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Coking, activity, and product distribution of a composite catalyst and its components, an REY
zeolite and a silica—alumina matrix, are studied in the cracking of n-hexadecane at S00°C in a pulse
microreactor equipped with a thermogravimetric analysis unit (TGA), an integral sample collector,
and a GC. The matrix component alone does not show significant activity beyond thermal cracking.
The zeolite component has high activity and high coking rate. The composite catalyst shows much
higher conversion, much higher yield to C:—Cj,, and much lower coking rate than the values
predicted from its components. The activity and the product distribution are affected by coke
deposition, and this effect depends on coke level of the catalysts. Product yields for the three
catalysts as functions of coke levels allow us to determine yield enhancement factors and selectivity
enhancement factors (referring to the zeolite component in the composite catalyst relative to the
pure zeolite catalyst at the same zeolite coke level) for four product groups. Examination of
the selectivity enhancement factors indicates how the heaviest products (C;;.) from the matrix
component of the composite catalyst convert to kerosene. gasoline, and lightest (C,_) product
groups over the zeolite component of the composite catalyst. and how these interconversions

change with the coke level on the zeolite.

INTRODUCTION

Modern cracking catalysts are usually
heterogeneous complex composites of mi-
crometer-sized zeolite in an amorphous sil-
ica—alumina matrix. Both the zeolite and the
matrix have catalytic activities commonly
attributed to acid sites. The zeolite is sig-
nificantly more active than the matrix.
Cracking selectivity and coking behavior of
the two components are also different (/-3).
Cracking on zeolite gives products rich in
paraffins and aromatics, while silica—alu-
mina favors olefins and napthenes (4¢). Com-
posites of these two catalyst components
have been reported to give product mixtures
superior to either component individually,
and, in some cases, exceed the sum of the
component properties (5). However, little
work has been carried out to compare actual
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composite catalyst performance, fresh and
coked, with that of the specific components
from which it was prepared. Dean and Da-
dyburjor (6) reported on the results of com-
paring the activity of fresh (steamed) and
coked samples of composite, zeolite alone,
and silica-alumina alone. The results were
used to describe the flow pattern through the
composite catalyst and to obtain an indirect
measure of the amount of coke on each com-
ponent of the composite catalyst (6). Selec-
tivities of the composite and the two compo-
nents are in general expected to change with
deactivation level (7).

The main purpose of this work is to study
the selectivity and yield of a composite cata-
lyst and its components, a zeolite and an
active matrix, in cracking of n-hexadecane
as a function of coke level.

EXPERIMENT

Experiments were carried out in a pulse
microreactor system, an earlier version of
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Fi1G. 1. Schematic of pulse microreactor.

which has been described in detail (6, 8).
The current version is shown in Fig. 1. The
apparatus has the advantage of allowing an
unambiguous determination of activity,
yield, and selectivity to be made at a particu-
lar level of deactivation. The reactor is a
thermogravimetric analysis (TGA) Cahn
System 113. The unit is a flow-through type,
with an external oven. Pulses of reactant
are injected in a stream of heated helium
carrier gas. The carrier gas flows over the
sample of catalyst placed in a sample pan
hanging in a pyrex reactor tube. Back-diffu-
sion of the reactant to the recording and
measuring head is minimized by having a
separate helium stream flow through the
head and through a small hole into the reac-
tor tube. The outlet stream leaving the reac-
tor tube flows through the sample collector,
a stainless-steel U-tube of diameter 1/4” and
a total length of 11”. Condensable gases are
captured in the collector at liquid-nitrogen
temperatures, maintained by using a dewar.
The relatively large diameter and length of
the collector allows for sufficient heat trans-
fer area with negligible pressure drop and
no plugging of the tube. After a fixed amount
of time, the liquid-nitrogen dewar is re-
moved, and the contents of the collector are
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heated and flushed to a gas chromatograph
for product analysis. A Varian 3300 GC with
FID and a 10’ x 1/8" packed column with
10% SP-2100 on 100/120 Supelcoport was
used for products analysis.

The composite catalyst used is AGZ-50
from W. R. Grace and Company, which has
specified the composite to contain 10-15%
of REY zeolite and the balance silica—alu-
mina matrix. The two individual compo-
nents were also supplied. An unspecified
mixture of rare earth oxides is used in the
zeolite. The catalysts were steamed at 500°C
in a fluidizing state in a vertical quartz tube
for 1 h before reaction. The physical proper-
ties of the catalysts are listed in Table 1.
The particle size of the steamed composite
and the steamed matrix is approximately
80um. Particle sizes of the zeolite could not
be determined since the particles tended to
agglomerate when sieving. The size of the
loose agglomerates is approximately 150
um. The zeolite crystallite size is approxi-
mately 1 um. The hexadecane used was
from Fisher Scientific with a purity of 99.8
mol%. The He carrier is from West Virginia
Welding with a minimum purity of 99.5%.

The cracking reactions were carried out at
500°C and ambient pressure, with a overall
helium rate of 90 ml/min. Approximately 5
mg of catalyst was used for each run, a
weight corresponding to a negligible bed
depth in the sample pan. Hence, tempera-
ture variations are expected to be negligible
in the sample. The catalysts were heated
under reaction conditions for 3 h before the

TABLE 1

Physical Properties of the Catalysts

Composite  Zeolite  Matrix
ALO, (wt%) 29.0 — 35.0
Residual Na O (wt%) 0.23 0.88 0.50
Bulk density (g/cc) 0.62 — 0.48
Pore volume (cc/g) 0.58 — 0.66
Surface area (m*/g)* 258 780 190
NH, chemisorption (cc/g)* 4.2 8.6 2.8

MAT activity (vol%%) 72.0 — 4.0

* After steaming
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reaction. The TGA balance was tared before
each injection of the pulse. The pulse size
was 3.87 mg, corresponding to 5 ul of liquid.
The sample was collected in a liquid-nitro-
gen dewar for up to 2.5 min after injection
of the pulse. The time interval between the
pulses was 40 min. Periodically, thermal
cracking experiments were also made under
the same conditions, using glass beads in
the place of the catalyst. Two experimental
runs were made for each catalyst under the
same conditions.

DATA ANALYSIS

Data analysis of the cracking experiments
is based on GC areas. The weight of each
component is calculated using an FID
weight factor (9) for the component. As
mentioned earlier, products were trapped at
liquid nitrogen temperature, 77.4 K, for GC
analysis. Although all the hydrocarbons
produced in the cracking have pure-compo-
nent boiling points higher than 77.4 K, a
small amount will still escape from the trap
because of equilibrium vapor pressure and
the flow of the carrier He. Further, H, can
not be trapped. We term all the escaped
components ‘‘noncondensable-gas™’
(NCGQG). Loss of reactant to coke formation
is not taken into account, since it is rela-
tively small. The resulting numbers from the
calculation are therefore on a coke- and
NCG-free basis.

Products with carbon number equal to or
less than 4 show only one peak in the gas
chromatogram. They are treated as a single
component, labeled C,_ in the analysis. The
products with carbon number equal to or
greater than 17 are also treated as a single
component and are labeled C,5, .

RESULTS AND DISCUSSION
Coke Deposition
Coke deposition for each pulse is defined
as the percentage incremental weight of the
catalyst 40 min after the pulse. The relation
of cumulative n-hexadecane to cumulative

coke deposition (or coke level) is shown in
Fig. 2 for the three catalysts.
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FiG. 2. Cumulative coke deposition as a function
of cumulative hexadecane injected over each of three
catalysts. Circles, pure zeolite; squares, pure matrix;
triangles, composite.

The rate of coke deposition is the highest
for the REY zeolite and the lowest for the
matrix. A sigmoidal shape can be seen for
both the zeolite and composite catalyst;
coke levels are too low for such behavior
to be observed for the matrix. The maximum
incremental coke deposition (MICD), corre-
sponding to the maximum coking rates for
the zeolite and the composite, are at 7 and
1.2% coke, respectively. The shape of the
coking curve suggests that autocatalytic
coking plays an important role in the coking
kinetics. The phenomenon has been re-
ported by us for other catalysts and reac-
tants as well (10).

Deposition of coke on the composite cata-
lyst tends towards a plateau, at a coke level
of approximately 2.6%. This corresponds to
a value of the Maximum Coke Deposition
(MCD) of 2.6% for the composite, consis-
tent with Ref. (10). For the zeolite, a plateau
is not observed, at least in the experimental
time period. However, the model of Ref.
(10) allows us to estimate the MCD value
for the zeolite as approximately 18%. The
MCD for the matrix cannot be estimated,
as the coke levels in the current experiment
are too low.

It is important to note that the autocata-
lytic coking behavior indicates that using
time or cumulative reactant as the indepen-
dent variable for conversion and selectivity
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FiG. 3. Incremental conversion of hexadecane as a
function of cumulative coke deposition on each of three
catalysts. Conversion values have been adjusted to
correspond to a (fresh) catalyst weight of 5.00 mg.
The results of thermal (noncatalytic) runs have been
subtracted. Symbols are those used in Fig. 2.

analysis is inappropriate, because different
amount of cumulative reactant may give the
same amount of coke when the maximum
coke deposition is reached. The cumulative
coke deposition, therefore, is used as the
independent variable in the following
analysis.

Activity

The activity is defined here as the ob-
served percentage of n-hexadecane reacted,
less that reacted by thermal cracking. Activ-
ities of the three catalysts are plotted versus
the cumulative coke deposition in Fig. 3.
The zeolite gives the highest activity and
the matrix has no significant activity under
the experimental conditions.

The composite, which contains 10-15%
of zeolite, shows an initial activity about
50% of that of the pure zeolite. There is
clearly an enhanced reaction for zeolites in
the composite catalyst, perhaps due to the
smaller size of the zeolite in the composite,
relative to the pure component. This is
quantified later. The effect cannot be ex-
plained by the reduced coking rate, since
for the fresh catalyst, the coke deposition
is negligible. Further, the activity of the
composite does not decrease with coke lev-
els up to approximately 2%, greater than

levels found in commercial practice. For the
zeolite and composite, the activities are
more or less constant before the maximum
coking rate is reached. The activity then
starts to decrease with increasing rates.
When the MCD value is reached for the
composite catalyst, the activity approaches
zero. This suggests that the maximum cok-
ing rate can be used as a parameter to define
the availability of the acid sites used in the
cracking reaction. We have discussed such
a model! earlier (10, 11).

Product Distribution

Products of C,_, Cs—C5, and C,, were
observed in the GC analysis. The amount
of NCG formed (and then escaping from the
collector) for one catalyst is different from
that for another. Hence yield, which is de-
fined here as the amount of a product formed
relative to the total sample collected (wt/
Zwig), is a useful measure of the catalyst
performance. The product distributions, in
terms of yield, at several coke levels are
plotted in Figs. 4, 5, and 6 for the matrix,
zeolite, and composite, respectively. The
amounts of products formed from thermal
cracking have already been subtracted.

The product distribution for the matrix is
affected by coke level and is close to that
of thermal cracking. For the fresh matrix,
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FiG. 4. Effect of coke level on the product yield (by
carbon number) over pure matrix catalyst. For clarity,
only three coke levels are shown. Yield values have
been adjusted to correspond to a (fresh) catalyst weight
of 5.00 mg.
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FiG. 5. Effect of coke level on the product yield (by
carbon number) over pure zeolite catalyst. For clarity,
only five coke levels are shown. Note that the squares
represent data near the maximum coking rate for the
zeolite. Yield values correspond to a (fresh) catalyst
weight of 5.00 mg.

the yields of C, to C,5, are all smaller than
those for thermal cracking. As coke level
increases, the yields increase. The yield of
a lighter product is generally higher than
that of a heavier product, except for C,; and
Cl7+ .

The product distribution for the zeolite is
different from that of the matrix. More of
the lighter products are formed, especially
for C; and C,. For the fresh zeolite, the
yields of Cs and C, are much higher than
those of other products. This may be related
to the high acidity of the REY zeolite and
to secondary cracking. As coke level in-
creases, the yield to C, decreases slowly
until the MICD is reached, after which the
yield decreases sharply. For products in the
C,,-C,, range, their yields increase with an
increase of coke level, slowly at first, and
then rapidly after the MICD. These mirror
relations between the Cs-and-lighter and
C,,—C,, fractions may indicate that the acid
site density is greatly reduced at this coke
level, and results in less secondary cracking.
The dependence of the yields for C~C
products on coke level are intermediate be-
tween the C,_ and the C,,~C,, products.

The dependence of the product distribu-
tion on the coke level for the composite cata-
lyst (Fig. 6) is similar to that for the zeolite.
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Moreover, at high coke levels, the relation
between coke and yield for C,, C,, and C,
become different from those at lower coke
levels. The yields of these products increase
with an increase of coke level initially, but
decrease when the coke level approaches
the maximum value. The transition appar-
ently starts after the maximum coking rate
occurs. At high coke levels, the yields to all
products approach those of thermal crack-
ing. This indicates that almost all of the acid
sites are lost at the maximum cumulative
coke level. This behavior can also be seen
for the zeolite (in Fig. 5), for C,. for ex-
ample.

Quantitative Model for Activity

This subsection and the next builds upon
the work of Dean and Dadyburjor (6). The
idea there was to use activity- and coke-vs-
injection data for the two individual compo-
nents and the composite catalyst to deter-
mine the simplest model of flow through the
(coked) composite. This model can be used
to quantify the incremental selectivity
changes associated with combining the two
components into the composite catalyst.
The simplest flow model that could explain
the activity and coke data within the experi-
mental error bounds was found to be the so-
called partitioned-flow model. This is illus-
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Fic. 6. Effect of coke level on the product yield
(by carbon number) over the composite catalyst. For
clarity, only five coke levels are shown. The squares
represent data at the maximum coking rate for the
composite. Yield values correspond to a (fresh) catalyst
weight of 5.00 mg.
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Fic. 7. Schematic of the partitioned-flow model,
based on Ref. (6).

trated in Fig. 7. Here all the reactant enters
the matrix and a portion is reacted, depend-
ing upon the matrix coke level. The resulting
stream is partitioned, with a fraction s pass-
ing through the zeolite and the remainder
(1 — ) bypassing the zeolite. The zeolite
fraction ¢ can be obtained as a function of
coke level, by carrying out a coke balance.
The coke levels on the individual compo-
nents of the composite can be also obtained
from this model.

Due to the improvements in the present
apparatus, the experimental error bars are
now much reduced, and a more detailed
model is possible to characterize the flow
through the coked composite. The modified
model builds on the old partitioned-flow
model and is described below. In brief, the
new model accounts for the enhanced reac-
tivity of the zeolite component in the com-
posite by introducing an enhancement
factor a (relative to the pure zeolite compo-
nent) as well as the zeolite faction ¢. The
new model is then used in the next subsec-
tion to quantify the changes in selectivity of
the composite with coke level.

The level of coke on a pure component
or composite, C;, wherej = z, m, or ¢ repre-
senting pure zeolite, pure matrix, or com-
posite, respectively, is a function of v, , the
cumulative amount of reactant hexadecane

injected per unit weight of catalyst,
= vj.in/wj

(1a)
(1b)

Uj,in
Cj = CJ’(UJ\in)'

Since all the reactant injected over the com-
posite passes over the matrix component,
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the coke level on the matrix component of
the composite, C,, ., is equal to the coke
level on the pure matrix component corre-
sponding to the appropriate value of v,,:

Cm.c = Cplv, = vc.in/{sm“'g})' (2)

Here ¢, is the weight fraction of the matrix
in the composite catalyst. C,,(v,,) can be ob-
tained from experimental data for the pure
matrix catalyst in Fig. 2. Then a coke bal-
ance allows us to obtain C, ., the coke level
on the zeolite component of the composite
catalyst,

Cz.c = {Cc(vc.in) - EmCm,c}/ezﬂ (3)

where g, is the weight fraction of the zeolite
in the composite catalyst. C (v;,) can be ob-
tained from experimental data for the com-
posite catalyst in Fig. 2.

Figure 8 represents the coke levels on the
matrix component and the zeolite compo-
nent of the composite catalyst, as functions
of the (overall) coke level on the composite
catalyst. The relations correspond to equa-
tion (2) and (3) with

g,=0.11]
e, = 0.89

(4a)
(4b)
as discussed earlier. The figure indicates
that there is an initial period in which the

matrix coke level is higher than the zeolite
coke level, perhaps because little of the re-
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Fi1G. 8. Coke levels on the zeolite and matrix compo-
nents of the composite as a function of the coke level
on the composite, based on the partitioned-flow model.
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actant has passed over the zeolite at this
point. After this initial period, the zeolite
component has a higher level of coke. Quali-
tatively similar results were obtained by
Dean and Dadyburjor (6).

The calculated coke level on the zeolite
component allows us to estimate the reac-
tant entering that component of the compos-
ite catalyst, V, .., using the inverse of Eq.
(1b):

=v,(C, =C,.). (5a)

U, c.in

Experimental data on the pure zeolite com-
poanent allows v,(C,) to be obtained. Then

vz.c.in = WU cin (Sb)

From Eq. (5b), the incremental amount of
reactant entering the zeolite component of
the composite catalyst in a particular pulse,
AV, i, can be obtained.

The fractional conversion per unit weight
of catalyst

X = X_i/wj (6a)

is a function of the corresponding coke
level, C;. Then the conversion X ., as-
cribed to the matrix component of the com-
posite catalyst, can be written in terms of
the corresponding coke level, C, ., as

Xm.c = ’ -""m(Cm = Cm.c)- (6b)

Em “YC

Here x,(C,) can be obtained from experi-
mental data on the pure matrix component;
see Fig. 3. Then the incremental amount of
reactant leaving the matrix component of the

composite catalyst for a particular pulse is
AVm.n.xnul = Avgm{l - Xm,c}~ (7a)

where AV, is the incremental reactant en-
tering the (matrix component of the) com-
posite. Equation (7a) allows the calculation
of the incremental amount of reactant by-
passing the zeolite in a particular pulse:

Avbyp = AVm‘c‘oul - Avx.c,im (7b)

Therefore the incremental bypass fraction
(1 = ¢)is

1 = = AV, JAV, Cou- (7¢)
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F1G6. 9. Incremental bypass fraction for the deactivat-
ing composite catalyst.

The calculated values of the incremental by-
pass fraction, (I ~ ), are shown in Fig.
9 as a function of the deactivation of the
catalyst, quantified by the overall coke level
on the composite. The relative amounts of
zeolite and matrix in the composite catalyst
are given by Eq. (4), consistent with Fig. 8.
The values of (I — ), are high, indicating
that relatively little of the reactant passes
over the zeolite component. The values de-
crease initially with increasing coke level,
indicating that paths involving the zeolite
are made more favorable by coke deposition
on the matrix. However, the values of (1 —
) pass through a minimum and then in-
crease again, perhaps as increasing amounts
of coke deposit on the zeolite. Note that the
minimum occurs at a composite coke level
around 1.5-2%, higher than the value at the
end of a typical commercial riser reactor.
The previous model (6) assumed that the
zeolite conversion in the composite could
be obtained from the pure zeolite data.
However, in the present case, this leads to
the predicted conversion for the composite
catalyst being very much smaller than the
experimental values obtained, and the dif-
ference is greater than the experimental er-
ror expected. The present model ascribes
the enhanced reaction to the zeolite compo-
nent only. For the fresh catalyst, the en-
hancement may be due to the absence of
diffusion effects for the smaller particles of
zeolite in the composite, relative to the size
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a

F1G. 10. Activity enhancement factor for the deacti-
vating composite catalyst.

of the pure zeolite catalyst. For the coked
catalyst, the enhancement could be different
from that of the fresh catalyst, depending
upon the relative diffusion effects in the ma-
trix and zeolite components.

Then the conversion in the zeolite compo-
nent of the composite catalyst, X, ., can be
related to that expected in the pure compo-
nent per unit weight of zeolite, x,(C,), by

X,. = ag,w.x,(C, = C,.), (8)

7.C

where « is the activity enhancement factor.
The overall conversion in the composite for
a particular pulse is given by

X, ={AV,,, — AV, AV,

¢.out c.an?®

(9a)

where AV, is the incremental reactant
leaving the composite, given by

AV pw = AV, + AV

¢.out

(9b)

z.c.out s

and where the incremental reactant leaving
the zeolite component of the composite is

AV, on = AV, . {l = X, 1. (%)

Z.c.out

Hence the activity enhancement factor, a,
can be obtained from Eqgs. (8) and (9) as

a = {Avc.in/Avl.c.in}{'rc(Cc)
(Co = Cou e, x(C, = C, )} (10)

- Sm ""n‘l

Figure 10 illustrates the changes in «
with a deactivating catalyst. The relative
amounts of zeolite and matrix used are those
used earlier, in equation (4). Initial values
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of « are of the order of 100, equivalent to
the size ratio of zeolite component and the
overall composite. This value of « is there-
fore consistent with activity improvements
expected if the zeolite particle size is de-
creased and if the zeolite activity is diffu-
sion-limited. The activity enhancement de-
creases rapidly with increasing amount of
coke on the composite, and appears to level
off at coke values greater than approxi-
mately 1.5%.

It is important to note that Figs. 8-10 rep-
resent the results of only a simple quantita-
tive model. A major assumption here is that
the presence of the zeolite has no effect on
the matrix coke and activity. In fact, reac-
tants and products leaving the zeolite must
pass through the matrix, and could alter its
coking characteristics. Further, the en-
hanced activity of the zeolite in the compos-
ite could be due to zeolite—matrix interac-
tions, as well as to diffusion effects, as has
been suggested here. These additional fac-
tors could be included in a more complicated
model, for example, one incorporating a ma-
trix element after the zeolite as well as be-
fore. We believe that it is better to use the
simplest possible model and to use the quan-
titative parameters therefrom (¢, a) as de-
scriptors of the process rather than as abso-
lute physical indicators.

Qualitative Model for Selectivity

In order to obtain the effects of increasing
coke level, the data of Figs. 4-6 are reformu-
lated to show the yields of C;, . Cs_;,. Cy1is,
and C ;. as a function of coke level in Figs.
11-14, respectively. In each figure, the
yields are shown over pure zeolite, pure ma-
trix, and the composite catalyst. The quanti-
tative model developed in this section
allows us to compare the yield of each prod-
uct group over the composite catalyst
with the yield expected over the pure ma-
trix and the pure zeolite, with each cata-
lyst component being characterized by
its own individual coke level, rather than
the overall coke level of the composite
catalyst.
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F1G. 11. Yield of the lightest product group (1, C,_)
obtained over 5.00 mg of each of the three catalysts.
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composite.

For product group p, the yield over cata-
lyst j depends upon the weight of catalyst,
w;, and the coke level C;. Then

Y, =y (C) - w,. (n

Here p =1, g, k, or h for groups C,_ (light),
Cs_io(gasoline, (12)), C,,_;s (kerosene, (12)),
and C;, (heavy), and j = z, m, or ¢ as
before. The yield Y, ; is defined from

AW/L,/’MUI = AVj.in Yp,_i’
where AW, . . is the incremental amount
of product group p leaving catalyst j. For
the composite catalyst, the partitioned-flow
model postulates that the product stream
has two constituents, one bypassing the zeo-
lite (and thus being characteristic of the ma-

(12)
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F1G. 12. Yield of the gasoline-range product group
(g. Cs_;p) obtained over 5.00 mg of each of the three
catalysts. Symbols are as in Fig. 11.
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Fi1G. 13. Yield of the kerosene-range product group
(k. C;,_;<) obtained over 5.00 mg of each of the three
catalysts. Symbols are as in Fig. 11.

trix alone) and the other passing over the
zeolite after passing over the matrix. It is
reasonable to assume that the composition
of the stream bypassing the zeolite is identi-
cal to that entering the zeolite component;
in other words, only the flow is partitioned,
not the composition. Then, for the compos-
ite catalyst

AW = AW

pc.out pz.cout

+ (1 —¥) AW

p.n.oul

(13)

where, as before, subscripts (z, c) and
(m, ¢) denote components zeolite and ma-
trix, respectively, of the composite catalyst.

The product yield from the matrix compo-
nent of the composite catalyst is postulated
to be the same (per unit weight of matrix)

o !
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~
T 2 -
<
= : 4eolite
z i Composite
L Matrix
=
4 - . . O P e
0 3 [} 9 12

Cumulative Coke Deposition (7}

F1G. 14. Yield of the heaviest product group th, C};.)
obtained over each of the three catalysts. Symbols are
as in Fig. 11.
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as that from the pure matrix component at
the same matrix coke level. Changes in the
product yield of the composite (relative to
the pure component catalysts) are quantified
by means of a yield enhancement factor, y,,
associated with (unit weight of ) the zeolite
component, relative to the yield expected
for the pure zeolite component (per unit
weight) at the same zeolite coke level. This
is consistent with the use of the activity en-
hancement factor « in the previous subsec-
tion. Then

A W[).H“LC.(\UI =A vc.in EmWe

"p.m(Cm = Cm'c) (]4)

where y, ., the yield of product p per unit
weight of the matrix, can be obtained as a
function of the pure matrix coke level, C,,

from Figs. 11-14. Further,

AW[?.LC.OUI = Avl.c‘insl_wc
'vl’.L(CZ = Cz.c) ) ‘yl"‘ (]5)
where v, , is the analog of ¥, for a pure

zeolite catalyst. From Eqs. (12)-(15), v, can
be obtained as

'Y,, = {AVc.m/AV/.c.in}{yp.c(Cc)
- {1 - lb}’sm.\'p.m(cwm =
{81_\',).2(C1. =

Cm.c)}/

C, 0t 6)
The enhancement of the yield of a particu-
lar product has two factors. One of these
is the increased reaction rate in the zeolite
component of the composite catalyst due to
the smaller size relative to the pure zeolite
catalyst. The second factor is the selectivity
improvement expected over the zeolite
component in the composite since the inlet
of the zeolite component contains matrix-
cracked products rather than only reactant
hexadecane. The first factor has been quan-
tified as «. Hence a selectivity enhancement
factor, o, , may be defined for each product
p from
(17)

Yy = Qo,.
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Values of o, for each product group are
shown in Fig. 15.

The selectivity enhancement for the light
products, C,_, is approximately unity at all
coke levels, except perhaps at the highest.
This implies that the increased yield of these
products can be ascribed only to the in-
creased zeolite activity. For the heaviest
products, C,,, . the yields are small over
all three fresh catalysts, and are difficult to
evaluate at the higher coke levels. The o,
values at the lower coke levels appear to
increase with increasing coke. In other
words, the selectivity for the heaviest prod-
ucts increases for the deactivating catalyst.
Further, the values of o, are less than unity.
This means that (zeolite) selectivity for
these products is less when the zeolite is a
component of the composite catalyst than
when the zeolite alone is used as the cata-
lyst, the zeolite in both cases having the
same coke level.

The o values for the gasoline fraction and
the kerosene fraction are generally greater
than unity. For the fresh catalyst, o, and o
are approximately equal in value, approxi-
mately 1.5. This means that the (zeolite) se-
lectivity is approximately 50% better for the
zeolite as a component of the composite cat-
alyst, relative to the pure zeolite. As the
catalyst deactivates, the o, values decrease
more than o, values, reach a minimum (ap-
proximately 0.8), and then increase. The o,
values exhibit a shallow minimum (approxi-
mately unity), at much higher values of the
coke level. Hence the gasoline selectivity
of the fresh zeolite in the composite catalyst
is enhanced (relative to the pure zeolite cata-
lyst), but the enhancement decreases with
increasing coke on the zeolite. The kerosene
selectivity enhancement decreases rapidly
with increasing zeolite coke, but then in-
creases. The increase in enhancement ap-
pears to be at the expense of the gasoline
enhancement.

Figure 16 illustrates the overall process.
Hexadecane passing over the zeolite
(alone), in the top of the figure, cracks with
Cy . Cspy. and C,_;5 products and con-
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Fi1G. 15. Selectivity enhancement factors for the four product groups as a function of the coke level

of the deactivating composite catalyst.

denses into heavier, C;, products. Simi-
larly, hexadecane passing over the matrix,
in the center of the figure, forms cracking
and condensation products, but with selec-
tivities different from those characteristic of
the matrix. Since hexadecane passing over
the composite catalyst is assumed to pass
over the matrix component first, the prod-
ducts over the matrix component in the
composite are expected to be the same as
those over the matrix alone. Unreacted hex-
adecane from the matrix component of the
composite catalyst, when passing over the
zeolite component of the composite cata-
lyst, reacts to form products with the same
selectivity as over the zeolite (alone) at the
same zeolite coke level. These products are
shown by the arrows at the top of the block
in the bottom of Fig. 16.

In addition, the products from the matrix
component (viz., C,_, Csq, Co_15, and
C,7,) react further in the zeolite component.
For clarity, arrows to only adjacent prod-
ucts are shown in the bottom block (e.g.,
C,i_i5s to Cs_j and C,,,) although the com-
pounds can form other products as well
(e.g.. C, s to C,_). Also, products from
the thermal (non-catalytic) reactions are not
shown in Fig. 16.

Figure 16 can be used to understand the
quantitative results of Fig. 15. For the fresh
catalyst, for which o, = 1.2, o, = 1.6,
o, = 1.3, and o, = 0.5, the net action of
the zeolite is to convert the C -, products

to the C,_,o range, to a somewhat lesser ex-
tent to the C,_5s range, and to a small extent
to the C,_ range. As the catalyst deactivates
(to about 0.8 percent coke on the composite,
approximately 3% on the zeolite), oy, in-
creases, oy decreases, o, decreases but to
a smaller extent, and o, decreases slightly.
Hence the 3%-coked zeolite converts less
of the heaviest products to the C,,_,; range,
although the interconversion to the Cq_j,
range and to the lightest products decrease
to a smaller extent. Recall that this coke
level is less than that corresponding to the
maximum coking rate (the MICD). At higher
coke levels (1.5% on the composite, 7% on
the zeolite component), oy increases, o, de-
creases (to approximately unity), and o, de-
creases slightly. The net change in the C;_,,
selectivity (relative to the pure zeolite) is
negligible, i.e., there is now a net change of
the heaviest products to the C,,_,s range.
Alternatively, as much Cs_,q is converted to
Cii.1sas Cy4, is converted to Cs_,,. At these
highest coke levels, higher than those corre-
sponding to the maximum coking rate, virtu-
ally all of the heaviest products are reacted
away, even those formed from thermal (non-
catalytic) reactions.

CONCLUSION

Coking and other catalytic behavior (ac-
tivity, selectivity, and yield) for a composite
cracking catalyst and its components, zeo-
lite and matrix, are studied for the cracking
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F1G. 16. Schematic of the conversion of hexadecane
(C,4) to the four product groups over the pure zeolite
catalyst (top compartment); matrix, pure and as a com-
ponent of the composite catalyst (middle compart-
ment); and the zeolite as a component of the composite
catalyst (bottom compartment). Note that the feed into
the zeolite component of the composite consists of C ¢
as well as the four product groups from the matrix
component. The bypass fraction is not explicitly shown
in the figure.

of n-hexadecane in a pulse microreactor
with integral sample collection and on-line
gas chromatography. The apparatus allows
the catalytic behavior to be studied at well-
defined coke levels.

The coking for the zeolite and the com-
posite shows autocatalytic behavior. The
maximum coke levels for the zeolite and
composite correspond to individual coke
levels of 18 and 2.6%, respectively. Coke
levels on the matrix are very low.

The matrix component itself does not
show significant activity beyond thermal
cracking. The product distribution for the
matrix is also not very much different from
that of thermal cracking. The yield for the
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collected compounds increases with an in-
crease of coke level. The zeolite compo-
nent, on the other hand. has a high activity
and high coking rate.

The maximum coking rate is an important
parameter in distinguishing conversion and
product distribution patterns. Before the
maximum coking rate is reached, the con-
version and the yield to the kerosene frac-
tion (k, C,,_,s) are constant, but the yield to
the gasoline fraction (g, Cs_,,) increases, and
the yield to the lightest fraction (1, C,_) de-
creases as the coke level increases. Afterthe
maximum coking rate is observed, however,
the yield to 1 and g decrease, while that to
k increases, with an increase of coke level.
The maximum yield to g is at the coke level
where the maximum coking rate occurs.

The activity of the composite was ana-
lyzed in terms of the pure component values
using the partitioned-flow model. The corre-
sponding coke balance indicates that coking
rates for the fresh composite catalyst are
greater over the matrix component than the
zeolite component; however, after approxi-
mately 0.2% coke level, the coke deposits
preferentially over the zeolite component.
For the composite, arelatively large fraction
of the material leaving the matrix bypasses
the zeolite; the bypass fraction (I — ) de-
creases slightly as the matrix cokes, then
increases again as zeolite coke levels in-
crease. The zeolite activity in the fresh com-
posite is much greater than that of the pure
zeolite at the same zeolite coke level, proba-
bly due to the smaller size. This activity
enhancement, a, decreases as the coke level
increases.

Yield enhancements and selectivity en-
hancements for the four product groups are
similarly defined. In each case. the compari-
son of the pure zeolite catalyst is with the
zeolite component of the composite having
the same zeolite coke level, not the same
composite (overall) coke level. Selectivity
enhancement factors o, and oy are greater
than unity for the fresh catalyst, and pass
through a minimum with increasing coke
level. For 1, the parameter stays around
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unity and passes through a shallow mini-
mum. The parameter ¢y, is much smaller
than unity and increases with coke level.
Physically, these trends indicate that the ze-
olite component in the fresh composite con-
verts products h from the matrix component
to productsl, g, and k. At zeolite coke levels
less than that corresponding to the maxi-
mum coking rate of the zeolite component,
less h is converted to k. At zeolite coke
levels greater than that corresponding to the
maximum coking rate of the zeolite compo-
nent, more h is converted, and more of it is
converted to k.

The present experimental technique and
data manipulation allow us to obtain the de-
tails of the effect of coke on the activity and
selectivity of the components of the com-
posite cracking catalyst. Hence the proce-
dure can be used to determine the effect of
zeolite and matrix properties on the perfor-
mance of the composite catalyst.

APPENDIX: NOMENCLATURE

G Coke percent on catalyst j (%)

Y, Cumulative reactant per unit weight
of catalyst j (mg)/(mg)

7 Cumulative reactant over catalyst j
(mg)

AV, Incremental reactant (mg)

W; Weight of catalyst j (mg)

AW, Increment product p formed over
catalyst j (mg)

X Fractional conversion of reactant
per unit weight of catalyst j (%)/
(mg)

X; Fractional conversion of reactant
over catalyst j (%)

Y. Yield of product p per unit weight
of catalyst j (9%0)/(mg)

Y,, Yield of product p over catalyst j
(%)

Greek

a Activity enhancement factor, zeo-
lite in composite compared to pure
zeolite

Yp Yield enhancement factor for prod-

uct group p

DADYBURJOR AND LIU

g Weight fraction of j = m, z in com-
posite catalyst

o, Selectivity enhancement factor for
product group p

U Zeolite fraction of flow

Subscripts

c Composite catalyst

g Gasoline-range product group, C,_;,

h Heaviest product group, C,,.

in Entering the catalyst (pure, com-
posite, or component)

k Kerosene-range product group,
CI[)—IS

1 Lightest product group, C,.

m Matrix

m.c Matrix component of composite
catalyst

out Leaving the catalyst (pure, com-
posite, or component)

z Zeolite

zZ.C Zeolite component of composite
catalyst
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