table 5.

Theoretically, the rate of the ith protolysis reaction may
be expressed by

[11]

roi = Koi [SHI[Cal.

Putting this rate constant in the Arrhenius form and ex-
pressing the concentration of feed as a function of the

[12]

TABLE 5

Initial Rates (min—?) for the Protolysis Reactions in 2-Methylpentane Cracking on USHY at Various Levels
of Steam Dilution

H,O/feed 0.00 0.07 0.73 1.46 0.00 0.07 0.73 1.46 0.00 0.07 0.73 1.46

Temp. (K) 673 673 673 673 723 723 723 723 773 773 773 773

IRR
loo 0.038 0.032 0.004 0.001 1.26 0.465 0.113 0.010 23.7 4.98 1.43 0.416
lo1 0.101 0.021 0.031 0.019 0.725 0.133 0.113 0.103 4.39 2.04 1.22 0.921
ro2 0.038 0.021 0.024 0.019 0.242 0.100 0.075 0.052 2.32 0.893 0.715 0.422
roz 0.954 0.845 0.723 0.375 12.9 4.92 3.15 1.92 108 50.7 29.7 16.4
los 0.739 0.570 0.495 0.301 5.66 4.05 2.63 1.60 34.3 20.5 125 6.87
Zrm 1.87 1.49 1.28 0.713 20.7 9.67 6.08 3.68 173 79.1 45.6 25.1
) 3.46 7.64 5.37 2.39 20.3 18.9 9.72 4.85 46.7 29.2 13.7 6.49
lke 0.056 0.067 0.036 0.012 0.387 0.133 0.056 0.021 1.03 0.255 0.104 0.038
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FIG. 6. Arrhenius plots of protolysis reactions in 2-methylpentane cracking on USHY and with steam dilution.

dilution ratio in the way described in Ref. (11), we have

R .o—Eu/RT [CA]ﬂZO
roj = e SH]l———, 13
0Oi AOI [ ] 1+/3 [ ]
where
Eqi is the Arrhenius activation energy of the ith
reaction;
[Calg=o is the concentration of pure feed (at 8 = 0);
B is the molar steam/hydrocarbon ratio in the
feed.

Changing Eg. [13] into its logarithmic form gives the ex-
pression:

E .
IN(roi) = —R—"+ +In A + IN[SH] + IN[CAl—0 — IN(1 + B).
[14]
Using the above equation, the rates of the various protol-
ysis reactions have been calculated and plotted in Fig. 6.

From the slopes of the plots in Fig. 6 we have calculated the
Arrhenius parameters of all the protolysis reactions. These

and the activation energies of isomerization and coking are
reported in Table 6. Other such parameters can be obtained
from the data reported in Table 4.

It should be pointed out that the activation energies cal-
culated from the slopes of these Arrhenius plots include the
effects of temperature on the concentration of the active
sites ([SH]); these effects would show up due to the term
In[SH] in Eqg. [14]. Any such effects would imply that the
number of active sites changes with temperature at cracking
temperatures, and for now we will discount such a possibil-
ity. The trends in the lines on Fig. 6 and the numbers in
Table 6 clearly show a decrease in both the frequency fac-
tor and activation energy with steam dilution. This is a typ-
ical compensation effect, in which a reduction in activation
energy brings with it a reduction in the entropy of activa-
tion. This effect represents another dichotomy affecting the
mechanism of catalytic cracking.

At the outset we observe that, in the set of initiation
reactions, the rates show correct and systematic behavior
with temperature at all dilution ratios. This is so despite
the observation discussed previously that some RPPs go up
and some go down with temperature, and it underlines the
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TABLE 6

Activation Energies of Protolysis, Isomerization, and Coking
Reactions in 2-Methylpentane Cracking at Various Levels of
Steam Dilution

H,Ol/feed (mol/mol)

Eoi

kJ/mol 0.00 0.07 0.73 1.46
(= 279 218 255 259
A (min~1) 1.6E 420 2.8E+15 2.5E+17 9.5E + 16
Eo 163 156 158 167
A (min™1) 46E+11 32E+10 43E+10 1.6E +11
Eo 177 161 146 133
A (min™1) 2.0E+12 6.2E +10 39E+9 32E+8
Eos 205 176 160 163
A (min~Y) 7.9E+15 3.6E+13 1.6E+12 14E +12
Eos 166 155 140 135
A (min~Y) 5.8E 412 6.4E 411 3.4E+10 9.8E+9
Eso 113 58 41 44
A (min~1) 25E+9 27E+5 8.0E+3 6.1E+3
Exc 127 58 46 50
A (min~1) 48E+8 2.0E+3 1.2E+2 86E+1

limitations of even the RPPs as a means of interpreting cat-
alyst behavior. Needless to say, the selectivities observed
experimentally and their consequent PFPs are even further
removed from fundamental significance by the very fact
that certain products arise from more than one reaction.
The set of reactions contributing to the yield of a given
product will not, as a rule, have the same temperature de-
pendence for each member of the set.

Figure 6 shows that good linearity is obtained for the
individual rates on the Arrhenius plot, encouraging us to
interpret the activation energies calculated from these plots
and shown in Table 6. We note right away that the addition
of steam to the reactant causes a drop in all Eg; indicating
that steam dilution changes the interaction between the
Bransted proton and the feed molecule. We also note that
the protolysis of the C—H bond leading to H, formation
requires the highest activation energy at all dilution ratios,
while the activation energies for the C—C bonds are similar
for all bond orders.

Perhaps the most striking change in the Arrhenius pa-
rameters is seen in those connected with coking. Steam re-
duces the activation energy for coking but it reduces the
frequency factor for this reaction even more dramatically.
This decrease is large enough to explain the observed re-
duction in coking selectivity. This implies that the entropy
of reaction for ion—ion disproportionation is decreased by
the presence of steam to a remarkable extent. Why this
should be so is not clear.

The abruptness of the change in the behavior of this sys-
tem at low steam addition ratios seems to be confirmed
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from all aspects. Clearly a significant change in surface
interactions is introduced by small amounts of steam. At
higher dilutions, this effect becomes submerged in the ef-
fects of straight dilution by the chemically inert steam and
in changes of the average strength of covered and of pristine
sites (both of which depend on surface coverage), making
it hard to separate the effects.

The changes in activation energy we have already as-
cribed to changes in the distribution of acid strength on the
sites available for protolysis at various levels of dilution.
This effect we see as follows:

— the activation energy for any one protolysis reaction
on any site will depend on the acid strength of that site;

— the observed activation energy of a protolysis is a
weighted average of the activation energies on the various
sites capable of catalyzing a given reaction;

— the activation energy of a protolysis reaction is re-
duced if site “activity” is increased;

— there is a pre-existing distribution of acidities of the
pristine acid sites;

— of the available sites, some are covered by carbenium
ions and some are not, leaving behind a new distribution
of site energies for the sites capable of protolyzing the feed
molecule;

— it is the strongest sites which are most likely to be
covered by a carbenium ion; the number, and hence the
distribution, of the available acid sites changes as surface
coverage is changed by the presence of steam;

— activation energies in the case of heterogeneous site-
energy distributions will always be a function of surface
coverage, as well as of the pre-existing distribution of site
energies.

Even with the large and carefully collected data set re-
ported here, we feel that the activation energies and fre-
guency factors are not sufficiently well defined to say much
more than what we have already said above. It will take
much more data of this kind to document the behavior
of cracking mechanisms to the point where even semi-
guantitative predictions can be made.

The Chain Reaction Mechanism at Various
Dilution Conditions

We have proposed a formalism and an associated mathe-
matical treatment for quantifying the behavior of catalytic
cracking reactionsas chain processes. In earlier publications
(11-14, 22, 35-38) this powerful concept has allowed us to
interpret the mechanisms of cracking for a variety of reac-
tants. In the case of 2-methylpentane it has also provided
us with a broad and consistent picture of the effects of var-
ious influences the cracking of this molecule. Temperature
effects have been studied and found to follow the behavior
expected on the basis of the Arrhenius equation in every
detail.
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FIG. 7. Protolysis rate vs dilution ratio at 400°C with various diluents.

The effects of N2, Ha, CO2, and CO used as diluents were
found to vary from diluent to diluent. The effect of both N,
and H,, for instance, is simply the dilution of the feed con-
centration. This slows down the rates of feed conversion via
both monomolecular (protolysis) and bimolecular (propa-
gation) reactions. However, bimolecular reactions suffer a
larger decrease (13, 14) in reaction rate, due to the fact that
their rates depend on the second power of feed concen-
tration. As a result, the observed cracking selectivities are
affected, even by these chemically “inert” diluents.

The role of the polar molecule CO and of the polarizable
CO; is both a simple dilution, as described above, and a
“passivation” of both monomolecular and bimolecular re-
action sites. This new effect causes an additional drop in
the rate of feed conversion (14). What the “passivation”
effect might be in terms of changes in the nature of the in-
teraction of the feed with the active sites is not immediately
clear. Comparison of the effects of these diluents with the
effects of steam as a diluent may help to clarify the effects
observed when a polar or polarizable diluent is present in
hydrocarbon cracking.

Figure 7 shows the changes in the rate of initiation with
dilution ratio, using different diluents. We see that H,O, like
CO and CO,, causes a larger decrease in this rate than do
the inert diluents.

Figure 8 shows the changes in the rate of propagation
with dilution ratio, using various diluents. In this case the
effects of H,O dilution are markedly different from those
of CO and CO,. Steam alone causes an increase in the rate
of propagation at the lowest dilution ratios we have studied,
while CO and CO, cause a decrease. Although we did not
study the effects of very small additions of CO and CO,,
there is no indication that the unusual behavior of steam
shown in Fig. 8 is duplicated in these two diluents. We in-
terpret this as an indication that CO and CO; “passivate”
the sites of bimolecular reactions, while steam promotes
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FIG.8. Propagation rate vs dilution ratio at 400°C with various

diluents.

bimolecular processes but only up to a point. Larger addi-
tions of steam do not continue to augment this effect and
in fact seem to have a larger inhibitory effect than do the
other two gases.

Figures 9 to 12 present more evidence for the unusual
effect of steam addition at low temperatures. At the higher
temperatures this behavior is much less pronounced but the
distinction between steam and the other diluents persists.

A Proposed Mechanism of the Action of Diluents
in Catalytic Cracking

In earlier work we reported on the effects of steaming on
the catalyst itself (39). We found that cracking selectivity
and activity in 2-methylpentane was largely unaffected by
the extraction of extraframework aluminum from a given
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FIG. 9. KCL vs dilution ratio at 400°C with various diluents.
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FIG. 10. Paraffin/olefinratio in product vs dilution ratio at 400°C with
various diluents.

steamed catalyst. The rise in activity could be assigned to
the unblocking of a small portion of average sites so that
the output selectivity was not affected. Sites on the catalyst
were obviously not altered by the rather intrusive proce-
dure of removing amorphous alumina which is formed by
the steaming.

At the same time, catalysts steamed to various de-
grees showed clear changes in activity and selectivity, even
without EFAI extraction. We have reported (39) that,
as the extent of steaming was increased, selectivity in
2-methylpentane cracking tended to shift so as to produce
more isomers and paraffins. This is also the effect that steam
asadiluent has on cracking. We know that increased steam-
ing leads to fewer sites and that a lower site density connotes
higher acidity per site (40, 41). It is therefore consistent to
believe that steam dilution also causes acidity to increase,
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at least at the conditions where the shift to isomerization is
most pronounced. In order to formulate a comprehensive
explanation of this phenomenon as well as of the effects of
the various diluents, all the observations must be encom-
passed in one mechanistic set of postulates. The explanation
which will suffice to account for all these disparate observa-
tionsand, in particular, for the varying effects of the diluents
tested to date, may go as follows.

A diluent has at least one of two distinct modes of influ-
encing the cracking process. Thefirst effectinvolvesapurely
physical dilution of the feed. This effect lowers the rates of
all reactions involving gas phase species and appears in the
presence of all diluents. Since some of the catalytic cracking
conversion processes are first order in feed concentration
(protolysis reactions), while others are second order (pro-
pagation reactions), dilution as a purely physical effect will
decrease the rates of the latter reactions to a greater extent
and will result in selectivity changes. How big the selecti-
vity changes are will depend on the relative contributions
of the two types of reactions in the mechanism of cracking
for the specific feed used. For example, if a mechanism in-
volves very short chains, little effect will be observed. Thus
at higher temperatures, where the chain lengths are shorter,
the “physical” effect should be minimized, as it will also be
in the cracking of linear paraffins, which mostly crack by
protolysis.

This simple picture is somewhat complicated by the
changes in surface coverage in the presence of diluent, due
to the lower partial pressure of all hydrocarbon species in
the gas phase and the consequently lower surface coverage.
These changes in coverage will change the average acidity
of the uncovered (pristine) sites and consequently their av-
erage activity, as well as that of the covered sites. Details
of these effects have not been studied for the inert diluents
H, and Ns.
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The second effect involves some form of “chemical” in-
teraction between a polar or polarizable diluent and the
catalyst sites and is superimposed on the first. Whether such
an interaction could arise without involving competitive ad-
sorption is not clear. The adsorption of the diluents stud-
ied, in sufficient amounts to cause any effect at reaction
temperatures, is surprising and needs to be better under-
stood. We must leave the exact source of this interaction
for future clarification, but its results have been observed
in considerable detail.

The milder “chemical” effects are due to CO and CO,,
each of which cause a decrease in the sum of the rates of
both protolysis and of chain propagation. We propose that
the reason for this additional effect is a “passivation” of
the active sites. By this we mean that the uncovered active
sites become less capable of promoting protolysisin the pre-
sence of these diluents. Such an effect suggests a weakening
in the acid strength of the active sites and an increase in the
strength of the conjugate bases which hold the carbenium
ions during propagation reactions. These two effects would
resultin a decrease in the rates of protolysis and an increase
in the rate of desorption. Both effects shorten the kinetic
chain length, as was observed by experiment (13, 14). The
changes in product distribution are simply a consequence
of this change in the proportion between initiation and pro-
pagation reactions.

The chemical effect of steam dilution is exactly the oppo-
site to the above. Steam increases the acidity of the pristine
(unoccupied) sites and lowers the basicity of the associated
Brgnsted bases. Carbenium ions tend to desorb less readily
from the weaker conjugate bases and thus surface coverage
is increased on the stronger sites. The result is that proto-
lysis is slowed down by the reduction in unoccupied sites,
but the occupation of sites by undesorbed carbenium ions
is increased. The consequence of these two associated ef-
fects (which represent another dichotomy) is an increase
in the chain length, a decrease in olefin yield, and even an
increase in the overall rate of reaction, under appropriate
circumstances.

Itis not surprising that an increase in the overall rate can
be observed when more sites are available for propagation,
since propagation reactions in chain mechanisms are faster
than initiation reactions. The observed positive effect of
steam on the rate of the overall reaction is just a matter of
speeding up the propagation reactions, which steam seems
to do, despite the accompanying presence of the “physi-
cal” dilution affect. The “physical” effect eventually over-
comes the rate-enhancing benefits of the “chemical” effect
of steam at higher dilution ratios. At small dilution ratios
the physical effect is small and is obviously overcome by
the chemical effect.

It should be pointed out that there is a potential for con-
fusion in calling the second effect “chemical.” None of the
“chemically” active diluents lead to the formation of any
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new products. Chemically, they are quite inert in the reac-
tion. They are chemically active only as modifiers of catalyst
activity and selectivity.

Since the chemical effect reaches its full potential at low
dilution ratios, one can reasonably suspect that some form
of saturation plays a role here, indicating that perhaps the
chemical effect is the result of an adsorption-like interac-
tion, however unlikely it may seem. Therefore in our view
there may exist other diluents, more powerful than steam,
which could for example almost totally (but not quite to-
tally) suppress initiation reactions, yielding a much differ-
ent overall “cracking” reaction. The products of this reac-
tion would be highly paraffinic and would consist mainly of
isomers of the feed. In fact, for all practical purposes, this
would be an isomerization catalyst.

There may also be more powerful CO,-type diluents
which will reduce site activity to the point where proto-
lysis alone is operating and the chain length is one. Such a
diluent could give a product with a paraffin-to-olefin ratio
of one or less, at the expense of low rates of overall reaction.
There seems to be no prospect of developing adiluentwhich
would drive the paraffin-to-olefin ratio to zero. On the other
hand, one can conceive of diluents which raise the paraffin-
to-olefin ratio to large values on a given catalyst without
changing the temperature. This procedure could provide
an added degree of flexibility to those already available for
product quality control in commercial operations and, in
particular, may provide amethod of increasing isomer yield.

The effects being observed with diluents in catalytic
cracking echo similar effects in the gas phase pyrolysis of
small paraffins, some of them similar to the paraffins being
cracked as model feeds on acid catalysts. This was an active
area of research some 50 or 60 years ago, when the mecha-
nism of “limiting inhibition” by diluents such as nitric oxide
was being vigorously debated (42). The gas phase cracking
(pyrolysis) reaction proceeds via a free-radical chain mech-
anism whose essential steps are initiation, chain transfer,
propagation, and termination. In these earlier studies, sur-
prising results were observed in a number of such reac-
tions in the presence of various diluents. The effect most
frequently observed was a reduction of the overall rate of
conversion to a value which was independent of further ad-
ditions of diluent. It was even suspected that other diluents
may increase the rate of the chain reaction. After some 30
years of debate, it was shown that the diluents (inhibitors in
this case) interfere in the initiation reactions of the ongoing
chain process without producing any new products (43-45).
Deja vu all over again.

CONCLUSIONS

Our investigation of the influence of steam dilution on
the mechanism of 2-methylpentane cracking over USHY
at temperatures between 400 and 500°C shows:
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1. no oxygenated products are formed by the addition of
steam;

2. selectivity is changed in such a way that isomerization
is greatly enhanced,;

3. hydrogen transfer is enhanced,;

4. paraffin/olefin ratio is significantly increased;

5. olefin production is reduced;

6. at 400°C a small amount of steam reduces the rates of
all the protolysis processes but increases the rates of dispro-
portionation processes. At 500°C even low levels of steam
dilution reduce the rates of both protolysis and propagation
processes;

7. steam increases the kinetic chain length (KCL) by sup-
pressing the rate of termination in the chain reaction. This
automatically reduces the rate of initiation, encourages dis-
proportionation reactions and increases the paraffin/olefin
ratio;

8. steam reduces the activation energy of all elementary
reactions in the cracking process;

9. steam does not change the order of bond cracking pro-
babilities (BCP) in protolysis, but it does decrease the pro-
bability of hydrogen and methane formation by protolysis;

10. steam decreases the rate of coke formation and in-
hibits the B-cracking of C{ carbenium ions.

The observed results suggest the existence of an elec-
tron donor/acceptor interaction between water molecules
and the acid sites on the catalyst at cracking-reaction tem-
peratures. There is no reason to believe that the effects of
steam dilution represent an extreme example of this type of
behavior.

The effects of steam dilution on hydrocarbon crack-
ing will depend on the dilution ratio and the mechanism
operating in the cracking of the specific molecule. For
2-methylpentane cracking at low temperatures, a small
amount of steam diluent causes a large change in isomeri-
zation selectivity and in the overall reaction rate.
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