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A general mechanism for the catalytic cracking of cumene is proposed. The mecha- 
nism is used to develop a rate expression for the reaction on an aging catalyst, using 
the time-on-stream theory of catalyst decay. This approach takes into account the 
initial rapid loss of catalyst activity during the reaction. The model predicts three 
classes of catalyst aging behavior which are consistent with those predicted previousl? 
using a much simpler mechanism. 

NOMENCLATURE 

c cumene 
ICI concentration of cumene 
K equilibrium constant 
G, N aging parameters 
P catalyst/reagent ratio 
S active site 
y,z products (benzene and propylene) 
k reaction rate constant 
- r, rate of disappearance of cumene 
t catalyst time-on-stream 
X fractional conversion 
3 integral or cumulative conversion 
e expansion coefficient 
0 fraction of active sites occupied 
7 space time 

Subscripts 

1, 2, etc. refer to component reactions 
c7 Y, z species involved in the reaction 

; 
equilibrium conditions 
final conditions 

0 initial conditions 

INTRODUCTION 

The catalytic cracking of cumene to ben- 
zene and propylene takes place with the 
formation of a minimum of by products. 
Kinetic investigations of this reaction are 
thus facilitated by the stoichiometric sim- 
plicity of the reaction as well as by the 
slow aging of the cracking catalyst. 

In an early paper by Corrigan et al. (2)) 
it was suggested that catalytic cracking of 
cumene proceeds by a surface reaction in 
which the cumene is chemisorbed on a single 
active site, splits off propylene into the 
gas phase, and finally benzene is desorbed 
from the surface. Corrigan dismissed the 
reverse reaction, the alkylation of benzene 
by propylene, as negligible under his ex- 
perimental conditions. 

Later, Plank and Nate (3) considered 
the effects on cumene cracking of reversible 
and irreversible poisoning of the catalyst. 
They observed a rapid initial decline in 
the cracking rate which they explained as 
the period during which equilibrium ad- 
sorption of “inhibitor” on the catalyst is 
established. After about 10 min of oper- 
ation the rate of the cracking reaction bc- 
comes approximately constant. Most 
mechanistic studies, including that of 
Plank and Nate, have been attempted in 
the region of ‘Lconstant” rate of reaction. 
Prater and Lago (4) as well as Horton and 
Maatman (6) reported a similar rapid de- 
cay of catalyst activity during the initial 
10 min of operation, despite the fact that 
the latter investigators used differential re- 
actors while Plank and Nate worked with 
an integral react’or. 

The basic mechanism of the reaction 
can be written 
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C + Se CS + products, 

where C is cumene, S is an active site and 
CS is chemisorbed cumene on an active 
site. Such a mechanism has been accepted 
by Plank and Nate, Prater and Lago, and 
Horton and Maatman in a region of con- 
version where the reverse reaction is neg- 
ligible. Prater and Lago also proposed an 
extended mechanism of the reaction written 
to include the effect of the reverse reaction 
but did not test it against experimental 
data. 

In our studies we have used the cracking 
of cumene as a method of studying the 
aging of a cracking catalyst. In practice 
commercial cracking catalysts are on 
stream for periods of less than 10 min and 
hence the region of interest is the one 
which has b’een avoided by previous 
authors, the period of rapid catalyst decay. 
In this paper we develop a model of the re- 
action which is consistent with previous 
models, describes the cracking of cumene 
at high conversions (i.e., near equilibrium), 
and accounts for catalyst aging effects. 

THEORY 

The catalytic cracking of cumene com- 
mences with the chemisorption of cumene 
on a single active site. This is followed by 
the splitting of the molecule to propylene 
and benzene. The reverse reaction, the 
alkylation of benzene to cumene requires 
the adsorption of either benzene or propyl- 
ene on an active site followed by combina- 
tion with the appropriate gas phase com- 
ponent by a Rideal mechanism. Based on 
this, Prater and Lago (4) proposed the fol- 
lowing mechanism of the reaction 

cts +cs- LYs + z 
k4 

k5 
II 

k6 

Y+S 
where C is cumene, S is an active site, Y 
and Z are products. 

It was assumed that the rate of desorp- 

fast compared with the bond breaking or 
bond formation step. Thus equilibria exist 
between the gas phase species and their 
surface complexes. It should be noted that 
Prater and Lago’s mechanism also assumes 
that one product, Z, is not adsorbed on the 
catalyst surface. 

Prater and Lago’s mechanism is here ex- 
panded to account for the adsorption of all 
three components on the catalytic sites. 
This mechanism can be written 

ZS 
1 I 

k4 
II 

k-4 Z 

Z 
The A mechanism is consistent with 

Prater and Lago’s assumptions, and we 
feel that it represents a more general case, 
In our mechanism adsorption equilibria 
between all gas phase species (C, Y, and 
Z) and the active sites, S, are assumed to 
exist. The adsorption equilibrium constants 
are defined such that 

(la> 
(lb) 

The fraction of sites covered by each com- 
ponent is written using the Langmuir ad- 
sorption isotherms : 

fl Jzl= KcPJ c [Sol 1 + KJCI + KAY] + K,[Z]' 

(j -[ysl- KM Y [SOI 1 + K[Cl + KAYI + KJZ] 
tion of both cumene and component Y is (2b) 
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$. = [zsl = fL[Zl 
L IS01 1 + K,[C? + K,[Yl + Kiia’ 

(2c) 

The rate of disappearance of cumene is 
written 

-rc = k*[cs] - k-,[YS][Z]. (3) 

Substitution for [CS] and [YS] in Eq. (3) 
from Eqs. (2ai and (2b), respectively, 
pieI& 

kxK,[C]ISoI - k-&,[Yl[ZlPol 
-” = ye+ K,[C] + K,[Y] + K,[Z]’ (4’ 

The above rate equation can be ex- 
pressed in terms of the fractional conver- 
sion of cumene, 2, by substituting into Eq. 
(4) the following expressions relating con- 
centration of t(he components and frar- 
tional conversion of cumcne iB1. 

(5a) 

[Yl = WI = [Co1 (&)r (5b) 

where x is fractional conversion and z is 

[YSel = K,[Y,.][S,]. 

where K, is the thermodynamic equilibrium 
constant for the reaction 

<’ i2 Y + z. 

The thermodynamic equilibrium constant, 
K,, can also be expressed in terms of cqui- 
librium conversion using Eq. (5a) and 
(5b). 

k’, = [(Y,] & 
( > 

. 
e* 

Substituting Eq. (9) into Eq. (8) yields 

W! 

The rate Equation (6) can now be renr- 
ranged by substituting for k-J-, from Eq. 
(10) and multiplying the top and bottom 
by (1 + X) 2. The resulting equation after 
grouping terms is 

k+ [So][Co](2,.2 - x”) 

-” = (K&o] + KJCo] - K,[Col +‘b + (K,[Co] + K,[Co] + 2)x + (1 + K,[Co])’ 
(11) 

the expansion coefficient for the reaction. Kow, the design equation for a plug flow 
(E = 1 for this reaction). static bed reactor can be written (6) 

k2K,[Sol[Col (E) - LK,[SoI[CoI” (&’ 

-” = IdC01 (E) + K,[Co] (i-s-;> + Ka[Co] (i-;i> ((‘) 

At equilibrium conditions the following 
relationship is valid: 

7 = [(:,I 
/ 

“dr. 
.o -r, 

(12) 

(71 LetUp = K,[C,] + K,[Gl -K,[G] + 
1, 

also from Eq. (la\, q = KJC’ol + Kz[Col + 2, 

[C&l = KclCel[Sel~ s = Ke[Co] + 1 

and from Eq. (lb), (not,c that q - p = s), 
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Eq. (12) upon the introduction of Eq. (11) 
becomes 

px2 + p + s 
xv2 - x2 

dx. (13) 

Integration of Eq. (13) yields 

Solving Eq. (14) for z gives the instanta- 
neous value of fractional conversion of 
cumene obtained if the space velocity is 
l/r and the active site concentration re- 
mains constant at [S,] . 

However, our catalyst is in fact subject 
to loss of active sites due to side reactions 
which produce coke. This loss of sites can 
be described by the time-on-stream theory 
of catalyst decay (1) which provides an 
aging function such that 

ISI = [Sol (&$ > 

‘\ 
’ (1.5) 

where [So] O is the concentration of sites 
initially available. Equation (14) can be 
readily modified to include the effect of 
catalyst aging. 

7,so1(&ty = &(-px+; 

l&&) + (p*) 

Solving for conversion in the above equa- 
tion again gives an instantaneous value of 
conversion obtained at a catalyst time-on- 
stream t and at a space velocity l/r. The 
average conversion (or integral conversion) 
over some period of time from t = 0 to 
t = tf is found by integrating the instan- 
taneous conversion, x, with respect to time- 
on-stream from 0 to tf and time averaging 
t.he result. 

tr 
x dt, 

where z is integral conversion. 

(17) 

The time-on-stream catalyst aging theory 
proposed by Woj ciechowski (1) predicts 
that three different classes of aging be- 
haviors are shown by catalysts. The nu- 
merical value of the aging exponent, N, in 
Eq. (15) dictates the class into which a 
given catalyst falls. 

Class I: N < 1. At a constant catalyst/ 
reagent ratio, increasing the duration of an 
experimental run from tf = 0 results in an 
increase in the integral conversion up to 
the limiting case of complete conversion. 

Class II: N = 1. At a constant catalyst/ 
reagent ratio, increasing the duration of 
an experimental run from tf = 0 results in 
an increase in the integral conversion up to 
a limiting value less than complete con- 
version. A further increase in the duration 
of the run causes no change in conversion 
from the limiting value. 

Class III: N > 1. At a constant cata- 
lyst/reagent ratio, increasing the duration 
of an experimental run from tf = 0 results 
in an increase in conversion up to a maxi- 
mum value after which a further increase 
in the time of a run causes a decrease in 
conversion. These predictions were made 
on t.he basis of a very simple reaction 
mechanism. 

Figure 1 is a plot of integral conversion 
vs time-on-stream for each class of cata- 
lyst (N < 1, N = 1, and N > 1) and for 
the model developed here with all other 
parameters of the model held constant. It 
shows that even a complex mechanism such 
as that discussed in this paper will obey 
the above classification rules if complete 
conversion is understood to be equilibrium 
conversion. The curves were produced by 
picking suitable values for all the param- 
eters involved in Eq. (16) (G = 0.02, 
ii,& = 1.0, ze = 0.84, p = 4.0, q = 5.0, 
and s = 1.0). The final time-on-stream tf, 
of a hypothetical experiment is set and 
related to the space time by the 
proportionality 

T(YPtf, (18) 

where P is the catalyst/reagent ratio. The 
instantaneous fractional conversions at in- 
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FIG. 1. Functional behavior of Eq. (17) for Class I, II, and III behavior in cumene cracking. 

crements of time-on-stream up to tf are 
calculated by computer from Eq. (16) by 
a trial and error method, then integrated 
and time averaged to obtain the integral 
conversion as shown in Eq. (17). These 
calculations give one point on a theoretical 
integral conversion vs time-on-stream plot 
and must be repeated using the same cata- 
lyst/reagent ratio but a different tf to ob- 
tain other points on the curve. 

The validity of our theoretical model of 
cumene cracking has been tested by ex- 
perimentation and the results will be re- 
port,ed soon. Figure 1 indicates the specific 
manner in which experimental data must 
be prepared. Runs at a constant catalyst- 
reagent ratio are performed at various final 
t,imes-on-stream until an experimental in- 
tegral conversion ve time-on-st.ream curve 
is formed. At the same temperature at 
least two other experimental curves at dif- 

ferent’ catalyst-reagent ratios are desirable 
as fitting only one curve would not give a 
good estimate of the parameters of the 
model. Repeat runs at each experimental 
point yield estimates of st.andard deviations 
of integral conversion from which the 
goodness of fit of the parameters can be 
assessed. The repetition of the above ex- 
perimental design at three or more tem- 
peratures provides data for the correlation 
of parameters which would be expected to 
follow Arrhenius type relationships. These 
are the aging rate constant parameter G, 
the product of constants &Kc and K, itself 
which can be obtained from S. 

CONCLUSIONS 

A complete mechanism for the catalytic 
cracking of cumene has been proposed. This 
mechanism includes t,he adsorption-desorp- 
tion step of all three major reactants 
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(cumene, benzene, and propylene) on the 
catalyst surface as well as the reversible 
reaction of chemisorbed cumene to one gas 
phase and one chemisorbed product. The 
only assumption which has been made in 
the development of this mechanism is that 
the bond breaking and bond formation steps 
always occur in the same way (i.e., the 
chemisorbed product of the cracking re- 
action is always the same). 

The reaction of cumene to benzene and 
propylene generally occurs in the presence 
of an aging catalyst. The resultant loss of 
activity of the catalyst during the reaction 
is here taken into account by the time-on- 
stream theory of catalyst decay (1). From 
this an equation has been developed which 
relates instantaneous conversion to the 
catalyst age. It is also shown how the 
integral (or cumulative) conversion can 
be obtained from instantaneous conversion. 

Three classes of catalyst aging be- 
haviors were previously established on the 
basis of a simple first order reaction mecha- 

nism (1). It is demonstrated that even for 
the complex case presented here the 
phenomenological behavior of the integral 
conversion vs time-on-stream is in agree- 
ment with that previously predicted. This 
suggests that the class of catalyst aging 
can be readily discerned from integral con- 
version vs time-on-stream data for any re- 
action mechanism. 
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