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ABSTRACT
Increasing the production volume of organic synthesis products demands improvements to the
technology of the pyrolysis process to reduce costs and increase the yield of desired products, particu-
larly ethylene, which is the dominant raw material in the petrochemical industry.

The aim of the present work is the substantiation of the methods that increase the pyrolysis selectivity
for ethylene by influencing the stages of the radical chain process.

Based on the study of the relative reactivity of the various C—H bonds in their interaction with the methyl
radicals and with hydrogen atoms, which are the basic particles that determine the chain propagation in the
pyrolysis, the possibility of increasing the process selectivity for ethylene was established, while simulta-
neously reducing the yield of the condensation products and suppressing the formation of pyrolytic carbon
by replacing the methyl radical with hydrogen atoms, which was made possible by adding hydrogen to the
feedstock in the amount of approximately 2% by weight.

It was found that allene lowers the activation energy of the thermal decomposition of hydrocarbons,
thus increasing the depth of the reaction. Accelerating the rate of initiation of the radical chain process
was observed at the temperatures below 1,000 K. This opens up the possibility of increasing the effi-
ciency of the pyrolysis process by recycling the propane fraction containing allene into the pyrolysis
feedstock. This speeds up the process at low temperatures and suppresses the yield of the condensa-
tion products. Experimental data demonstrating the results of application of the proposed method are
presented.

Keywords: allene, chain propagation stage, hydrogen, initiating stage, process selectivity, pyrolysis,
yield of ethylene.

1 INTRODUCTION

The pyrolysis process has been under study for many years and is of interest at present
[1-3]. For the production of ethylene, about 400 million tons of hydrocarbons such as the
associated petroleum gas C,—C, and liquid raw materials, mainly gasoline, are used per
year. Currently, the world annual production of ethylene is about 140 million tons and is
projected to increase up to 200 million by 2020 [4]. A significant part of the petrochemical
production in the world is manufactured on the basis of ethylene and its nomenclature and
production volume are continually expanding. The main industrial method to produce
ethylene is by pyrolysis of the oil hydrocarbons. A continually growing demand for ethyl-
ene necessitates greater efficiency in the pyrolysis methods, which will permit greater
selectivity for ethylene [3].

Pyrolysis occurs mainly through a radical chain mechanism and it is possible to govern the
process by influencing the chain propagation stage or the chain initiating stage. Due to the
limited data on the kinetics and mechanism of the reactions of different hydrocarbons as well
as the lack of systematic study of the pyrolysis of complex hydrocarbon mixtures, these
methods were not developed in the industrial pyrolysis and their substantiation is a highly
topical task.
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2 INFLUENCE OF HYDROGEN ON THE CHAIN PROPAGATION STAGE
Chain propagation reactions during pyrolysis are caused mainly by three particles — a hydrogen
atom H, methyl C"H3 and ethyl C2H5 radicals. Composition of the primary products of the
decomposition of hydrocarbon molecules depends on the structure of the radicals formed in the
chain process. Taking into account the percentage ratio of methane, hydrogen and ethane yield
16:1.2:6 (wt.%), received as a result of numerous laboratory investigations performed by the

authors and industrial-scale plant data, and their molecular weights, the effect of the radicals H,

CH,, C,H, on the process shall relate as % : 1_6 6 0.6:1.0:0.2 or 33:56:11 (%). Since the

6 30
main influence on the chain propagation is caused by methyl radicals and hydrogen atoms, in our
consideration the role of ethyl radicals is not taken into account. To determine the differences in
behavior of the methyl radicals and hydrogen atoms, the relative reactivity of C—H bonds towards
them was investigated.

In order to define the relative reactivity of the C—H bonds in reactions with hydrogen the
pyrolysis of the designated mixture of individual hydrocarbons was carried out by means of
the simulation laboratory apparatus under high dilution by hydrogen (the composition of the
feedstock and products were determined chromatographically). In such conditions the methyl
radical reacts with hydrogen by reaction (1) [5]:

CH,+H, »CH,+H (1)
with the rate much greater than that for the reaction with hydrocarbons (2):
CH,+RH —CH, +R 2,

as the rate constant for the reaction (1) is more an order of magnitude than that for reaction
(2) [6]. Thus, the substitution reaction occurs only due to hydrogen atoms by the first-order
hydrocarbon reaction (3):

H+RH — H, +R (3).

The data on the depth of decomposition (y) of the individual hydrocarbons makes it possible to
receive the values k7 upon the known equation describing the first-order reaction kinetics [7]:

lg(1-y)=ks ),

where £ is the decomposition rate constant, 7 is the time equal for all the components of the
hydrocarbon mixture. From the ratio of the depth of decomposition of the individual hydro-
carbons the relative reactivities of various C—H bonds were calculated by the authors. For
example, in the pyrolysis of the mixture containing propane and butane, based on the number
of C—H bonds of various types the ratio of the decomposition rate constants is equal to:

kQHm _ 6-1+4x (5)
k 6-1+2x

C3Hg

where the relative reactivity of the C—H bond in the methyl group is equal to unity and x is
the relative reactivity of the C—H bond in the methylene group. Thus, the relative reactivity
of the C—H bond in the methylene group can be calculated. Similarly the relative reactivities
of the other C—H bonds were found. The experimental results obtained by the authors are
presented in Table 1.

Data presented in Table 1 show that hydrogen atoms react similarly with the primary and
secondary C—H bonds while the tertiary bonds in isoalkanes possess a reactivity level that is
4 times higher.
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Table 1: Relative reactivity of C—H bonds in interaction with hydrogen.

Bond Type Relative Reactivity
RCH,-H 1*
CH3\
CH-H 1
R
R;
'H—H (R, R,> CH3) 1
R;
R,
Ry ~>CH—H (R, Ry Ry> CHy) 4
R;

OfH’ @UH 1
07D 1
©© 2

*accepted.

To determine the reactivity of the C—H bonds in the substitution reactions with the methyl
radical the pyrolysis was carried out in a helium flow with the addition of 60 mol.% of pro-
pylene. Hydrogen atom reacts with propylene as follows [5]:

H+CH, »>n—-CH, - C,H,+CH, (6)
H+C,H, — H, +C,H, (7)

As aresult the hydrogen atoms are substituted by methyl and allyl radicals. As the substitu-
tion reactions for the allyl radicals C,H, are much slower than those for the methyl radicals
CH ; (the dissociation energy of the CH,—H bond is 75 kJ/mol more than that of the C;H ~H
bond by the data presented in [8]) they can be neglected.

From the experimental results obtained by the authors the relative reactivities of the various
bonds in reactions with methyl radicals were evaluated in the same way as for hydrogen atoms,
taking the reactivity of the primary C—H bond to be equal to unity. The relative reactivities of
the C—H bonds in the substitution reactions with methyl radicals are shown in Table 2.

Comparison of the data presented in Tables 1 and 2 reveals that the hydrogen atoms are
virtually nonselective in the reactions with primary and secondary bonds, while the methyl
radicals show high selectivity. For example, the H atom in the n-pentane is equally likely to
react with all the bonds and the probability of the primary decomposition with the ethylene
formation, equal to the ratio of the primary C—H bonds to the total number of C—H bonds in

the molecule is equal to I i.e. in total 50%. In reactions of the methyl radical with n-pentane

with unequal reactivity of different C—H bonds in interaction with C‘H3 the probability of the
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Table 2: Relative reactivity of C—H bonds in interaction with methyl radical.

Bond Type Relative Reactivity
RCH,-H 1%
CH;
SScH-H 4.5
R
R,
>CH— H (R, R,> CH) 7
R;
R,
R, CH-H (R, R, R;> CH;) 14
R;

O e e
Se)ee

H
o) 8
*accepted.
. Lo 6-1 - .
primary bonds’ formation is equal to ————— — , i.e. in total 16%. From a comparison
6-1+4-45+2.7

of these results it is seen that processing the pyrolysis when the methyl radicals are substi-
tuted by hydrogen atoms, significantly improves the selectivity of the process for ethylene.
In Ref. [9] it was shown that replacing the methyl radicals with the hydrogen atoms is
carried out by supplying hydrogen in the amount of approximately 2% by weight of the raw
materials. To produce ethylene it is consumed in a significant concentration in reactions (8)
and (8a):
R+C,H, > C,H,+RH

®)
CH,+C,H,-»CH, - C,H (3a)
condensation products
The rate constant of the reaction (9) of vinyl radical with hydrogen
C,H,+H, > C,H,+H )

is by about one order of magnitude greater compared with the rate constant of its reaction
with ethylene [6]. Therefore, during the formation of 28 wt.% of ethylene in a mixture with
2 wt.% of hydrogen the mole ratio of their concentrations is 1:1, herewith condensation of
ethylene is suppressed and there is no reduction in its output. The effect of hydrogen on the
results of the pyrolysis of fraction 85°C—150°C experimentally obtained by the authors is
shown in Fig. 1.
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Figure 1: Effect of hydrogen on the results of the pyrolysis of fraction 85°C-150°C
(T = 810°C, the total pressure is equal to atmospheric): (a) gaseous products;
(b) liquid products; 1 —ethylene; 2 — propylene; 3 — methane; 4 — butadiene; 5 - C, ,
liquid products, without hydrogen. 1'-5' — the same products with the introduction of
2 wt.% of hydrogen.

Replacement of the methyl radicals by the hydrogen atoms leads to some acceleration of
the process, as reaction (1) is faster than reaction (2), while reaction (3) is much faster than
reaction (2). The high partial pressures of hydrogen in the mixture under pyrolysis reduce
extraction of the pyrolytic carbon on the walls of the reaction coil [10].

3 INFLUENCE OF ALLENE ON THE CHAIN INITIATION STAGE
The rate of the chain reaction W in a steady state is described by the eqn (10) [7, 10]:

W=k [R][M] (10)

where k, is the rate constant of the chain propagation, R is the chain carrier radical, M is
molecule of the raw material.

Concentration of the chain carrier radicals in a steady state is defined from the equality of
the rates of the chain initiation and chain termination.

v=k,-[R] (11)

where v is the rate of the chain initiation, k, is the rate constant of the radical
recombination. ) "
By substituting the expression for [R], derived for the eqn (11) [[R] = ,k—J into the formula
2

(10), one can receive:
v
W=k - /—-[M] (12),
kZ

1

Therefore, the chain reaction rate is proportional to the initiation rate to the power 5
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At the initial steps of the pyrolysis of alkanes the chain initiation occurs when breaking
C—C bonds. The formation of olefins containing C—C bond, weakened by conjugation with a
double bond about by 55 kJ [5, 8], appears even at a shallow depth of decomposition. It was
found by the authors that the thermal decomposition of hydrocarbons is greatly accelerated
by introduction of allene (propadiene). The results of the experiments performed by authors
on the effect of allen on thermal decomposition of hydrocarbons are presented in Table 3.
Pyrolysis was carried out in quartz tubular reactors, placed in a tube furnace, with changing
the reaction time and temperature.

Decrease in the activation energy with the addition of allene influences the reaction depth
of the thermal decomposition of hydrocarbons. The authors’ results of determining the activa-
tion energy are listed in Table 4.

Evaluation of the reaction rate constant (13):

C,H,+C,H, - C,H, +C,H, (13)
181780 cm’
gives the value of approximately 10™"' -e 7 ————— for the reaction (14)
molecule - s
C,H, +C,H, »>2C,H, (14)
113000 cm3
the rate constantis 107! -e #7 ———  [11].
molecule - s

Table 3: Influence of allene on the depth of the thermal decomposition of the hydrocarbons.

Allene addition, mol% Reaction conditions

to hydrocarbon

Depth of hydrocarbon
decomposition, %

Temperature, K Time, s
n-hexene-1
0 823 2.00 6.5
0.5 823 2.00 20.1
0 923 0.10 11.0
0.5 923 0.10 21.4
n-hexane
0 923 0.06 5.2
0.5 923 0.06 56.2
0 963 0.02 4.5
0.5 963 0.02 46.5
cyclohexane
0 933 3.90 20.5
0.5 893 0.55 20.5
0 973 0.19 7.0
0.5 973 0.19 53.5

(Continued)
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Allene addition, mol% Reaction conditions Depth of hydrocarbon
to hydrocarbon Temperature, K Time,s decomposition, %
tetralin

0 903 0.38 9.0
1.5 903 0.38 45.0

0 953 0.09 9.5
1.5 953 0.09 55.6
decalin

0 923 0.26 20.5
1.5 898 0.16 20.5

0 973 0.04 2.3
1.5 973 0.04 30.0

Table 4: Activation energy of thermal decomposition of hydrocarbons in pure form and in
the presence of allene.

Activation Energy in a Allene Addition, Activation Energy with

Hydrocarbon Pure form, kJ/mol mol% to Hydrocarbon Allene Addition,
kJ/mol
n-hexene- 1 244 =7 0.5 163 +7
n-hexane 258 = 10 0.5 154 + 13
cyclohexane 224+ 6 0.5 130+ 10
tetralin 215+ 16.5 1.5 163 +9
decalin 151 +10 1.5 92 +£8

Table 5: Evaluation of changes in the rate of initiation of the thermal decomposition of
hydrocarbons caused by introduction of allene.

Reaction Rates, molecule-cm™3-s™! Relative Rates
T.K Reaction  Reaction Reaction Reaction  Reaction  Reaction
(15) (13) (14) (15) (13) (14)
833 1011.775 1013.587 1014.906 1* 65 1’350
9200 1013.459 10]4.452 10]5.443 1% 10 95
1’000 1015.479 1015.489 1016.088 1 1.0 1.2
1,053 1016405 1015965 1016-384 1* 0.4 1.0

*accepted.

In Table 5 the comparison of the initiation rate is presented by the authors without allene
by the reaction of monomolecular decomposition of propane [5] (15):

C,H, - C,H, +CH, (15)
and with addition of 1 mol.% of allene by the reactions (13) and (14).
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From the results of authors’ calculation it is seen that allene accelerates the stage of initia-
tion at a temperature below 1,000 K. In the pyrolysis, allene is formed at temperatures above
1,000 K as a result of the highly endothermic decomposition reaction [5] (16):

CH, >CH,+H (16)

and has no effect on the propagation rate at these temperatures. During the process of rectifi-
cation allene is extracted as a part of the propane fraction and its recycling into a feedstock
material increases the rate of pyrolysis at low temperatures, increasing the yield of ethylene.

Furthermore, the formation of heavy products of condensation decreases and it is probably
they are formed by a molecular mechanism. Table 6 presents the data, obtained by the authors,
on the influence of allene on the yield of ethylene and the formation of condensation products
during pyrolysis.

Table 7 presents the yields of the main products of the n-hexane pyrolysis at 800 °C, which
are the experimental results, derived by the authors.

The data obtained show that the pyrolysis temperature at a given time can be reduced by
means of allene introduction.

The industrial testing was carried out by the authors on the pyrolysis installation of small
power (60,000 tons of ethylene per year) located in Omsk, Russia. The testing was performed
in a non-optimal mode. Outlet temperature of the pyrolysis furnace was 800 °C, the time of
process was 1 s. Instead of hydrogen, a methane-hydrogen fraction with hydrogen content of
80 mol.% was used. When supplying the methane-hydrogen fraction in amount of 2 wt.% per
raw material with allene addition of 0.5 wt.% by raw material the ethylene output increased
by 21.2 rel.%.

Table 6: Influence of allene on the results of the pyrolysis of the fraction 70°C—100°C of the
gasoline—raffinate at 820°C, 0.1 MPa, time of the process is 1 s, volume ratio of the
feedstock and inert diluent (helium) is 1:3.66 mol/mol.

Allene Addition wt.% to Yield, wt.% to the Feedstock

the Feedstock C,H, C.,
0.0 247 +0.7 223+0.6
0.3 27.3+0.2 19.1 £0.6
0.5 27.8+0.3 17.3+0.5

Table 7: Yields of the main products of the n-hexane pyrolysis at 800°C with the volume
ratio of the feedstock and inert diluent (helium) equal to 1:3.66 mol/mol.

Allene addition wt.% : i Yield, wt.%
to the feedstock Time of the pyrolysis, s
C,H, C,Hg C,Hg
0 0.5 33.0 17.3 5.0

0.3 0.09 35.5 18.4 6.5
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4 CONCLUSIONS
The significance of ethylene as a priority raw material for the petrochemical industry points,
suggests the importance of increasing the efficiency of the petroleum hydrocarbon’s pyroly-
sis process, which is the main industrial method for producing ethylene. Theoretical
substantiation of the methods to improve the pyrolysis process, increasing the selectivity of
ethylene using the effect of hydrogen on the chain propagation stage and allene on the chain
initiation stage was presented.

On the basis of the research carried out regarding the relative reactivity of different types
of C—H bonds with methyl radicals and hydrogen atoms, the authors demonstrated that
hydrogen atoms are virtually not-selective in reactions with primary and secondary links,
while methyl radicals are highly selective. This allows the selectivity of the pyrolysis process
to ethylene to be significantly increased by conducting the pyrolysis process under conditions
where the methyl radicals are substituted by hydrogen atoms.

In addition, the authors have found that the thermal decomposition of hydrocarbons at
temperatures below 1,000 K is greatly accelerated by the addition of allene which lowers the
activation energy for the thermal decomposition thus reducing the formation of heavy
condensation products.

The results of investigations carried out by the authors revealed that the efficiency of the
pyrolysis can be substantially improved by introduction into the feedstock in amount
approximately 2 wt.% the recycle hydrogen, produced from the pyrolysis gas and recycling
the propane fraction released from the pyrolysis gas, which contains allene produced dur-
ing the pyrolysis.
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