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Introduction

A lot of studies have been reported so far on pyrolysis of n-alkanes. From the literature,
the overall rate constant of pyrolysis of n-alkanes is well known to affect on reaction condition
(pressure and temperature) and carbon number of n-alkane.

The pressure dependence of reaction rate can be predicted by Rice and Herzefeld
theory’. However, carbon number dependence of overall rate constant of n-alkane has not been
explained by theoretical base, yet.

For carbon number depcnde.ncc of the overall pyrolysis rate constant, two correlations
were reported™>.  Voge and Good’s correlation’ is as:

kp 5'1= G- D (157 -3.9)x107 )
Herein, kts"] is the pseudo first order rate constant of pyrolysis of n-alkanes and i is carbon
number of n-alkane. This equation can be applied for the pyrolysis of n-C, ~ n-C( at 773 K and
0.1 MPa. Tilicheev’s correlation’ obtained for n-C,, ~ n-C,, at 698 K and 15 MPa has a different
function of i.

K [s11= (23i- 15.6)x 107 @)

On the other hand, Yu and Eser* proposed the normalized expression of the overall rate constant
of n-alkanes (n-C, ~ n-C,) using the overail rate constant of n-dodecane (n-C,,) at 698 K and a
reaction pressure (0.1 MPa ~ 15 MPa) recently, as follows

Ky / k2 = (1.89i-12.3)x 107", 3)
where k,, is the overall rate constant of n-C,, pyrolysis at 698 K and a given pressure. This
equation suggests that the carbon number dependence of the overall rate constant of n-atkane
pyrolysis can be.expressed by the same function for carbon number regardless of the reaction
temperature and pressure (concentration).

A motivation of this study was to give a reasonable explanations for the above three
correlations on the theoretical basis, and to proposed a global model for the pyrolysis of
n-alkanes. In this study, we proposed the global model for pyrolysis of n-alkanes (n-C, ~ n-C,,)
in a wide range of reaction conditions (572 K ~ 973 K, 6.86 X 10°M ~ 272 M). Next, we

“** based on the proposed model.

explain previously reported size dependence
Model

The model is considered the following five elementary reaction groups: 1) initiation: a
reaction of a C-C bond cleavage of n-C;, 2) isomerization: an odd electron position in an alky!
radical through intra- and intermolecular H abstraction, 3) B-scission: a reaction of an alkyl
radical decomposition, 4) H abstraction: a reaction of an odd electron transfer between n-C, and
an alkyl radical, 5) termination: a reaction of recombination of two alkyl radicals. Applying
steady-state approximation for concentration of alkyl radical and considering the carbon number
size dependence for the rate constants of bimolecular reactions (details in elsewhere’), the

apparent first order rate constant of n-C; pyrolysis can be expressed as
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ZKigiegy [0 = C;]

ke = Ky + (Uidkggyln=C1 @

where kg, is the rate constant of P-scission of a radical (R), k,, is the rate constant of H
abstraction of an alkyl radical from n-C, k,, is the rate constant of C-C bond cleavage of n-C,
and k_ , is the rate constant of recombination of two methyl radicals. In the following, the
method to evaluate each elementary reaction rate constant is shown.
1) Initiation

In the model, initiation occurs only for mother n-alkanes (n-C)), because amount of n-C,
is much more than that of the other species at a lower conversion level. We took into account of
the number of C-C bond for the overall rate constant of initiation since the rate constant of C-C
bond rupture of n-C, is assumed to be the same for any n-alkane. The activation energy of the
rate constant of initiation with forming methyl radical (k_,,,) should be 13 kJ/mol higher than
that of forming the other radicals (k)" The frequency factor is the same for k,,,,, and k, o, as

tobe A, . Therefore, the overall rate constant of initiation of n-C, k., should be as

. E. 16.7 kJ/mol .
Kigit (i) = 2Kinimy + (0~ 3Kiniec0) = Ainie exl{—_lg'] {ZCXP('_RT—’] +( —3)} , ®)

where A, is 10*" h" and E,_, is 343 kJ/mol, which is C-C bond energy between two secondary
carbons for n-butane®’.
2) Isomerization

Isomerization is an intramolecular H abstraction. Although this rate constant is not
used in Eq. 4, this reaction is essential to determine the rate constant of B-scission, kg, Anodd
electron position on an alky! radical is evaluated statistically, because the rate of isomerization is
much faster than that of the other propagation reaction. The activation energy of rate constant
of intra- and inter-molecular H abstraction from primary carbon (k) is 16.7 kJ/mol higher than
that from secondary carbon (k,)"*’, and the frequency factor of both ky; and k., is the same®’.

Isomerization of R, produces as primary radicals, R'and R/, or secondary radicals, R} (2
<j<i-1). There are six possible positions on two primary carbons for an odd electron, since
each of two primary carbons has three hydrogens. There are 2 x (i-2) possible positions on
(i-2) secondary carbons, since each of (i-2) secondary carbons has two hydrogens. Therefore,

the probability of an odd electron on a primary carbon in R, (R;' or R;), P,,,, can be expressed as

e kum fex (—lﬁ.ﬂd/mol)

B = 6kup _ Kug _ P RT )

) = " = = = .

6k, + 201 ~ ks, 63&2}. +2G-2) 6exp(—l£7ldl—molj +2(i-2)
kH(s) RT
The probability of an odd electron on a secondary carbon (R}) (2 <j <i-1), Py, is as
po o 2iDky 2= 2(i-2) @
(siy = : = = = :
Y By + 2030 ~2)kys, 6_‘(_1{21 +26-2) 6exp(—le+2(i—2)
kH(s) RT

3) B-scission

The activation energy of the rate constants of B-scission of forming methyl radical
(kg,y) is 8.4 kJ/mol higher than that for forming the other radicals (kp,,)’ and both frequency
factors of the rate constants of B-scission forming methyl radical (kp,,, and that for forming the
other alkyl radicals (kp,,) are the same’. Here, we took into account of the number of C-C bond
for the overall rate constant of B-scission.

The primary radical (R, or R/), which has an odd electron on a primary carbon, has one
B-position and produces ethylene and R,, through B-scission. ~ Since the probability of the
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formation of R or R through isomerization is P,,, the rate of the formation of ethylene and R,

®)?
through B-scission from R, is Py kpe[R]. For the secondary radical that has an odd electron at 2
or i-1 position in the radical (R’ or R}""), there is one B-position in the molecule and the radical
produces propylene and R, through B-scission. The probability of j =2 or i-1 for R! is
2P/(i-2) because there are two carbons corresponding to the position of j = 2 or i-1 in i-2
secondary carbons. Thus, the formation rate of propylene and R , through B-scission from R, is
2P /(i-2) ko [R]). In the case of R} or R}, there are two B-positions in the radical. From the
one of the ways of B-scission of R, or R;?, methyl radical and 1-alkene has i-1 carbon (O}, ) are
produced. From the another way, butylene (Ol,) and R, are formed. In i-2 secondary carbons,
there are two position corresponding to j = 3 or i-2. Thus, the formation rates of methyl radical
and O}, and that of Ol, and R, are 2P /(i-2) kg, IR} and 2P /(i-2) kg, [R ], respectively. For
the case of 4 < j < i-3 of R}, there are also two B-positions in the radical. The B-scission of R/
produces Ol and R, , from one of the two ways and Ol and R, from the other. The
formation rate of Ol

ol

2(i-6)P,/(i-2) kp,,[R}] because there are i-6 carbons that are 4 < j <i-3 in R/. The overall rate

constant of disappearance of R; through B-scission (kg) should be as follows since that rate is

and R, or Ol ., and R, from R} through B-scission is thus

the summation of the above formation rate constant of 1-alkenes and alkyl radicals;

ZP( si)
kaiy =Fow ko) + 52, Ko -2 P

+—<—lk,m+—‘—lk,m (_)’i@zk ®
From Eqsf (6) and (7), Eq. (8) is as
8.4 kI/mol 16.7 kJ/mo
s P v L

E
kam = Ap °"°(_T{$ ) 16.7 ki/mol 16.7 kJ/mol - ®
[Gexp(—'R_T) +26- 2) 6 cx;{ —;—) +2(-2)

15.9

where Ag and Eg are the kinetic parameters of 8-scission for R,' producing Ol, and R, and 10
h" and 100.4 kJ/mol, respectively™.
4) H abstraction

In this model, H abstraction occurs only for n-C, because n-C, is the most abundant in
the system at a low conversion level. The activation energy of rate constant of H abstraction
from primary carbon (k) is 16.7 kJ/mol higher than that from secondary carbon (k,)"’ and
the frequency factor of both k., and k,q is the same. Thus, k,, is defined as below because

n-C, has 6 primary hydrogens and 2(i-2) secondary hydrogens:

Ky = kn) + 20~ Dkpgsy = 285 ex‘{—%){liexp{—w'z{#) + —z)}, (10)

where A, and E,, are the kinetic parameters of H abstraction of methyl radical from a secondary
carbon from n-propane and 10" M'h" and 42.5 kJ/mol, respectively”. In the recent study’, we
found that the rate of H abstraction for n-C, by R, can be expressed as (1/j)k,,,[R][n-C . The
radical size dependence of H abstraction is reasonable both from the collision theory and
transition-state theory’. Thus, for n-C, the H abstraction rate for n-C, by Rj can be described as
1j kyRJIn-CJ.
5) Termination

Since a contribution of disproportion between two alkyl radicals is negligible”, the
radical reaction network of n-C, pyrolysis is terminated by only the recombination of two
radicals. With the analogy of H abstraction, the rate constant of termination between R, and R ,
is assumed to be expressed by (1/i)(Vm)k,_,. where k__, s the intrinsic rate constant and k___,
reported for two methyl radicals is employed (A,__ = 10“* M'h" and E__ = 0 kJ/mol)".
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Results and Discussion

. . © Marek and McCluer (1931)'12

1. Comparison between experimental results and % Egloff end Purish (1936
@ Trophet al, (1936)7

= Tilicheev (1939)

calculated results + Appleby et al. (147
* Voge and Good {1949y
Figure 1 shows the parity plot between the e e

I d h d l In [h A Songeral. (19949

1 odel. € case & Hebar and Vandenbroucke (199652
experimental results and the m & Beburand Vandenee

X n-C,, pyrolysts (Watanabe et al, (2000))

the experiments were conducted using flow type

apparatus, the concentration was estimation from *

the reaction pressure and temperature by 100

Peng-Robinson equation of state”. The critical A
constants (T, P, and w) were from the book by =

Reid et al.” or calculated by the ABC method". _,E

As shown in Fig. 1, the model described the 102

experimental results successfully over a wide range X

of experimental conditions (T = 572 K ~ 973 K, 10+

{n-C]=6.86x 10°M ~2.72 M, and i = 3~32), os )

2. Correlation of the overall rate constant with s 100 102 1 12 10

Keisengs !

carbon number of n-alkane .
Figure 1 Parity plot of overall rate constants of

The rate constant of initiation (Eq. 4) can .
n-alkanes pyrolysis
be approximated as follows because k., is much
less than l'(mo,:

Kinitgiy = (i = DKini(0y - (11

From Eq. 9, the rate constant of B-scission at a long chain n-alkane (i »» 4) can be simplified to
4(i-4
k) ='2‘Ei__§§ kg =2k oy ' (12

since Kg,, is much less than kg, and P, is much less than Pg,. The rate constant of H

(M)
abstraction (Eq. 10) can be simplified as -
Ky =201 - Dkygsy 13)

because the contribution of kg to ky, is much less than that of k, . Thus, using the

sh*

approximation of Egs. 11 ~ 13, Eq. 4 can be approximated by

oy = 2kpo)-2i-2kng) 2~ Dhiopln —C (14)
D7 2k oy + (U ) 2i =2k 510 -C 1Y ¥ emo

When i is much larger than 2, i-2/i is almost equal to unity. Thus, Eq. 14 becomes

2 Ko 2k<1 Dk [Ei- 3)k,,,,0[n (] (i—z)\(ﬁ[ 4K gokus ZkMSO,[n—Ci]}
a0y + kugyln-C;] ZKa0 * kugln=Cil

ki =

kuml)

(15)
Therefore, regardless to the temperature and concentration, the overall rate constant of n-alkane
pyrolysis depends on (i-2)/i-3 for carbon number of n-alkane. Nommalizing the rate constant

of n-alkane pyrolysis by the rate constant of n-C,, pyrolysis at a given condition, Eq. 15 is as

Ky (=203 16
kug) 14413 o)

Figure 2 shows the normalized rate by Eq. 19.Tilicheev’s’, Voge and Good’s’, and Yu
and Eser’s' correlations with Egs. 1, 2, and 3, respectively, are also shown in this figures. As
shown in Fig. 2, all the plots by Tilicheev’s’, Voge and Good’s’, and Yu and Eser’s' correlations
fall on the line calculated by Eq. 16. This analysis gives the theoretical basis to their
correlations.
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Conclusion

We proposed a new model for

overall rate constant of n-alkane pyrolysis, 35

. T Tilicheev (19399
based on Kossiakoff and Rice theory, by 3 || @ Voge and Good (19499
taking the carbon number dependence of 2s A Yuand Eser (19977 DD

ST | — Modet

alkyl radical for the rate constant of a
bimolecular reactions into account. The é z
model can express the experimental overall & 15[
rate constant of n-alkanes (n-C, ~ n-C,)) at 1
wide range of temperatures (572 K ~ 973 K) 05
and concentrations (6.86 x 10° M ~ 2.72 M), '
and could explain previously reported carbon 0 o 10 20 30 40
number correlation of pyrolysis rate. Carbon number
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