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ABSTRACT 

Experiments on the thermal cracking of i-propylbenzene (cumene) were carried out in a 
bench scale tubular reactor under conditions as close as possible to those in industrial 
operations. The experimental unit is described and the results are presented. The free radical 
reaction network was established. The activation energy and frequency factor for each 
reaction step in the network were estimated, first by trial and error and then more 
systematically by a minimization technique. The thermodynamic analysis was conducted for 
the reversible reactions. This imposed constraints on the Arrhenius parameters. The yields of 
the products calculated by the kinetic model are in good agreement with the experimental 
observations. 

Aromatic hydrocarbons; kinetic models; i-propylbenzene; pyrolysis; thermal cracking. 

INTRODUCTION 

Detailed kinetic models based upon free radical mechanisms are espe- 
cially scarce for aromatics and olefins cracking. When heavier feedstocks 
like gasoil are considered, the understanding of the kinetic behaviour of 
aromatic cracking is a necessity. Understanding the secondary reactions of 
the main cracking products (olefins) is just as important. 

In the present paper, detailed radical kinetic models for the thermal 
cracking of i-propylbenzene (cumene) are developed, together with reliable 
parameters for the elementary radical reactions involved in the cracking of 
the aromatics. 

l Present address: Dept. Chem. Eng., 
Netherlands). 

Eindhoven U. Tech., 5600 MB Eindhoven (The 
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EXPERIMENTAL STUDY 

Experimental unit and procedure 

The setup used for the experiments of the thermal cracking of aromatics is 
a bench scale unit, shown schematically in Fig. 1. The unit can be divided 
into the feed, reaction and analysis sections. The hydrocarbon and diluent 
water are pumped into the vaporizers. The water vaporizer is packed with 
porcelain pellets, and the hydrocarbon vaporizer with glass wool for a 
smooth evaporation. The hydrocarbon vapour is superheated to 250” C, 
mixed with steam, and further heated. An internal standard, nitrogen, is 
injected at the inlet of the hydrocarbon vaporizer. The nitrogen flow is 
accurately measured and controlled by a thermal mass flow controller. 

The reactor is a 1430 mm long, 4 mm internal diameter tube, made of 
chromium steel (17% Cr, no nickel). There are fifteen thermocouples along 
the reactor, 8 inside and 7 on the external tube skin. The reactor is heated 
electrically and placed vertically in a cylindrical furnace. The preheat section 
and the reaction section are heated separately. To compensate the heat loss 
near the outlet of the reactor, an extra heater is placed at the bottom of the 
furnace, so that the temperature will only drop at the outlet of the reactor. 
The pressure in the reactor is controlled by a back pressure regulator 
downstream from the outlet of the reactor. The pressure drop over the 
reactor is negligible. The reactor effluent is cooled in a heat exchanger by 
means of circulating oil. Any possible solid particles or tar are caught in a 
cyclone downstream of the quench. The cyclone is followed by a condenser 
in which steam and heavy products are condensed. The condenser is kept in 
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Fig. 1. Flow sheet of the experimental unit. 
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a water bath to maintain a constant temperature, so that the Cc fraction is 
not condensed. 

The on-line analysis of the reactor effluent is performed by means of two 
gas chromatographs. A computerized GC CARLE 500 with three detectors, 
two thermal conductivity detectors (TCD) and one flame ionization detector 
(FID), analyses the light components including hydrogen, methane, oxygen, 
carbon monoxide, carbon dioxide, light hydrocarbons up to C,, and internal 
standard nitrogen, while the Cc components are analyzed by a GC 
PACKARD model 724 with an FID. The Packard 724 is equipped with a 
fused silica capillary column with a length of 30 m and inner diameter 0.32 
mm. The column is coated with 0.25 pm DBl (polymethylsiloxane) as a 
stationary phase. It separates C, from C, at low temperatures, - 30 or 
-4O”C, and also the Cc-components at higher temperatures. 

A total effluent sample is taken on line by means of a hot gas sampling 
device at the reactor exit, before the oil cooler [l]. Since the C,, C, and C, 
fractions are not separated on DBl, a CT sample is withdrawn after the 
condenser and analysed on the CARLE 500. Reference to the internal 
standard allows the effluent composition to be expressed on an absolute 
basis. The identification of the peaks for the C; was performed by compar- 
ing the chromatograms with those of a calibration mixture. The C,+ prod- 
ucts were identified by means of retention times and CC-MS. 

Cumene was purchased from JANSSEN CHIMICA. The purity was 99%, 
with about 1% aromatic impurities. The experiments were carried out under 
the conditions given in Table 1. 

Data treatment and definitions 

In the present work, the responses of the CT and Cl components on 
both GCs were calibrated prior to the cracking experiments. The procedure 
of the calibration is essentially the same as described by Dierickx et al. [2], 
and the results are similar. 

The yield of a product is calculated from: 

Yield of a product = 
flow rate of the product at exit (g/hr) 

total hydrocarbon flow rate at inlet (g/hr) 0) 

TABLE I 

Reaction conditions for cumene cracking 

Temperature at reactor outlet (O C) 610-730 
Pressure (bar abs) 1.3-1.8 
Steam dilution (kgH,O/kgHC) 1;2;4 
Feed flow rate (gHC/hr) 12-34 



The accurately measured mass flow rate of nitrogen is used as an ,intemal 
standard reference to calculate the flow rates of the components detected by 
the CARLE TCD: hydrogen, carbon monoxide, carbon dioxide, methane, 
ethylene, ethane and acetylene, from the ratios of peak areas: 

<‘(g/hr) = 
CF, * PA, 

PA * F,‘(g/hr) 
r 

(2) 

where CFi is the calibration factor for component i. Further, PA, and PA, 
represent the peak areas of component i and of the reference, nitrogen, 
while Fj’ and F,.’ are the respective weight flow rates. From the TCD on the 
CARLE 500, the methane flow rate is known. It is used as a secondary 
standard in the above equation to quantify the flow rates of C, and C, 
which are detected by the FID of the CARLE 500. The flow rates of the C,+ 
products are calculated from the peaks detected on the PACKARD 724. The 
sum of C, and C, is used as the reference component for this calculation 
instead of methane alone, since the yield of methane is too small. At very 
low conversion (corresponding to a C, + C, weight yield of 2% only), when 
the yields of the C, + C, are too low to serve as a reference, the normaliza- 

Yield(vt%) 
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Fig. 2. The yield vs. conversion figures of the cumene cracking, comparison of experiments 
with simulation: 6 = 1; T = 610-730 o C; Points, experiments; Lines, calculated by model. 
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tion method is used for calculating the flow rates of the C,+ products 
according to the following equation: 

J3g/hr) = ;2F; p;& * (g/hr feed - g/hr sum of C; flow) (3) 

Mass balances were calculated, both overall and based on carbon and 
hydrogen respectively, over the feed hydrocarbons and the reactor effluent. 
For most runs, the mass balances were within the range of 95-105%. Runs 
with 5% errors on the mass balances were rejected. 

Results and discussion 

The major products of the thermal cracking of cumene are hydrogen, 
methane, ethylene, ethane, propylene, propane, benzene, toluene, styrene, 
ethylbenzene and alpha-methylstyrene. Other products were C, isomers such 
as tram- and ci.s-beta-methylstyrene, allylbenzene, indane and indene. Minor 
amounts of C,, C,, and C,, were also observed at high conversions. The 
products having the highest yields were, of course, styrene and alpha-meth- 
ylstyrene. The yields of some major products were plotted against conver- 
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Fig. 3. The yield vs. conversion figures of the cumene cracking, comparison of experiments 
with simulation: 6 = 1; T = 610-730 o C; Points, experiments; Lines, calculated by model. 
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Fig. 4. The yield vs. conversion figures of the cumene cracking, comparison of experiments 
with simulation: S = 2; T = 610-730 o C; Points, experiments; Lines, calculated by model. 
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Fig. 5. The yield vs. conversion figures of .the cumene cracking, comparison of experiments 
with simulation: 6 = 2; T = 610-730 o C; Points, experiments; Lines, calculated by model. 
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sion in Figs. 2-5. The points are the experimental yields, while the lines are 

calculated from the model, to be discussed later. 
The product distribution of cumene cracking can be compared with that 

of i-butane, which has an analogous structure, except that methyl is replaced 
by phenyl. In the products of i-butane cracking, propylene and i-butene are 
major products, while the ethylene yields are rather low [3]. This is in 
agreement with the effluent composition of cumene cracking, provided that 
propylene corresponds to styrene and i-butene to alpha-methylstyrene. Eth- 
ylene must be formed by similar pathways. Also, hydrogen and methane are 
present in large amounts in both cases. They are associated with the 
production of alpha-methylstyrene and styrene in cumene cracking and 
i-butene and propylene in i-butane cracking. The overall product distribu- 
tion of cumene cracking is much more complicated, because of the presence 
of the phenyl ring. When any one of the three methyl groups is split off from 
i-butane, the products are the same: C, and C, (molecules or radicals). In 
cumene, however, while splitting either of the two methyl groups gives 
identical products, the breaking of the third bond yields phenyl and pro- 
pylene. The phenyl ring introduces more complications by the formation of 
other radicals such as benzyl, I-phenylethyl, 2-phenylethyl, which are partly 
responsible for the formation of toluene, ethylbenzene and other aromatics. 

KINETIC MODELLING 

Free radical reaction network 

The elementary free radical reaction steps were classified into the follow- 
ing six categories: initiation, hydrogen abstraction and substitution, radical 
decomposition, addition on olefins, isomerization of radicals and termina- 
tion by recombination or disproportionation of radicals. Besides, some 
non-elementary reactions were also considered. 

The reaction network was selected in the first place on the basis of the 
experimental product distribution. The bond dissociation energy (BDE), 
radical activity and thermochemistry were also important guidelines. In a 
later stage, the minimization of the objective function involved in the 
parameter estimation also led to the elimination of certain insignificant 
reactions or to the addition of more reactions. 

Initiation was not limited to C-C bond scission. The rupture of the C-H 
bonds was also included, because the experimental results and the bond 
dissociation energy values prove that they are possible. In addition, the 
initiation reactions by the C-H bond scission are also reported in the 
literature [4,5]. 

The hydrogen abstracting radicals included the hydrogen atom, the methyl 
radical and the phenyl radical. The contributions to the hydrogen abstrac- 
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tions by the ethyl, benzyl, and l-phenylethyl radicals were found to be 
insignificant in the present conditions. 

The abstraction of a tertiary hydrogen is much easier than that of a 
primary or secondary. In the present model the inclusion of the abstractions 
of the tertiary hydrogen is necessary, because a benzyl-like radical, namely, 
alpha-cumyl, is formed which leads to the formation of a very important 
product in the cumene cracking: alpha-methylstyrene. 

Substitution reactions are reported to be important in aromatics cracking. 
The following two substitutions were included in the cumene cracking 
network (the numbering of the reactions refers to Table 2). 

+ H* -o+ 0 A 
02) 

Additions on the major olefins, ethylene, propylene, styrene, and alpha- 
methylstyrene of a hydrogen atom, methyl radical and phenyl group were 
accounted for. 

To produce a sufficient amount of ethylene, the isomerization of i-propyl 
to n-propyl was added to the network. Although this isomerization was 
repeatedly proposed, it was evidenced by an isotopic pyrolysis of propane 
only in 1980 [6]. The argument whether this isomerization proceeds via an 
intermolecular pathway or an intramolecular one, however, was still not 
clarified. In the present network it was chosen to proceed via an intramolec- 
ular reaction. 

The termination reactions usually involve radicals such as methyl, ethyl, 
which are present in high concentrations. Terminations by phenyl and 
benzylic radicals are also included. 

Two disproportionations were added to the model to improve the simula- 
tion of the yields of ethylene and ethane. 

Cl-i3 * + /’ -_) // + CH4 (56) 

/’ + /’ -/ +/ (57) 

The model includes an important path which converts alpha-methyl- 
styrene into styrene, i.e., the addition of hydrogen atoms on alpha-methyl- 
styrene to form a beta-cumyl radical, which decomposes to give styrene. The 
scission of a methyl radical from alpha-methylstyrene was necessary to 
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TABLE 2 

Model for cumene cracking 

E log A k (800==(Z) 
(kJ/mol) (s-l or (s-l or 

m3/kmol s) m3/kmol s) 

INITIATIONS 

l($ - 0” + Cl-L,* 300.24 

2@j - @’ +i-\ 355.13 

3d -&+H* 344.14 

4d -($‘+H’ 360.56 

5d - @y + CH3’ 331.29 

HYDROGEN ABSTRACTIONS 

6 e . 
0 

+ H* - ti + 
0 H2 

35.36 

7 b 
. 

0 + CH3’ - @ 0 t CH, 43.55 

8 & + @’ - (@ + @ 36.16 

9 @ 0 +H* - @ 0 *+ H, 56.37 

10 ti 0 t CH; - cY 0 + l CH4 64.56 

57.17 

SUBSTITUTIONS 

t H. - 0 0 +A 34.89 

+ A 53.06 

15.67 

17.87 

16.45 

17.94 

17.47 

10.47 

8.99 

9.52 

10.98 

9.49 

9.67 

9.14 

8.25 

1.15 x 10 

3.81 

5.01 x10-l 

4.07 x 10-l 

2.24x 10 

5.63 x lo8 

7.41 x 106 

3.31 x lo9 

1.74x10* 

2.24 x lo6 

7.76 x lo6 

2.75 x 10’ 

4.68 x 10’ 
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TABLE 2 (continued) 

k (800°C) 
(s-l or 

m3/kmol s) m3/kmol s) 

RADICAL ADDITIONS 

144 + He - /’ 14.43 

15 // + CHj - A. 32.71 

16/‘y + H* - A. 10.63 

17fi + H* - /i 9.47 

. 
184 f 0 0 - 

2ob+ 0 0’ - 

+ He--- 

+ H* - 

+ CHj- 

+ CHj - 

+ CH3’- 
Cl2 

28@+++ t-t*- @=’ 

29e+ H* - c 

10.05 

7.81 

10.79 

10.77 

2.24x lo9 

1.66X106 

1.86 x lOI0 

2.04 x 10” 

30.13 9.98 3.24x 10’ 

27.58 9.73 2.45 x 10’ 

27.01 9.02 5.13 x 10’ 

10.36 10.72 1.66 x 10’0 

28.75 10.31 8.13 x 10’ 

22.29 9.68 1.66 x 109 

37.79 9.02 1.51 x 10’ 

9.92 10.33 7.08 x lo9 

22.47 10.98 7.76 x lo9 

23.33 7.84 5.01 x 106 

10.63 10.79 

10.77 

1.78 x 10” 

9.47 2.04 x 10’0 
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TABLE 2 (continued) 

E log A k (8OOOC) 

(kJ/mol) (s-l or (s-l or 
m3/kmol s) m3/kmol s) 

3Or+ H. - c 

3lr+ Ha- @+ 

RADICAL DECOMPOSITIONS 

32 /’ -// + H’ 

33/\ - // + CH3’ 
. 

34 A 
- A +H’ 

. 

35 i\ - fi +H* 

360 - 
o^ 0” 

0 + He 

370 
o^ 

l - 
0” 

0 + H” 

0” 0 
. 

380 * 

39d’ 1 /$ : Ha 

40(+ - v + CH, 

,,(sy* - @’ + A 

42@+ - & + H* 

43v - fl H* 

44@+ - @+ + CH,. 

45 v - @++ H. 

10.57 10.72 

24.83 10.88 

177.38 13.10 

133.99 12.29 

162.03 14.07 

172.04 14.51 

207.31 14.18 

149.00 13.24 

170.55 14.62 

143.43 14.03 

137.50 13.84 

153.87 14.42 

203.39 13.61 

206.95 13.61 

157.40 

172.04 

14.70 

14.51 

1.62 x 10” 

4.68 x lo9 

2.95 x lo4 

5.89 x 10’ 

1.51 x 106 

1.38 x lo6 

1.23 x lo4 

9.77 x lo5 

6.32 x lo6 

1.12 x 10’ 

1.41 x 10’ 

8.51 x lo6 

5.13 x lo3 

3.47 x103 

1.10 x 10’ 

1.38 x lo6 
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TABLE 2 (continued) 

log A 

&/rnol) (s-l or 
k (800°C) 
(s-’ or 

m3/kmol s) m3/kmol s) 

qy- @y-+ H. 149.00 

47v-A + @’ 168.47 

4&y’-// + a’ 81.27 

49r*- r+ H* 162.03 

50 r’-- m + H2 + H* 131.09 

ISOMERIZATION 

51 A-C/y 138.76 

TERMINATIONS AND DISPROPORTIONATIONS 

52 b-i* + CHj 

53 CHj + CHj 

54 Ha t ,” 

55 CH3’ t /’ 

56 CHJ + A’ 

57 /‘+ /’ 

58 H-+ 0’ 0 -0 
0 

59 CHj + 0 ’ 0 

- CH 
4 

-/ 

-/ 

-A 

-4 + CH, 

-//t/ 

-0 0 
-0 r 

0.00 11.29 1.95 x 10” 

0.00 9.14 1.38 x 109 

0.00 10.15 1.41 x 10’0 

0.00 9.29 1.95 x 109 

0.00 9.36 2.29 x lo9 

0.00 7.68 4.79 x 10’ 

0.00 

0.00 9.95 8.91 x lo9 

0.00 

0.00 9.48 3.02 x lo9 

13.24 9.77 x lo5 

14.63 2.69 x lo6 

12.75 6.17 x 10’ 

14.07 1.51 x 106 

13.49 1.29 x 10’ 

14.92 1.78 x 108 

10.01 1.02 x 10’0 

10.01 1.02 x 10’0 
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TABLE 2 (continued) 

log A &/nio*) (s-l or 
k (8OO“C) 
(s-l or 

m3/kmol s) m3/kmol s) 

62 Ha + @f- c 

63 CHj t 

64 Ha + @- @+ 

65CHj + cp-& 

66 H* + d- ($ 

0.00 11.15 

0.00 9.52 

0.00 10.45 2.82 x 10” 

0.00 8.81 6.46 x 10” 

1.41 x 10” 

0.00 11.29 1.95 x 10” 

67 H*+C:,. - C 
+ 
10 

0.00 8.15 1.41 x 108 

improve the fit of the styrene yield. This path, breaking a bond with bond 
dissociation energy of about 350 kJ/mol, 

& - @ + CH; (5) 

is energetically possible. Furthermore, phenylacetylene was identified from 
the GC-MS analysis when the cumene conversion was high. This provides 
experimental evidence for the existence of the styrenyl radical. Therefore, 
this reaction and the reactions terminating the styrenyl radical were included 
in the model. The decomposition of the styrenyl radical was excluded 
because its decomposition into phenylacetylene is negligibly small. The 
introduction of these three reactions considerably improved the simulation 
of the yields of styrene and alpha-methylstyrene, in particular at higher 
conversions. 

Thermodynamic constraints 

Thermodynamic properties of a substance place a strong quantitative 
constraint on the kinetic parameters of the reactions in which that substance 
participates. The introduction of the thermodynamic constraints not only 
makes the kinetic parameters more rigorous, but also reduces the number of 



40 

independent parameters and therefore the computation time required for 
their estimation. 

The constraints used here are the differences of activation energies and 
frequency factors between the forward and the backward reactions for the 
reversible reactions. 

For a reversible gas phase reaction 

aA+bB =cC+dD 

if the reactions in both directions are elementary, the enthalpy and entropy 
of reaction are related to the Arrhenius parameters by the following equa- 
tions, 

AH” = Epf - Epb 

AS0 = R In A,,/Apb 

(4) 

(5) 
where AH0 and AS0 are the standard enthalpy and entropy changes of the 
reaction respectively; E is the activation energy and A the frequency factor 
of the reaction. All the entities are at the 1.013 bar ideal gas standard which 
is denoted by the superscript 0. Subscripts p, f, and b stand for “pressure”, 
“forward”, and “ backward” respectively. 

In the kinetic study of thermal cracking reactions, the concentration 
standard is used instead of pressure. Introducing the relations between the 
two standards into eqns. (4) and (5) and applying them to the most 
important reversible reactions in the present model, the additions on olefins 
and radical decompositions, the following relations are obtained: 

AE,, = Ecb - EC, = - AH0 - RT (6) 

A log A,, = 
AS0 

log A,, - log A,, = - - - 
1 + In R’T 

2.303R 2.303 

where R and R’ are the gas constant in different units, 8.314 kJ/mol K and 
0.08314 bar liter/m01 K, respectively. 

The remaining problem, then, is to find the enthalpy and entropy change 
of the reaction. They can be calculated by the algebraic sum of the heats of 
formation AH: and standard entropies So of the participating species. The 
heat of formation and standard entropy of a molecule can be found in 
physicochemistry handbooks, whereas those of the radical species must be 
estimated. Benson’s group additivity method [7] was used here to estimate 
the properties of the radicals. 

The above calculations refer to a temperature of 298 K. To calculate the 
AE,, and A log A,, at higher temperatures, 1000 K, for example, requires 
the data of temperature dependence of heat capacities. The heat capacity, 
Cj, of a molecule and radical can also be computed by the group additivity 
method using the data given by Benson [7]. Although the heat capacities of 
species (molecule and radical) are rather large, the AC; of a free radical 
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reaction is generally small because of the cancellation effect of reactants and 
products. 

The resulting A log A,, and A E,, for all the reversible reaction pairs in 

the networks was later adjusted. The final values after the adjustment are 
listed in Table 3. 

Parameter estimation 

The parameters in the kinetic model can be estimated from the minimiza- 
tion of the following objective function: 

S(b) = t”iik [ Yk,i -fCxk7 b)]2 (8) 

when the errors are normally distributed with zero mean and those associ- 
ated with the jth and ith responses are uncorrelated. In eqn. (8), f(x,, b) 
are the calculated yields of the products by means of the kinetic model with 
the present choice of the parameters, b, and u represents the number of 
responses and n the number of experiments. 

uji are the elements of the inverse of the diagonal error covariance matrix 
of the experimental errors within an experiment, C. In this study, however, 
weighting factors, (Y~, are used in eqn. (8) to replace uji, which equilibrate the 
contributions of the different yields in S(b). They are defined as: 

ai = (9) 

For a = 1, the weighting factors express the real relative importances of the 
components, whilst for a = 0, all the components are weighted equally. A 
reasonable compromise value is 0.1-0.3. 

To minimize the objective function S(b) in eqn. (8), a derivative free 
Rosenbrock algorithm [8,9] was applied in this study. 

The calculated yields were obtained by integration of the set of continuity 
equations. The temperature profile of the process gas was measured and 
introduced into the differential equations. 

It is assumed that the flow pattern in the reactor is of the plug flow type 
and that there is no radial temperature or concentration gradient. With these 
assumptions, the continuity equation for component j at the steady state is 
as follows: 

dl;;. 
-= 
dz 
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TABLE 3 

Thermodynamic constraints 

6 

7 

8 

9 

10 

11 

12 

13 

16 

18 

162.95 3.05 

101.28 4.48 

151.40 3.28 

162.57 3.74 

140.42 4.64 

140.89 4.90 

126.86 5.40 

45.27 3.67 

196.95 3.46 

’ 120.25 2.93 

135.11 5.02 

99.71 4.82 

151.40 3.28 

t H’ 162.57 3.74 

+ H’ 196.38 2.89 

124.17 2.36 

193.57 4.58 

120.96 3.05 



43 

with I;;. = molar flow of the jth component (kmol/s); z = length along the 
reactor (m); d, = coil inner diameter (m); nii = stoichiometric coefficient of 
the jth component in the i th reaction (negative for a reactant and positive 
for a product); and I; = reaction rate of the ith reaction (kmol/m3 s). 

For the integration of the continuity equations, which are a set of stiff 
ordinary differential equations, Dente’s routine was employed with some 
modifications [lO,ll]. This routine was implemented in the thermal cracking 
program of the Laboratorium voor Petrochemische Techniek. 

With the model containing 67 reactions, 118 Arrhenius parameters were 
to be determined, i.e. 51 activation energies and 67 frequency factors. The 
network comprised addition-decomposition pairs shown in Table 3. Only 
the parameters of addition reactions needed to be estimated, whereas those 
for the decompositions were determined from the AEbf and A log A,, and 
the parameters for additions. Hence, the number of parameters to be 
determined was decreased by 34, from 118 to 84. 

The initial guesses of the parameters were chosen within Benson’s ranges 
as in Table 4. The compilations of parameters by Allara and Shaw [12] and 
Isbarn [13] were also important references. 

The parameters of the substitution reactions were supposed to be in the 
range of the addition of a radical on an olefin. The reason for this is that the 
substitution of a group of an aromatic side chain proceeds via addition of a 
radical on the ring and the decomposition of the added intermediate, and 
the decomposition is so fast that the addition is the rate controlling step. For 
the hydrogen abstractions, the contribution approach was applied to some 
extent to decrease the number of parameters. This approach has been 
described in detail by Willems and Froment [14]. Abstraction of a primary 
hydrogen atom from a cumene molecule by hydrogen atom, 

d 0 + H* - ’ + HP (9) 

was taken as a reference. Its parameters, E,, and log Am, were denoted as 
EAb(Hp) and log AAb(Hp) by Willems and Froment [14]. 

TABLE 4 

Limits of E and A [Benson, 19761 

Reaction E(kJ/mol) log A 

Initiation varying 16kl 
H-abstraction 32k8 8.5+1 
Addition O-32 9+1 
Termination 0 9.5 f 1 



The parameters of the abstraction of a tertiary hydrogen by a hydrogen 
atom 

+ H2 

are then 

E6 = E,, + AE, = E,, + AE&&, + AE,,(t); 

log A, = log A,, + A log A, 

= log A,, + A log A,, (a),, + A log A,,(t) 

in which A E, and A log Ai are the sum of the contribution of the difference 
in position of hydrogen atoms with respect to the benzene ring ((Y for the 
tertiary hydrogens, and p for primary), A EAb( a) ar, A log A,,( a) iv and the 
contribution of the difference in the order of the H atoms (primary or 
tertiary), AEAb(t), A log AAb(t). In the parameter estimation, these two 
contributions were not separated, but given as a single value, AE, and A log 
A,. The abstraction of hydrogen by methyl radicals and phenyl radicals were 
dealt with in the same way. 

The minimization used 16 molecular species as responses in the objective 
function, i.e. hydrogen, methane, ethylene, ethane, propylene, propane, 
benzene, toluene, styrene, ethylbenzene, alpha-methylstyrene, beta-methyl- 
styrene, indene, allylbenzene, cumene and C&. Eighteen experimental runs 
were used which covered the temperature range 610-730°C. Runs with 
steam dilutions 1 kg/kg and 2 kg/kg were equally selected. The conversion 
varied from 7% to 60%. 

The final parameter estimates are listed in Table 2. 

Comparison of experimental and calculated results 

The calculated product distributions, using the model of Table 2, are 
compared with the ‘experimental ones in Figs. 2-5. The agreement is 
excellent over the whole conversion range and for all the products. 

Discussion of the parameter estimates 

The final parameter estimates fall within reasonable ranges. Most of them 
fall between Benson’s limits, except for the frequency factors for initiation 
reactions which exceed Benson’s upper limit: log A = 17. In the literature, 
however, such large values are frequently reported. In fact, 35% of the log A 
of initiation reactions are higher than 17 in Isbarn’s compilation [13] of the 
kinetic parameters for the elementary reactions in the thermal cracking 
process. 
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Robaugh and Stein [15] reported the Arrhenius parameters for the first 
initiation reaction, (l), as E = 298 kJ/mol and log A = 15.8. The following 
values were also reported for the parameters: E = 255 kJ/mol and log 
A = 13.3 [16], and E = 276 kJ/mol and log A = 14.3 [17]. The parameters 
obtained in this work, E = 300.24 kJ/mol and log A = 15.67, agree better 
with those of Robaugh and Stein. 

The parameters of the decomposition reactions, obtained by adding the 
parameters of additions and the AE,, and A log Abf, also fall within the 
expected range. High activation energies, around 200 kJ/mol, were found 
for reactions (36), (42) and (43), in which the decomposing radicals have a 
free electron in alpha position with respect to the phenyl ring and split off a 
hydrogen atom in the reaction. In the literature, such high values for this 
type of reaction have been reported by more than one author. The only one, 
however, who reported the parameters for this very reaction is Gavalas [18]. 
For the analogous reaction of an olefin, i.e. 

w--- /Y./ +H* (9 

Isbarn [1981] collected two sets of parameters for this reaction in his 
compilation of Arrhenius parameters, reported by Allara and Shaw [12] and 
by Kunugi et al. [19]. Willems and Froment [14] have also estimated 
parameters for this reaction, and for isoprene formation as well, (ii): 

. @r- @Y + H* (3 

These parameters and the corresponding rate coefficients are summarized in 
Table 5. 

Furthermore, thermochemical calculations support these high activation 
energies. Indeed, the difference in activation energies for these decomposi- 
tions and their reverse additions are already 211 kJ/mol for reaction (36), 

TABLE 5 

Parameters for diene formation 

E(kJ/mol) log A(l/s) 

206.27 14.1 
196.65 13.7 
216.31 15.1 
214 13.79 
219 14.06 
207.31 14.18 
203.39 13.61 
206.95 13.61 

* Rate constant at 750°C 

Ql/s) * Reaction 

3.73 X lo3 (i) 
4.60 X lo3 (i) 

11.45 x 103 (36) 
0.74 x 103 (i) 
0.76 x lo3 (ii) 
3.96 x lo3 (36) 
1.69 x lo3 (42) 
1.11 x 103 (43) 

Reference 

Allara and Shaw [12] 
Kunugi et al. [19] 
Gavalas [18] 
Willems and Froment [14] 
Willems and Froment [14] 
This work 
This work 
This work 
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216 for (42), 198 for (43), 200 for (i) and 213 for (ii). The rate constants for 
the decomposition of the alpha radicals are different from those of the 
decompositions of the paraffinic radicals, which are two orders of magnitude 
higher. Typically, the decomposition of n-propyl to give a propylene and a 
hydrogen atom has a rate constant k(l/s) = 6.30 x lo5 at 750” C from 
reaction (34), compared to 1.11 x lo3 for reaction (43). This slowing down 
of the decomposition reaction by the presence of the phenyl ring can be 
attributed to the stable structure of the alpha-radicals. 

Opposite to this is the lower activation energy for the decomposition of 
the beta-radicals to form conjugated olefins, i.e., reactions (37), (39) and 
(46), which coupled with the lower frequency factors accelerates the decom- 
position. These reactions have activation energies in the range of 140-150 
kJ/mol, whereas the activation energies of the decompositions of the corre- 
sponding radicals without the phenyl ring, the paraffinic radicals, would be 
in the range of 160-180 kJ/mol. The higher reactivity of this type of 
radicals is attributed to the fact that the presence of the phenyl ring weakens 
the C-H bonds in the beta-position with respect to the ring. 

Comparison of cumene cracking with paraffin cracking and further mechanistic 
considerations 

Although the detailed kinetic modeling based on the free radical mecha- 
nism is the current status of the thermal cracking modeling, the global 
kinetic studies of the early years may still be helpful in giving some ideas of 
the disappearance rate of the feedstock. For the cracking of i-butane and 
n-butane, Froment et al. [3] obtained activation energies and frequency 
factors varying slightly with the partial pressures of the butanes. The first 
order global kinetics, with E = 206.9 kJ/mol and log A = 10.94, yield a rate 
constant of i-butane disappearance k = 0.68 l/s at 700 “C. At the same 
temperature, cumene disappears with k = 5.09, using E = 207.9 kJ/mol and 
log A = 11.867, as obtained from the present experiments. This is more than 
7 times faster than i-butane. Obviously, the presence of the phenyl ring has 
made the side chain of the substituted aromatics crack faster than paraffins 
in the pyrolysis reactions. 

The enhancement of the cracking rate by the phenyl ring can also be seen 
by the comparison of the reaction rates of cumene initiations with those of 
i-butane. The rate constant for the first initiation reaction of cumene 
cracking, the most important one as well, is 0.360 l/s at 700°C. Literature 
values for this reaction are 0.307 [17], 0.412 [16] and 0.641 [15]. 

The parameters and rate constants of the corresponding initiation in 
i-butane cracking, yielding a methyl and an i-propyl radical, are summarized 
in Table 6. The parameters reported by different authors agree well. The 
activation energies are approximately 50 kJ/mol higher than that of the 
most important initiation in the cumene cracking, reaction (1). An average 
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TABLE 6 

Parameters for i-butane initiation 

E(kJ/mol) log N/s) &J(l/s) 

342 16.8 0.0279 
352 17.7 0.0644 
349 17.3 0.0371 
344 16.82 0.0228 

Reference 

Konar et al. [20] 
Allara and Shaw [12] 
Allara and Shaw [12] 
Willems and Froment [14] 

value of the rate constant, k,, over the four is 0.0381. The cumene 
initiation is 11 times faster, close to the difference of the global disap- 
pearance rates. 

The cracking of cumene yields more alpha-methylstyrene than styrene. 
This has been accounted for in the model, and can be explained as follows. 

In cumene cracking, alpha-methylstyrene is produced through reactions 
(39) and (42): 

Styrene is produced through the following four reactions: 
. 

+ CHj 

(39) 

(42) 

(37) 

The contribution of reaction (36) is weak, since the reacting radical is 
generated by either addition or initiation. Reaction (37) does not contribute 
very much either, since the 2-phenylethyl radical is formed via additions. In 
reaction (44), 1-phenylpropyl is again derived from styrene itself by an 
addition reaction. This leaves reaction (40) as the most important path for 
styrene formation, and beta-cumyl which is generated by hydrogen abstrac- 
tions as the most important source. 

In the model, either of the two reactions producing alpha-methylstyrene, 
(39), (42), can compete with reaction (40). Indeed, the rate constant of 
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reaction (39), 3.45 x lo6 l/s at 1000 K, is close to that of reaction (40), 
4.54 X lo6 l/s. Though the rate constant of (42) is smaller, the concentra- 
tion of the alpha-cumyl radical is high, since the hydrogen abstraction 
reactions forming this radical proceed more rapidly than those forming 
beta-cumyl. Therefore, at low conversion at least, alpha-methylstyrene will 
be favored with respect to styrene. Of course, this is the case at low 
conversions. At high conversions, the picture is more complicated, due to the 
interconversions between styrene and alpha-methylstyrene. 
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NOMENCLATURE 

a 

A, B, C, D 
A 

b 

Cp” 
AC; 
CF 

d, 

E 

AEbf 

4' 

I;;. 
AH; 
n 

*i,j 

PA 
R 

power number in the relation for calculating 
the weighting factor in objective function 
reaction component 
frequency factor, 1st order reaction (l/s) 
frequency factor, 2nd order reaction (m3/kmol s) 
ratio of frequency factors of backward and 
forward reactions 
parameter vector 
specific heat of a species &J/kg K) 
specific heat of a reaction 
calibration factor 

&J/kg 3 

cross sectional diameter of internal reactor 
tube 
activation energy iL?/mol) 
difference of activation energy of backward 
and forward reactions (kJ/mol) 
weight flow rate of component i (0-N 
molar flow rate of component j (kmol/s) 
heat of formation of component i (kJ/kmol) 
number of experiments 
stoichiometric coefficient of the jth 
component in the i th reaction (negative 
for a reactant and positive for a product) 
peak area 
gas constant, 8.314 (kJ/kmol K) 



R’ 
s 
So 
aso 
V 

xk 

Ykj 

z 

gas constant, 0.08314 
objective function 

standard entropy of a compound 
entropy of reaction 
number of responses 
vector of independent variables 
calculated values of response j in the 
objective function 
length along the reactor 

(m3 bar/km01 K) 

(kJ/kmol K) 
(kJ/kmol K) 

(ml 

Greek Symbols 

8”’ 

Oii 

weighting factor of ith response 
steam dilution (kg J-W/kg f-W 
element of inverse error covariance matrix 

Subscripts 

b 
bf 

f 

P 
r 
t 

backward 
difference between backward and forward 
concentration 
forward 
pressure 
reference 
tube 

Superscripts 

0 ideal gas standard 
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