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ABSTRACT 

A study of the reactions of propane is carried out between 600°  and 

800°C with a view to elucidating the mechanism and kinetics. This is 

effected by continuous sampling of the reaction products through an MS10-C2 

mass spectrometer and the results are compared with computer predictions. 

The mass spectrometer is used to identify the reaction products. 

Quantification of the products is done by resolving the superimposed 

mass spectra with the aid of a novel matrix-inversion computer programme. 

This programme should be very useful in pollution studies as well. 

The numerical integration programme employed is based on the semi-

implicit trapezoidal rule. It is tested on two well studied experimental 

systems - the gas phase oxidations of acetaldehyde and formaldehyde. The 

predicted results showed very good agreement. 

The above two experimental techniques are then employed in analysing' 

the following systems. 

(a) The pyrolysis of propane in a flow system between 600°  and 800°C. 

A 19-reaction-step model based on generation and interaction of 

free radicals in the propane system is proposed with the appropri-

ate rate constants and integrated. The main products are CH42 

C2H4,  C3H6, H2 
and C2H6. 

The predictions fit very well the 

experimental data. 

(b) The "perturbation-pyrolysis" of propane between 600°  and 750°C. 

This is a new technique. Small amounts of acetone (a potential 

source of methyl radicals) and acetaldehyde ( a methyl radical 

source and a branching intermediate) are added separately into the 

propane system and their individual effects on the mechanism and 

kinetics of propane decomposition are discussed. In both cases, 

there is acceleration of propane decomposition and a reduction of 

the induction period with increase in the concentration, of the 

additive. Methane and ethane increase in concentration, ethylene 
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remains the same while propylene and hydrogen decrease, relative to the 

unperturbed propane pyrolysis system. Acetone system, a 21-reaction-step 

model fits the experimental data while a 24-reaction-step model fits the 

acetaldehyde perturbed system data. 

(c)Oxidative pyrolysis of propane between 600°  and 700°C. Literature on this 

topic is very sparse for temperatures above 600°C. In this work, small 

amounts of oxygen are added into the propane stream such that the oxygen 

will only participate in the early stages of reaction, thus throwing some 

light on the nature of the initiation reactions in pyrolysis and oxidation 

systems. The results show that oxygen first of all abstracts a hydrogen 

atom to form hydroperoxy radical,H02. The hydroperoxy radical then engages 

in recombination: reaction to form water, but as reaction proceeds and 

oxygen is consumed, pyrolysis takes over from oxidation and the 

hydroperoxy radical then engages in hydrogen atom abstraction to form 

hydrogen peroxide. The hydrogen peroxide then pyrolyses to yield hydroxy 

radicals which are the dominant radicals in high temperature oxidation. 

A 28-reaction-step model fits the experimental data. 
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Chapter I  

1.1 INTRODUCTION  

Two important systems involving high temperature reactions of 

hydrocarbons are pyrolysis and oxidation. Mechanistic studies have shown 

-that both involve the generation and interaction of free radicals. The 

primary object of any kinetic study is to establish a mechanism for the 

succesivebreakdownand fate of the parent hydrocarbon molecule and of ally 

intermediate. A complete mechanistic description not only requires an 

identification of all the elementary steps and their sequence in the net-

work but also a quantitative knowledge of the pre-exponential factors 

and activation energies for each step. Much of the present evidence con-

cerning the elementary steps is of an indirect nature, inferred from the 

isolation of relatively stable intermediate products during the course of 

reaction. 

(a) PYROLYSIS  

The spectrum of products from hydrocarbon pyrolysis encompasses an 

enormous number of compounds extending from hydrogen and methane at 

the low end of the molecular-weight scale to very high molecular-weight 

polynuclear aromatics, tars and coke at the upper extreme. The same princi-

pal products are normally present in effluents from all feedstocks, but 

their relative proportions vary widely and are dependent upon the compo-

sition of the feedstock and the conditions under which they are carried out. 

Up to the time of the first world war, there was little incentive 

for applying industrially the pyrolysis of gaseous hydrocarbons. The 

war created a demand for benzene, toluene and olefins which brought about 

a study of their production by the pyrolysis of oils as well as hydrocarbon 

gases. Interest in benzene and toluene declined with the termination of 

the war, but the, manufacture of chemical derivatives from hydrocarbons 

received an impetus from chemical warfare activities. The last decade has 

witnessed the development of diversified industries. Alcohols, ethers, 
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acids,esters, resins, pharmaceuticals, carbon black and many other products 

are made from light unsaturated hydrocarbons. 

(b) OXIDATION  

The combustion of hydrocarbons is an exothermic process; chemical 

energy released can be transformed into mechanical energy and utilized. The 

wide applications of combustion processes have stimulated interest in, for 

example, low pollution combustion devices. More complete understanding of the 

mechanisms of the reactions involved is essential in order to explain abnormal 

engine behaviour and its connection with anti-knock additives and exhaust 

gas composition. Apart from the numerous products formed, the well establish-

ed obervation of several distinct regions of combustion under different con-

ditions of pressure and temperature are definitive features. These features 

are; (a) an autocalytic development of the reaction with time following an 

induction period during which no apparent reaction occurs; (b) a negative 

temperature coefficient when reactions slow down with rising temperature; 

(c) the catalytic effect of additives such as peroxides and aldehydes. 'All 

these indicate the complexity of a combustion system and the need for full 

kinetic details to be determined. 

Although, in the past, both pyrolysis and oxidation have engaged the 

interest of the chemical and petroleum industries and developments within 

the industries have stimulated research of a fundamental type: i.e., improve-

ments in experimental and analytical techniques, the intimate understanding 

of the chemistry/mechanism necessary demands further consideration. The 

approach so far confirms the fact that empirical technology has always been 

well in advance of theoretical understanding. Current research aims to bridge 

this gap. There is a considerable amount of evidence which indicates that 

hydrocarbon reaction processes are propagated by minute concentrations of 

free radical species. The direct identification of these species and measure-

ment of the concentrations involved are problems which are only recently 

being solved in complex systems. Hence, knowledge concerning the rate para-

meters of the individual elementary steps is becoming available and current 



research is directed mainly at establishing the elementary steps and their 

sequence in these chain processes. 

In general, chain reactions consist of three main steps: initiation, 

propagation and termination. 

A = R. 	Initiation 

+ products propagation 
R. +A 

R. + R'. 

R. + R I. + M --bIriert 
R'. + Wall->Inert Termination 

in which A is a molecule and R. is an active centre (free radical). The 

rate, W, of a single step reaction such as nA---Products is usually de-

fined as W = K[A]n  where K is the rate constant and n is the order of 

reaction which will be an integer. In chain reactions the constant K 

is replaced by a function of all rate constants K K
2' 

K
3 	 K

n 

and the order n may or may not be an integer. 

The kinetic description of the Vant-Hoff-Arrhenius Law as represented 

by the equation 

W Ae -E/RT 

is that every molecule has a certain stability and resists chemical reaction 

even when the net overall potential energy would decrease. The molecule 

requires an excess energy E to overcome this inertia and to undergo reaction, 

the excess energy being the activation energy of the system. In 1923 

Christiansen and Kramers gave a general formula for chain reactions as 

W = K. rxexp(;-E/RT) in which W is the number of activated molecules reacting 

in unit time (reaction velocity) K
1 is the rate constant and n is the 

concentration of active molecules. 

Every elementary reaction is thus associated with two kinds Of energy, 

namely, the activation energy, E, and the enthalpy H of the reaction. 

Any liberated energy will be collisionally distributed among all molecules. 

Hence, at high temperatures, radical concentrations will be high. Further- 
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more the lower kinetic order of dissociation with respect to recombination 

means that radical concentrations will tend to exceed the local equili-

brium values and will only return to them relatively slowly. 

Although, as a result of the high temperature, all reactions will 

be correspondingly faster, radical-radical reactions, despite their low 

activation energies, become progressively more significant and the nature 

of the dominant active intermediates is also likely to change. 

1.2 PYROLYSIS OF HYDROCARBONS 

The chemical reactions which occur when hydrocarbons are decomposed 

under the influence of heat are complex, the degree of complexity increasing 

with increasing molecular weight of the hydrocarbon being pyrolyzed and 

with increasing conversion.F.O. RICE 
1
'
23 

established in the 1930's that 

hydrocarbon decomposition by pyrolysis involves the production and subsequent 

reaction of free radicals, and was able to rationalize the distribution of 

the principal products resulting from the pyrolysis at low conversion of 

several of the C
2 
to C

6 
paraffin hydrocarbons. Despite this big step 

forward, the reaction even for the simplest compound of interest, ethane, 

are sufficiently complex that it has not yet been possible to rationalize 

the complete product distribution especially at high conversion. This 

has probably been due mainly to: 

(i) Misinterpretation of experiments involving inhibitors leading to 

a belief in the participation of molecular reactions. 

(ii) Inadequate allowance for the involvement of surface processes. 

(iii) Neglect of the effect of trace impurities. 

(iv) Complexities associated with polymerization
4 

and self-inhibtion 
5
re-

actions. 

These problems are now better appreciated and over the last decade a body 

of work has appeared which is capable of satisfactory interpretation and 

the free radical mechanism is now a powerful tool in guiding predictions 

and correlations of pyrolysis data. 
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1.2.1. FREE-RADICAL MECHANISMS  

As indicated, chains of elementary free radical links is made up 

of the three major steps: 

(a) Initiation (b) Propagation and (c) Termination. 

(a) Initiation  

In a saturated hydrocarbon, initiation may occur by cleavage of 

either a C-C bond or a C-H bond. If this is a unimolecular dissociation, 

then a theoretical estimate can be made of its rate. 

The factor in The Rice-Ramsperger-Kassel-Marcus(R.R.K.M.) expression 

for the high-pressure limiting rate characteristic of the particular process 

is: 
.s 

q
r 	1111* 4  
* s-1 exp ( - Eo/KT) 	(1) 

a ,r 	Vi+ 

where qr and qr are the rotational partition functions for the trans-

ition state and the energised state respectively; V.  and V.  are the 
+ 	* 

1 	a 

corresponding vibration frequencies; S is the number of oscillators 

and Eo the critical energy. Strengths of C-C bonds in C2- C8  hydrocarbons 

lie in the range 325-350 KJ mole
-1 while C-H bonds have typical dissociation 

energies of 410-427, 393 and 381 KJ/mole for primary, secondary and tertiary 

positions respectively. Even in the most unfavourable case the temperature-

dependent terms will lead to rates of C-C scission at least ten times faster 

than the corresponding C-H rupture at temperatures up to 1500°K. It is 

therefore reasonable to assume that the primary initiation process involves 

unimolecular rupture of C-C bonds in the molecule, although the contribution 

of surface reactions cannot be excluded. 

Thus)ethane splits into two methyl radicals 

C2H6---1,1p. CH3  + CH3 	 (2) 

A methyl radical then reacts with another ethane molecule to give methane 

and an ethyl radical: 
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CH3
+ C2H6 	CH

4 	
C
2
H
5 
	 (3) 

The ethyl radical decomposes into an ethylene molecule and a hydrogen 

atom: 

C
2
H
5
-0-C

2
H
4 	

H . 	 (4) 

The hydrogen atom then attacks an ethane molecule to produce a molecule 

of hydrogen and a new ethyl radical; 

+ C
2
H
6
.-43.H

2 
+ C2H5. 	 (5) 

The ethyl radical formed by. reaction 5 decomposes by reaction 4, thus 

generating another hydrogen atom. Hence reactions 4 and 5 constitute a 

chain reaction, the net effect of which can be represented by the simple 

stoichiometry: 

C
2
H
62

H
4 	

+ H2  . 	 (6) 

Reactions(3)and(4)are propagation reactions in which the radicals formed 

by the initial splitting reaction undergo further reactions in which they 

are not regenerated and by which the radicals required to establish the 

chain mechanism are formed. 

If the chain mechanism represented by reactions 4 and 5 were able to 

continue uninterrupted, it would be necessary for only one molecule of ethane 

to decompose by reaction 2, and all other ethane disappearance would be 

attributable to reaction 5. However the chain cycle will be terminated if 

either an ethyl radical or a hydrogen atom should react with another radical 

in any of the following ways: 

	

H. 	+ H. --t30H
2 

	

H. 	+ CH3.--D CH4 

	

H. 	+ C2H5. 	C2H6  

	

CH3. 
	

+ C
2
H
5
. 	C

3
H
8 

	

C2H5. 
	

+ C
2
H
5
.--4>C

4
H
10 

This is the classical mechanism described as the Rice-Herzfeld theory 

of thermal decomposition. At the higher levels encountered in commercial 
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pyrolysis, however, the chain termination reactions become important, 

and the olefins containing three or more carbon atoms, formed during the 

early stages of pyrolysis, themselves become degraded to a significant 

extent. 

Thus, when considering the pyrolysis of propane and heavier hydrocarbons 

it is convenient to consider the reactions as occurring in two stages. 

(a) The first stage is designated as the primary reactions wherein the 

reactants are decomposed by the free-radical chain mechanisms into 

principal primary products: H
2 
 CH4, C

2
H
4 and/or propylene, and olefins-

up to Cn...1  where n is the number of carbon atoms in the feed hyro-

carbon. In the cases of propane and iso-butane, substantial yields 

of C
n 	

from olefin are also realized, but fm other paraffinic hydrocarbons, 

both straight chain and branched, the Cn  olefins are produced in 

only minor quantity. 

(b) The second stage encompasses secondary reactions which can be class-

fied into three types: 

1. Reactions involving further pyrolysis of the olefins produced by 

the primary reactions. 

2. Hydrogenation and dehydrogenation reactions wherein paraffins, diolefin , 

and acetylenes are produced from the olefins. 

3. Condensation reactions wherein two or more smaller fragments combine 

to produce larger stable structures such as cyclodiolefins and aromatics. 

The two stages are successive only to the extent that the 

primary reactions must have progressed far enough to have produced quantities 

of products sufficient to initiate the secondary reactions. Thus, both 

primary and secondary reactions are usually occurring simultaneously. At 

low conversion level of the primary reactant, the secondary,reactions 

are relatively unimportant. The olefins formed are mostly more refractory 

than the feed and thus are being cracked at relatively low rates. Any 

degradation of these olefins by second order condensation reaction is also 
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proceeding very slowly because of the low partial pressures of these 

constituents. As the conversion of the primary reactant is raised toward 

higher levels, the secondary reactions become more significant. The 

proportion of the remaining reactant disappearing per unit time is rising 

as the temperature of the reacting mixture is elevated, but since the 

quantity of unreacted feed is decreasing, the absolute amount of reactant 

undergoing degradation per unit time passes through a maximum and starts to 

diminish. At the same time, the partial pressures of the primary products 

increase rapidly due both to their high rate of production and to simultaneous 

disappearance of the reactant. Consequently cracking of the primary olefins 

takes place at an accelerated rate, acetylenes and olefins appear in 

increasing concentrations, and the production of benzene and other aromatics 

becomes substantial. 

A plot of the quantities of the various constituents in the reacting 

mixture against conversion of reactant shows that at low conversion levels, 

the yields of primary reaction products are described by straight lines 

through the origin. As conversion increases, the primary curves start to 

exhibit curvature, generally, upward for methane, but downward for propylene, 

butanes, and other higher olefins as their cracking rates become signifi-

cant. The curve for ethylene may bend in either direction or remain approxi-

mately straight, depending upon whether the rate of formation of ethylene 

from the pyrolysis of the higher olefins is greater than, equal to, or less 

than the rate of conversion of ethylene to secondary products. Depending 

upon reactor conditions, a substantial proportion of the ethylene may be 

hydrogenated to ethane and a lesser amount dehydrogenated to acetylene. In 

addition it could undergo condensation reactions. 

When the heavier feedstocks such as naphthas are being cracked, the ' 

severity level is often carried to a point such that the original reactants 

have been, for all practical purposes, completely consumed. Under these 

conditions, all the reactions occurring in the vicinity of the reactor out- 
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let can be classified as secondary. 

1.2.2. THE KINETICS  

Various investigators of the vapour-phase pyrolysis of individual 

hydrocarbons have found that the rate of disappearance of the reactant is 

generally independent of both the pressure and the surface to volume ratio 
6 

in the reactor . Thus, the disappearance can be considered to follow 

an overall first-order mechanism as predicted by the simple Rice-Herzfeld 
7,8,9,10 

mechanism. A first order mechanism has been reported 	for propane. 

Martin et al,
11 

reported an order of 1.5 and in 1969 Crynes and Albright 
13 

claimed an order slightly greater than unity at temperatures above 750°C 

for propane. 

A first-order mechanism can be described by the following integrated 

form of the rate equation; 

KO = 2.3 logio( 1 
1  
_0(  ) 
	

(12) 

where: 

K
t 	Disappearance reaction velocity constant evaluated at temperature 

t (sec
-1

). 

E) = Time, secs. 

OC = Fractional disappearance of reactant. 

The reaction velocity constant, K,. varies with temperature 

with the Arrhenius equation; 

K = A ex p( E/RT) 

where 

A = Frequency factor sec
-1
. 

E = Activation energy KJ/mole. 

R Gas constant_ 8.31 J/g-mole. 	C. 

T . Absolute temperature °K. 

Equation (13) may be written in the more convenient form: 

in 

(13) 

accordance 



-18- 

log K = B - (c/T) 

where: 	B - log A and C = E/2.3R (°K) 

Thus, for any specific compound which reacts according to the first-order 

mechanism, the logarithm of the reaction velocity constant varies linearly 

with 1/T. Values of constants of equations 13 and 14 are shown in Table 

1 - 1 . 

TABLE 1 - 1 

MOLECULE 	B = LoqA 	C = E(2.3R(°K) 	E(KJ/mole) 

ETHANE 14.67 15,829 302.5 

PROPYLENE 13.83 14,715 281.2 

PROPANE 12.61 13,082 250.0 

ISOBUTANE 12.32 12,559 240.0 

n -BUTANE 12.25 12,329 235.6 

n -PENTANE 12.25 12,140 232.0 

The reaction velocity constants for the above compounds are plotted 

in Fig 1.1 

Since propylene is seldom cracked by itself, but usually in admixture 

with propane or ethane, the propylene curve shown reflects the accelerated 

decomposition encountered under such circumstances. The initial and rate-

determining reaction in each case involtes splitting of a C-C bond in 

a manner analogous to that given in equation 2 for ethane. Consequently, 

activation energies for the decomposition of various compounds normally 

comprising pyrolysis feedstocks vary over a relatively narrow range. The 

constant C in equation 14, is, therefore of similar magnitude for all the 

important feedstock constitutents, and plotting log K versus 1/T results 

in a series of nearly parallel lines. 

(14) 
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In making cracking calculations, it is often required to solve 

equation 12 either for KO at a specific conversion or to find the conver-

sion, O( , corresponding to a speicfic KO product. The linear semi-log 

graphical solution of equation 12 given in Fig. 1 - 2 is a convenience 

in making such computations. It is apparent from equationsl2 and 14 that 

a specified conversion of any individual hydrocarbon can be achieved by 

an infinite number of combinations of time and temperature. If the reactant 

is instantaneously heated to a constant temperature t, maintained at this 

temperature for time 0, the applicable reaction velocity constant can be 

found by equation 14 or Fig. 1 - 1, and the fraction of the reactant con-

verted is then given by equation 12 or Fig. 1 - 2.. 

At any other temperature, the applicable value of K is different and 

a different residence time is required to effect the same conversion. Thus, 

if it is desired, for example, to achieve 85% conversion of normal pentane, 

equation 12 and Fig. 1 - 2 indicate that KO must be 1.9. This condition 

will be met by any of the combinations shown in Table 1 - 2. 

Table 1.2 

For a constant Ke product, equation 14 leads to the following re-

lationship between time and temperature: 

log = (CST) + D 
	

(15) 
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Graphical solution of first-order reaction equation 

Fig 1-2 



D is a constant specific to the compound being cracked and to the K 

product under consideration. It has the value D = KO/A.) A being the 

frequency factor. The reaction velocity constants plotted in Fig. 1-2 

indicate, in the temperature range employed for pyrolysis in tubular 

reactors for olefins production, that the reactant disappearance rate 

doubles for each (4.5 - 13°C) increase in temperature. 

In any sort of practical apparatus, it is not possible to achieve 

instantaneous heating of the reactant to some desired temperature and 

then to maintain the temperature constant for some specific length of 

time. Generally the temperature rises gradually up to a maximum, remains 

constant for a length of time and then falls. Where the isothermal region 

can not be identified, it becomes necessary to consider the time-

temperature history of the reactant as it passes through succesive small 

increments of coil length in order to calculate SKdO for the entire 

coil and thereby to predict the conversion at the outlet. This brings in 

the concept of equivalent time - the time which, if the reactant could be 

raised instantaneouly to the reference temperature and held there, would 

effect the same conversion as achieved in the actual variable-temperature 

apparatus. 

( (N
e )t- = 	

SKa0 
q K

t. 

where: 

	

( (3 eq 	= equivalent time, sec, at reference temperature t, 

	

K
t 	

= reaction velocity constant at reference temperature t. 

For example, if in some specific apparatus 80% conversion of n-pentane 

. is effected,SKdO from fig. 1-2 is 1.6. The rate constant K, at 815°C 

(1500°F) is 13. Hence the equivalent time at 815°C is 1.6/13 = 0.12 sec. 

Usually the reactor outlet temperature is taken as the reference when 

comparing the performance of two reactors. If in, reactor A, 80% conversion 

(16 ) 
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of n-pentane is realized with outlet temperature of 760°C, the equivalent 

time()
eq = 1.6/3.3 = 0.48 sec. In a second reactor B, if the same conver-

sion is attained at an outlet temperature of 815°C with e
eq of 0.12 sec, 

it can be concluded that the effective residence time in the first reactor, 

A, is about four times that in reactor B. 

1.2.3. 	PREDICTING CONVERSIONS  

The equivalent time, EL4,' is a unique function of the reactor 

design. COnsequently, if the coil-outlet temperature is known for one 

conversion level for a specific feed component, then the coil-outlet 

temperature can be predicted within close limits for higher or lower 

conversion levels. A cracking furnace designed to effect 60% conversion 

of ethane at a coil-outlet temperature of 827°C (1520°F) would have 

S Kde = 0.92 (fig. 1-2) and K at 827°C is equal to 2.0 [fig. 1-1]. This 

means an equivalent time at the outlet temperature for this coil of 0.92/ 

2.0 = 0.46 sec. If it is desired to operate this furnace at 50% conversion 

at which iKde = 0.70, then the outlet temperature must be reduced to 

a value corresponding to K = 0.70/0.46 = 1.52 or 817°C. 

When two or more constituents are cracked simultaneously in admix-

ture in a reactor, the time-temperature history for all constituents is 

identical, and the conversions of two such constituents a and b are re-

lated by: 

log[1/(1 - C)(a)] log (1 -C‹a) 	Ka 
(17) 

 

log[1/(1 -0(b)] 	log (1 -C)4b) 
	

Kb 

Considering constituent b as a reference, equation (17) may be written: 

log E 1 -0<a ) 	= 
Ka 	Kb  

Kb 	2.3 
(18) 
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The ratio of the rate constants varies little with temperature, and for 

most practical purposes Ka/Kb  can be considered as a constant. Equation 

(18), therefore, indicates that a plot of log(1 -0< )versus K 	is a a 

straight line of slope - Ka/2.3 Kb  having an intercept at Kb  = 0 

of log (1 
	

) = 0 which is equivalent to 1 -DCa= 1 or Ca 
0, 

A plot of this type is represented in fig. 1.3 for a number of light 

feedstocks. Ethane is the reference hydrocarbon and the abscissa scale 

representsjKa for this compound. The reaction velocity constant ratios 

are evaluated at (815oC) from fig. 1-1. If a mixture of ethane, propane 

and normal butane is to be cracked such that the conversion of propane 

is 80% then the corresponding conversions of ethane and butane will be 

approximately 43 and 96.9% respectively. 

The above kinetic considerations hold well for feedstocks of up 

to five carbon atoms that is, pentane. Reliable velocity-constant data 

for the heavier paraffins and naphthenes are meagre. Consequently it is 

more convenient to relate their velocity constants to that for normal pentane 

at the same temperature. 

K. . A 
E

e i/RT 
2. 	• 

-E 
Aye 5/RT K5  = 5 

where K. = velocity constant for any normal paraffin of carbon number 

greater than 5, and K
5 

velocity constant for n-pentane. 

A. 
Hence 	K

5 	
A
5 

.exp (-E. 	E
5
)/RT 
	

(21) 

The activation energies for all normal paraffins having five or more carbon 

atoms can be assumed to be equal without serious error. Such assumption 

causes the exponential term of equation (21) to become unity, so that 

(22) 
A5 

(19)  

(20)  
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If it now be further assumed that the frequency factor for this class of 

compounds is a power function of the carbon number n: 

A = g(n)h 	 (23) 

where g and h are constants, then 

h 
a. 
K. 

This leads to: 

5 K
5 

(24) 

K. 
dog .-2.-. 

K
5 

h logni  - 0.70 h (25) 

14 
In 1967, Worrell et al. 	reported first-order velocity constant 

for a wax consisting of 95% normal paraffins and having an average carbon 

number of 20.5. At 621oC , they reported a K value of 0.41 sec-1. At 

this temperature the value for n-pentane (Fig. 1.1) is 0.050 substituting 

these values into equation (25) yiel/.- a value for h of 1.5, so that equa-

tion (25) can be rewritten: 

Log K. 
K
5 

1.5 logni - 1.05 (26) 

15 
This is the relationship used by Zdonik et al. 	to construct curve 1 in 

Fig. 1-4. It seems to rationalize reasonably well the data obtained 

by Knaus et al 
16 

 who reported 88% conversion of normal hexane when sub-

jected to a temperature of 760°C for a residence time of 0.5 sec. From 

fig. 1.4, K6/K5  . 1.31. From fig .1.49K5  at 760°C = 3.3. Hence, 

K6  = 1.31 x 3.3 = 4.37, and K6 	= 4.37 x 0.5 = 2.19. The corresponding 

conversion of n-hexane from fig. 1.2. is 88.7% which is in good agreement 

with the reported 88%. Similar calculation for n-heptane at the same 

cracking condition would predict a 93.4% conversion; Knaus reported 

90% conversion. 
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Information on branched paraffins is even more sparce than for 

the straight chain compounds. Data for isopentane and 2-methyl hexane 17,18  

indicate that the reaction velocity constant for paraffins containing 

a single methyl group on the second carbon is very close to that for the 

normal paraffin of one less carbon number; which means that the velocity 

constant for isopentane is almost equal to that for normal butane, 

and that for 2-methylpentane 	is similar to the value for normal pentane. 

This is represented by curve 2 in fig. 1-4. Such a curve tends to approach 

the curve for normal paraffins at high carbon numbers in accordance with 

the logical supposition that as the chains become longer and the differences 

between the two types of structure diminish, there should be a smaller 

percentage difference in velocity constant at any specific carbon number. 

K
6
/K
5 

= 1.0 at 760°C for 2-methylpentane.K6-K5  = 3.3, and for a 

residence time of 0.5 sec, K60 = 1.65; fig. 1.2 indicates a predicted 

conversion of 81%. For these cracking conditions Knaus and Patton 1 ,
9 

reported 83% conversion which shows an excellent agreement. 

Isoparaffins having two methyl side chains attached to the same 

carbon are more refractory than those of the same carbon number having a 

20 
single methyl group for example 2,2 dimethylpropane (neopentane) cracks 

less readily than isopentane. On the other hand, compounds having two or 

more side chains attached to separate carbon atoms have higher velocity 

constants than normal paraffins having the same number of carbon atoms. 
17 

Thus 2,3 dimethylbutane 	is pyrolyzed more readily than normal hexane. 

Curve 3 of fig. 1-4 has been drawn on the basis that the velocity constant .  

for such a compound is approximately equal to that for the normal para-

ffin of one higher carbon number. 

The naphthenic compounds, characterised by saturated ring structures 

containing 5 and 6 carbon atoms, are substantially more resistant to 
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pyrolytic decomposition than either normal or isoparaffins, especially 

when they are cracked in the pure state. Velocity constants calculated 

from cracking data for cyclopentane, methyl cyclopentane, cyclohexane, 

methylcyclohexane, and dimethylcyclohexanes exhibit serious inconsisten- 

cies cies 	. There is little doubt however that the five-membered ring com- 

pounds are more refractory than those having six carbon atoms in the ring 
15 

structure. Zdonik et al 	did suggest that the velocity constants for 

alkyl cyclohexanes are approximately equal to those of normal paraffins of 

2 fewer carbon numbers, and the constants for alkyl cyclopentanes are 

equal to those of normal paraffins of 3 fewer carbon numbers. 

Aromatic compounds as a class are pyrolytically very stable. Their 

presence in olefin plant feed stocks makes an almost negligible contri-

bution to the gaseous products, although some methane is produced by 

hydrodealkylation of xylenes to toluene and toluene to benzene, and a 

small amount of hydrogen is derived from dehydrogenation of ethylbenzene 

to styrene. The most important reactions of aromatics during pyrolysis 

are condensation reactions leading to the formation of polycyclic structures 

of high molecular weight. These are the principal constituents of the 

heavy-oil fraction boiling above the gasoline range and if allowed to grow 

to a sufficient extent, ultimately become tars and coke. 

1.2.4 THE FORMATION AND CONSUMPTION OF THE OLEFINS FORMED 

Olefins are products of primary reactions of paraffins and naphenes. 

They are degraded during secondary reaction stages. But, as yet, their 

reaction velocity constants are difficult to estimate. However, Rice, F.O. 
21 	22 

et al 	and Hurd C.D. established that the C-C bond located in the 3 

position relative to the double bond of an olefin is significantly 

weaker than the C-C bond in paraffins, and that the C-C bond in the alpha 

position is substantially stronger. It could be predicted therefore that 
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propylene, isobutylene, and butene-2, in each of which the only C-C bonds 

are alpha to the double bond, would be more refractory than the corres-

ponding paraffins, propane, isobutane, and normal butane respectively. 

Conversely, butene-1 and all normal alpha olefins of higher carbon number 

would be expected to decompose more readily than the corresponding normal 

paraffin. 

23 
These predictions are verified by the data of Hurd and Meinert , 

24 	25 
Hurd and Spence , Hurd and Goldsby 	except in the case of butane-21  

which appears to exhibit a higher velocity of disappearance than normal 

butane. This can be attributed, at least in part, to the fact that butene-2 

undergoes isomerization to butene-1 during pyrolysis. As the carbon number 

increases, the structure of normal alpha olefins approaches more closely 

that of the corresponding normal paraffin, and it would appear logical to 

assume that the velocity constants for the two classes would approach each 

other. Curve 6 of fig. 1-4 has been drawn on the basis that the velocity 

constant for a normal alpha olefin is equal to that of a normal paraffin 

having two more carbon atoms than the olefin. 

The initiating C-C cleavage is the principal determinant of the 

rate of decomposition. Consequently, if it were possible to introduce some 

radicals from another source into the reactant so that the chain mechanism 

could be initiated without the necessity for the C-C bond fracture, then 

the decomposition rate should be accelerated. Such acceleration of the 

decomposition of refractory compounds may be significant in the pyrolysis 

of naphthas. Kinney and Crowley 26  used dimethyl disulphide and 1,2 

dichloroethane as sources of free radicals to accelerate the decompostion 

of propylene. An acceleration of the reaction rate by 20 to 50% was re- 
27 
	

28 
ported. Towell and Martin 	and Davis and Williamson both observed 

inhibition of ethane decomposition in the presence of propylene. They 

also noted a more significant increase in the propylene velocity constants 

by factors 9 to 12. These are attributable to a change in the mechanism 
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of propylene disappearance. In the absence of ethane, cleavage of the 

strong alpha C-C bond is required, the propylene molecule being split 

into a vinyl and a methyl radical: 

C
3
H
6 

C
2
H
3 

+ CH
3 
	 (27) 

In the presence of pyrolyzing ethane, hydrogen atoms are present. These 

probably react with the propylene to form normal propyl radicals which, 

are much more readily decomposed into ethylene and a methyl radical: 

H + C
3
H
63

H
7 
	 (28) 

n -C3H7 
----AN.  C

2
H
4 

+ CH
3 
	 (29) 

Thus, the disappearance rate of propylene is increased markedly, while 

the abstraction of hydrogen atoms from the system shortens the ethane 

reaction chains and results in a hindrance to ethane decompostion. 

1.3 DETAILS OF PRODUCT FORMATION  

Once the chain propagation radicals have been formed by the initiating 

C-C bond scission and by any subsequent transition reactions, the chain 

reactions proceed by extraction of a hydrogen atom from the reactant molecule, 

R
n
H, to form a radical R

n 
having the same number of carbon atoms, n, as 

the reactant: 

R + R
n
H---u-RH + R

n 	
(30) 

The subsequent product distribution are determined by the relative pro-

bability of removal of primary, secondary and tertiary hydrogen atoms 

from the reactant molecule by the chain propagating radical R.. On the basis 

that the C-H bond for a tertiary hydrogen is weaker than a secondary hydrogen 

which in turn is weaker than a primary hydrogen, Rice
21 postulated that the 

logarithms of the relative. rates vary linearly with the reciprocal of 

absolute temperature. These relative rates are plotted in fig. 1.5 

against temperature. 
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The alkyl radical Rn then decomposes into an olefinic molecule 

and another radical R1 

R
m
H
2m 

+ R
1 
	 (31) 

If the radical R1 
contains two or more carbon atoms, it may either react 

with a feed molecule per equation 30 to produce the corresponding para-

ffin, or it may decompose further into another olefinic molecule and a 

smaller radical: 

R1 	C
m
,  H2m 	+ 	R

2 
	 (32) 

The behaviour of R1 
depends on its structure as well as the conditions 

of temperature and pressure. Radicals of carbon number equal to and 

greater than 3 tend to decompose rapidly, especially at high temperature, 

so that very little reaction with feed molecules occurs, and the reactor 

effluent contains little heavy paraffin Rill. 

The radical R
2 , 

if its C -- 2 , may behave in the same manner as 

R1, i.e., • ., 

R 	m "H " 	R3 2 	2m 
	 (33) 

In general, the alkyl radicals continue to decompose in the above manner 

into olefinic molecules until the remaining radical R is either a hydrogen 

atom or a methyl radical. 

Rn 	C
m
H2m  + Cm

IH2m 1 	C
m
"H2m" +. • —+ R 	(34) 

The more complex products are formed as a result of secondary reactions, 

but the overall product distribution are dictated by: 

(1) feedstock composition, (2) percentage conversion or severity level, 

(3) temperature level and residence time, and (4) hydrocarbon partial 

pressure. 
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1.3.1 HYDROGEN FORMATION  

Molecular hydrogen is formed during pyrolysis by a two-stage pro-

cess. The first stage involves the formation of a hydrogen atom. Radicals 

R., R1., R2. and 9 	in the above equations could be hydrogen atoms. 

Generally it is formed from processes or steps of the following type: 

C2115-1°.  C2H4 	
+ H 	 (35) 

the decomposition of isopropyl radical to form propylene, and the tertiary 

butyl radical to form isobutylene: 

i - 
C3H73H6 

+ H 	
(36) 

i - C
4
H
9 	

C
4
H
8 
+ H 

Similarly, it is formed during the primary conversion of naphthenes: 

Cyclohexyl-cyclohexene 
	

(37) 

Hydrogen atoms are also formed as primary decomposition products of olefins. 

Certain olefinic radicals decompose into a diloefin molecule and a hydro-

gen atom, and hydrogen atoms are generated by the reactions leading to 

aromatics production. 

The second stage involves the abstraction of a second hydrogen 

from a neighbouring hydrocarbon molecule by collision. This is generally 

represented by the equation: 

H + R
n2 

+ R
n 	

(38) 

Molecular hydrogen can also be formed by the combination of two hydrogen 

atoms: 

H. + 	H
2 	

(39) 

But the energy liberated by this reaction is so great that unless a third 

body is present to absorb it, such as a hydrocarbon molecule or the wall 

of the reactor, the collision will not result in reaction. In addition, 

collisions between hydrogen atoms are relatively infrequent because of 

the small concentration of this species in the reaction mixture. Hence, 
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the percentage of the total hydrogen produced by this reaction is very 

small. It must be noted however that some may undergo addition reactions 

with olefinic molecules to generate paraffinic radicals such as: 

H + C
3
H
6 	

n - C3H7 
	 (40) 

1.3.2. METHANE FORMATION 

Formation of methyl radicals constitutes the first stage in the 

production of methane. They are formed by the C-C bond fracture which 

initiates the decompostion of paraffins and olefins: 

C
2
H
6 
 	t: CH

3 	
+ 	CH

3 	
(41) 

C
3
H
6 	

C
2
H
3 	

+ 	CH
3 
	 (42) 

They are also generated during the decomposition of numerous paraffinic 

and olefinic radicals: 

n - C3H7 —it- C2H4 	+ 	CH
3 	

(43) 

Significant quantities of methyl radicals are also produced by low-molecu-

lar-weight olefins, especially those containing no C-C bond beta to the 

double bond such as propylene and isobutylene. 

As with hydrogen formation, the second phase of the methane-

formation mechanism involves extraction of hydrogen atoms from the surround-

ing molcules to form methane and a radical: 

CH
3 

+ C
2
H
6 	

CH4 
+ C

2
H
5 	(44) 

	

CH3 + R
n
H 	CH

4 + R
n 

A relatively small amount may be formed by the direct combination of 

methyl radicals and hydrogen atoms: CH3 + 	4. 
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Once formed, methane is apparently very stable at the temperatures normally 

employed in pyrolysis for olefins production and probably does not 

enter into further reactions. If it did, however, it would tend to be re-

generated as illustrated by the following hypothetical series of reactions: 

R
1 

+' CH
41

H + CH
3 

(45 ) 

CH
3 + R 2 	+ R

2 

Consequently, with a given feedstock, the methane content of the effluent 

always continues to rise as cracking severity is increased. 

1.3.3. ACETYLENE FORMATION 

Acetylene occurs in pyrolysis effluents in relatively low concen-

trations at the temperatures and pressures normally employed for ethylene 

production. It's formation probably involves the elimination of hydrogen 

atoms from vinyl radicals: 

C
2
H
3 
----A> C

2
H
2 	

+ 	H 

It's formation is favoured by low pressures and high temperatures. In 

practice, the acetylene Content to be expected in a pyrolysis effluent 

can be estimated by reference to the equilibrium constant for the molecular 

equation for dehydrogenation of ethylene: 

C
2
H
4
--i•C

2
H
2 	

+ H
2 	

(46) 

The "partial pressure ratio", PPR (atm) for this reaction is defined 

by this relationship: 

(PC
2
H
2
)(PH

2
) 

PPR = 
PC2H4 

p 
(YC

2
H
2 
 )(YH2) 

	

YC
2
H
4 

	 (47) 



Equilibrium constants for 
dehydrogenation reactions 

50 
40 
30 

20 

IC 
7 

2 

1 
0.7 

II 	0.5 
g 0.4 

0.3 

•g 0.2 

rr 

II 0.1 

0.05 
0.04 
0.03 

0.02 

0.01 
0.007 

0.005 
0.004 
0.003 

0.002 

0 NI 

 

37 

582 668 754 840 926"C 

Fig 1— 6 



-38- 

where: 	P = partial pressure of constituent, atm 

= total hydrocarbon pressure 

Y = mole fraction of constituent in total hydrocarbon mixture. 

Under equilibrium conditions, the PPR represents the equilibrium constant. 

The equilibrium constants for dehydrogenation reactions as calculated from 
29 

thermodynamic data is plotted by Rosini et al as,a function of temp-

erature as in fig. 1-6. 

1.3.4 ETHYLENE FORMATION  

Ethylene is formed during the primary pyrolysis of paraffinic and 

naphthenic hydrocarbons as one of the principal products from the decomposit-

ion of a large percentage of the radicals formed when hydrogen atoms 

are extracted from the reactant molecules, as per equation (34): For 

example, from normal pentane the following sequence takes place: 

R + n - 
C5H12 

---v-RH 	+ n - C
5
H
11 

n
- 
C
5
H
11 

 

	C
2
H
4 

+ n - C
3
H
7 (48) 

 

n - C3
H
7 	

C
2
H
4 

+ 	CH 3 

It can also be produced by the decomposition of ethyl radicals C2
H-13,-C

2
H
4
+ H, 

but the extent of this reaction depends upon operating conditions, being 

favoured by low pressure and high temperature. Similarly its formation 

can also occur by extraction of hydrogen atoms from hydrocarbon molecules 

by vinyl radicals: 

C
2
H
3 

+ R
n
H--->C

2
H
4 	

+ R
n 
	 (49) 

This is an important source of ethylene during the thermal decomposition 

of light olefins particularly propylene. Although thermally rather stable, 

upon heating,pure ethylene at atmospheric pressure and 815°C, Kinney and 

26 
Crowley 	reported that at 27.5% conversion, principal products were 

hydrogen, methane, ethane, propylene, butadiene and aromatic liquid, and 
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of the ethylene decomposed, about 83% by weight was converted to materials 

of molecular weight higher than 28. 

1.3.5 ETHANE FORMATION 

Ethane is produced principally by the reaction of ethyl radicals 

with surrounding hydrocarbon molecules: 

C
2
H
5 

+ RnH 2
H
6 

+ R
h 
	 (50) 

The quantity of ethane produced depends primarily upon the relative amounts 

of ethyl radicals reacting in accordance with equation (50) to form ethane 

and equation (4) to form ethylene. A propensity for one reaction or the 

other, and hence the ethane formation tendency, is related to the temper-

ature and pressure conditions under which the pyrolysis is being conducted. 

Ethyl radicals formed will react by one mechanism or the other, so that, 

when operating conditions encourage production of ethane, ethylene yield 

will tend to be reduced, and vice versa. Consequently, when the performances 

of alternative cracking processes are being correlated, it is often 

instructive to consider the yields of total C
2 
constituents as well as 

the ethylene yields alone. The equilibrium constant for the reaction 
29 

C
26 2 H4 

 + H2, was calculated by Rossini et al 	and plotted as in 
• 

fig. 1.6. The reaction CH3  + CH -hC2H6  also takes place but insigni-

ficantly, relative to abstraction reactions of methyl radicals. 

1.3.6 FORMATION OF METHYLACETYLENE AND PROPADIENE  

Methylacetylene and propadiene (allene) are probably produced by 

the loss of hydrogen atom from olefinic radicals having three carbon atoms, 

such as the allyl radical, in a manner similar to the formation of acetylene 

from vinyl radicals. Such radicals are produced during the secondary phase 

of pyrolysis when the primary olefinic products are undergoing decomposition. 
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Their concentration in pyrolysis effluents, like acetylene, is very small. 

Nevertheless, quantitative knowledge of their concentrations is important 

since facilities must be provided in the purification system for their 

recovery and removal. 

The quantities of methylacetylene and propadiene can be predicted 

by consideration of 'approach to equilibrium' (PPR/equilibrium constant) 

of the molecular reactions for the dehydrogenation of propylene: 

CH-->.HC--------C-CH
3 
+ H 

3 6 	2 

C
3
H
6
1,H

2
C.C=CH

2 
+ H

2 

The equilibrium constants for these two reactions are shown in fig. 1.6. 

Naphtha-pyrolysis data indicate that the total C3H4 content of the eff- 

luent represents an approach to equilibrium of about 0.05 - 0.10 which 

is the same range observed for acetylene. 

1.3.7. PROPYLENE FORMATION 

Propylene is one of the major products of both the primary disappearance 

of saturated hydrocarbons and the secondary decomposition of the resulting 

olefins of carbon number greater than 3. Propylene is formed during the 

decomposition of radicals formed from normal paraffins when a hydrogen 

atom is removed from the second-carbon atom. For example, 1 -methy3butyl 

radical decomposes to a propylene molecule and an ethyl radical: 

R + n - C
5  H1 2  

-40-RH + CH3-(CH2)2-  CH - CH
3 
	(53) 

CH
3 
- (CH

2
)
2 
- CH - CH

3  
--C

3  H6 
 + C

2
H
5 
	(54) 

Similarly isopropyl radical from propane pyrolysis and numberous other 

branched paraffins, decomposes to propylene and hydrogen atom 

i C
3
H
7
--0,C

3
H
6 

+ H 

Similarly, during the thermal decomposition of C4  and higher olefins, allyl 

(51)  

(52)  
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radicals may be prOduced by fracture of the C-C bond beta to the double 

bond. These radicals are then converted to propylene by removal of a 

hydrogen atom from a neighbouring hydrocarbon molecule. 

C4H8 - 1---1> CH3 + 	CH
2 
= CH - CH

2 

CH - CH
2 
+ RH

3
H
6 	(55) 

It is thermally less stable than ethylene. It is more rapidly decomposed 

in the presence of ethane, and it is likely that other bimolecular react-

ions besides C3
H
6 

+ H-4,..0
3
H
7' also play an important part in the dis- 

appearance of propylene in complex pyrolyzing mixtures. Addition reactions 

with vinyl radicals, for example, could lead to the formation of butadiene 

and isoprene, and reactions with diolefins are quite certainly involved 

in the production of aromatic compounds. 

Kinney and Crowley 26 reported that the major products from pro-

pylene pyrolysis at 815°C and 9.3% conversion are hydrogen, methane, 

ethylene, propane, butadiene and pentadienes. Yield of aromatic liquid 

at this conversion level was only 4% by weight of the propylene converted, 

but rose rapidly to about 20% at 30% conversion and to 35% at 65% conversion. 

Because of the tendency of propylene to decompose at significant rates 

under pyrolytic conditions usually employed, as cracking severity is 

increased and the rate of propylene formation decreases due to depletion 

of the reactants from which it is formed, its yield eventually passes 

through a maximum, then declines as the rate of disappearance exceeds the 

rate of formation. 

1.3.8 PROPANE FORMATION 

Possible processes of formation of propane are through the reactions: 

C3H7 	R
n
H 	C3H8 + R 
	

( 56 ) 
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and C
3
H
7 
+ H 	C

3
H
8 
	 (57) 

But at temperatures and pressures usually employed for ethylene production 

normal propyl radicals are readily decomposed to ethylene and methyl 

radicals and isopropyl radicals decomposed into propylene and hydrogen 

atoms. Consequently, propane formation by reaction (56) proceeds to a 

relatively small extent and the ratio of propylene to propane in the 

reactor effluent tends to be high for all feedstocks except those containing 

propane itself. Similarly reaction (57) is not quite significant. However, 

the propane content of pyrolysis effluents can be predicted by the equilibrium-

approach concept. Calculated values for the equilibrium constant for the 

propane dehydrogenation equation. 

C
3
H
8
--0.0

3
H
6 	

+ 	H
2 	 (58) 

are plotted against temperature in fig. 1.6 

1.3.9 C4  FRACTION 

Feedstocks containing constituents with carbon numbers of five and 

higher usually contain quantities of mixed C4's, principally butenes and 

butadiene, in their pyrolysis effluents. Butahes are found in only 

very small concentration. Butenes are farmed as decomposition products 

of aliphatic radicals formed during primary decomposition of straight 

Chain and branched paraffins containing five or more carbon atoms. Normal 

paraffins yield only butene-1, while branched paraffins may produce one or 

more of the principal isomers, depending upon the structure of the re-

actant. Isobutylene is formed in substantial yield from isobutane. 

It is also a major decomposition product from compounds of higher carbon 

number having one or two methyl groups on the second carbon. Since the 

butenes, particularly.butene-a and butene-2r  are less refractory than 
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propylene, they undergo decomposition even as they are being formed, 

and their peak concentration in the cracked products generally occurs at 

severities somewhat lower than those at which the propylene yield reaches 

its maximum. 

Butene -1 and butene-2 decompose principally to H2,CH4, C2H4,. C3H6  

and aromatic liquid. Substantial isomerization of the reacting components 

takes place, but very little dehydrogenation to butadiene seems to occur 25 

Butadiene is one of the major decomposition products from the pyrolysis 

of naphthenes having six carbon atoms in the ring, especially cyclohexane 31 

High yields are also realized from C
5 and heavier olefins, pentene -2 

is an especially prolific source of butadiene. It is relatively stable 

at normal cracking temperatures, being more highly refractory than the 

butanes. It does however enter into bimolecular reactions with the lower 

olefins leading to the eventual fprmation of aromatics. With increasing 

cracking severity of naphtha, concentration of butadiene in the C4  

fraction tends to increase. 

1.3.10  PYROLYSIS GASOLINE  

The mixture consisting of C5's and heavier components having boiling 

points up to aboUt 205°C is often designated by such terms as "pyrolysis 

gasoline", "cracked distillate", and "aromatic distillate". Their yield 

from distillate feedstocks such as naphthas and gas oils is substantial, 

ranging from about 15 to 35% weight of the hydrocarbon charged, the quantity 

depending principally upon the composition of the feed and the cracking 

severity. The C5-and -heavier components appearing in the effluent from 

ethane, propane, and butane cracking must of necessity be essentially 

synthetic, being formed by condensation reactions among light molecules 

and free radicals existing in the pyrolyzing mixture. At high severity, 

levels, only the most thermally stable compounds in the C5  to C10  range 
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can exist, such as cyclopentadiene, benzene, toluene, xylenes, ,ethyl-

benzene, styrene, and indene. The C6  and heavier material is almost 

'26 
completely aromatic. 

1.3.11 
CC---  
- C

8 
 FRACTION 

This fraction is of particular interest because of its content of 

valuable aromatics. Aromatics are highly resistant to thermal decomposition. 

Hence, the aromatics contained in a feed naphtaha will issue from the re-

action coil also as aromatics, although not necessarily in the same form 

as they existed in the feed. Some dealkylation occurs, as well as con-

densation to polynuclear structures of higher molecular weight. There 

still remains considerable uncertainty regarding the mechanism of aromatics 

synthesis but the weight of evidence seems to point towards condensation 

reactions between light olefins, such as ethylene and propylene, and diole-

fins such as 1,3-butadiene and isoprene. The total concentration of 

benzene, toluene, xylenes ethyl benzene, and styrene in the C6
- C

3 
fraction 

from naphtha cracking is principally a function of cracking severity. 

Typically, the aromatics concentration is about 65-75 wt% at moderate 

severities and rises to over 90% wt. at the highest severities normally 

employed for light olefins production. At extreme severities, the con- 
32 

centration can be made virtually 100%. 

1.3.12 HEAVIER FRACTIONS - DOWN TO COKE  

Coke formation is largely, the result of progressive cracking, poly-

merization and condensation reactions leading through naphthalene, 

higher polycyclic aromatics)tar to a more and more complex product of 

decreasing hydrogen content. The olefins resulting from the primary re-

actions, particularly those of higher molecular weights  polymerize readily 
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and in this way there are produced new compounds whose molecular weight 

tends to exceed that of the original stock. On prolonged exposure to 

high temperature or longer contact time, the polymerized material under-

goes recracking with the formation of new unsaturated compoUnds which 

give rise to further polymerization. 

Progressive reactions of this type, along with condensations of the 

ring compounds lead to the formation of more and more complex compounds 

of decreasing hydrogen-to-carbon ratio and with this decrease the material 

becomes more refractory. The final products are therefore: 

(1) gaseous and low-boiling liquid compounds relatively high in hydrogen. 

(2) liquid reaction products of higher molecular weight, tar and petroleum 

coke, possessing a very low ratio of hydrogen to carbon. 

1.4 FREE-RADICAL CHAIN MECHANISM APPLIED TO SPECIFIC PARAFFINS  

The Rice-Herzfeld free-radical chain mechanism has been applied by 

several workers to interpret the product distribution from pyrolysis of 

any individual paraffin at both primary and secondary levels. Some of 

the most significant revelations disclosed by such studies are briefly 

summarised: 

1.4.1 PRIMARY PRODUCT DISTRIBUTION FROM NORMAL PARAFFINS  

(1) Ethane produces only ethylene and hydrogen as primary products 

the theoretical ultimate yield of ethylene being 93% by weight. Hence. 

ethane is an ideal feedstock in those cases where ethylene is the only 

olefinic product desired. 

(2) The only primary products from propane and n-butane are hydrogen, 

and 65. to ethylene and methane. Commerical pyrolysis of propane at coil 

outlet temperatures of 815-845PC 	confirm this primary distribution 
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when due account is taken of the secondary decomposition of primary 

propylene at the high conversion levels normally practised. 

(4) Approximately 52% of n-butane decomposition is to propylene 

and methane, while the remaining 48% is converted to ethylene and hydrogen. 

Sandler and Chung33 indicated 60 to 62% decomposition to propylene and 

methane. 

(5) The calculated primary yields of both ethylene and propylene 

are higher from n-butane than from propane. 

(6) The total primary yield of these olefins from n-butane is about 

84% by weight, which is significantly higher than the 75% realised from 

propane. The higher olefin yields from n-butane are achieved at the 

expense of a correspondingly lower yield of residue gas. 

(7) Propane and n-butane are outstanding feedstocks when C
3H6and 

C
2
H
4 are desired as co-products with minimum production of by-products. 

(8) The primary products from C4 and heavier normal paraffins, are, 

in addition to hydrogen and methane, all the normal alpha olefins of carbon 

number up to n-1 where n is the carbon number of the feed paraffin. The 

and heavier olefins are produced in equimolar quantity. 

(9) The calculated percent yield of primary ethylene remains re-

markably constant at 46 - 49% for all n-paraffins with carbon numbers 

equal to or greater than 4. The yields of hydrogen, methane and propylene 

gradually become lower with increasing carbon number while the total 

yield of C4 and heavier olefins gradually rises, reaching a value of 

39% for n-decane. 

1.4.2 BRANCHED PARAFFINS - PRIMARY PRODUCT DISTRIBUTION 

Some of the more salient points are: 

1. Branched paraffins do not follow a simple, orderly pattern with respect 
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to the primary products formed and their distribution. 

2. They produce high yields of olefins having one less carbon atom 

than the reactant. Branched olefins of carbon number n-1 are - 

always present and straight-chain isomers may also be formed. 

3. The primary yield of C3 
 and lighter constituents from a branched 
 • 

paraffin is substantially lower than from the corresponding normal 

paraffin. This difference becomes less with increasing carbon 

number, especially for the less-branched compounds. 

4. The yields of H
2 
plus methane and of C4 and heavier olefins are 

higher. The weight ratio of primary propylene to ethylene tends 

to be much higher for branched paraffins than for the straight-

chain counterparts. Thus, branched paraffins are desirable crack-

ing stocks in those cases where a high propylene to ethylene 

ratio is desired. 

5. Isobutane produces hydrogen, methane, propylene and isobutylene. 

Ethylene is not a primary product of isobutane, it is a secondary 

product derived from subsequent cracking of propylene and isobutylene. 

6. Isopentane produces hydrogen, methane, ethylene, propylene, and 

the three major butene isomers. The yield of primary butenes is 

approximately 50% by weight. 

7. Neopentane (2, 2-dimethylpropane) can undergo decomposition by 

only a single-chain mechanism into methane and isobutylene, which 

are the only predicted primary products. This is confirmed by the 

34 
data of Frey and Hepp. 

8. Among the C
6 compounds, 2-methylpentane and 3-methylpentane both 

produce hydrogen, methane, ethylene, propylene, butenes and pentenes. 

Isobutylene is the only C4  olefin produced by the former, while 

the latter yields both butene-1 and butene-2 but no isobutylene. 

Both reactants produce straight chain and branched C5 olefins. 
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Because of the symmetry of the 2,3-dimethyibutane molecule; 

Only two reaction chains are operative. One, involving the ex-

traction of tertiary hydrogen, leads to the formation of methane 

and 3-methylbutene-2. The other, wherein primary hydrogen is 

extracted, has two alternative routes for the Rn radical decomposit-

ion, the first producing hydrogen and propylene, and the second 

yielding methane and 2-methylbutene-l. No ethylene or any of the 

butenes is to be found among the primary products. The experi-
34 

mental data fo Frey and Hepp 	confirm these predictions, except 

that very little 2-methylbutene•-1 was found. This indicates that 

the R
n 

radical formed decomposes almost entirely to propylene,and 

hydrogen and that the alternative route is virtually inoperative. 

9. The three C
7 
branched paraffins, 2-methyl hexane, 3-methylhexane 

and 2,3-dimethylpentane yield hydrogen, methane, ethylene, propylene 

butenes, pentenes and hexenes. Because of the nonsymmetrical mole-

cular structures of these compounds, the number of reaction chains 

is high being 6 for 2-methylhexane and 2,3-methylpentane and 7 for 

3-methylhexane. 

10. Compounds with a single methyl group remote from the end of the 

molecule deviate more from normal paraffins than the compounds having 

the methyl group attached to the second carbon. Compounds with two 

methyl groups on different carbons show even greater deviation in 

behaviour from that of the normal paraffins. They tend to give high 

yields of branched Cn-1 
olefins. 

1.4.3. PRIMARY PRODUCT DISTRIBUTION FOR NAPUTHENES  

The naphthenes have not received nearly so much attention from the 

investigators of pyrolytic decomposition as have the paraffins. Consequently,. 

the mechanisms of decomposition have not.been well established and published 
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data are insufficient to permit estimation of the primary product distri-

butions except for only three of the simpler compounds - cyclopentane, 

methylcyclopentane, and cyclohexane. 

35 
Rice and Murphy proposed that cyclopentane decomposes by ring fract- 

ure, followed by decomposition of the resulting diradical into ethylene 

and a three-carbon diradical which reforms into propylene. It is possible, 

however, to postulate free-radical chain mechanism for the decomposition 

of cyclopentane which rationalize the observed product distribution. Two 

chains lead to the following resultant molecular equations: 

CyclopentaneH2 + cyclopentane 	(59) 

CyclopentaneC2H4 + C3H6 	(60) 

35 
Methylcyclopentane 	has unsymmetrical configuration. It's decom- 

position is more complicated than that of cyclopentane. The chains lead 

to four basic overall molecular equations: 

Methylcyclopentane--?,- H2 	methylcyclopentenes (61) 

Methylcyclopentane 	.D.H
2 
+ C

2
H
4 
+ C

4
H
6 
	(62) 

Methylcyclopentane 	H + C
4
H
8 
	(63) 

Methylcyclopentane2C3H6 (64) 

V() 
It is possible to describe the primary decomposition of cyclohexane 

by three chain reactions which lead to the following molecualr equations: 

Cyclohexane 

 

	r. H
2 

+ cyclohexene 	(65) 

 

Cyclohexane 	 H2 	
+ C

2
H
4 	

+ 	C
4
H
6 
	(66) 

Cyclohexane 
	C

2
H
4 
+ C

4
H
8 
- 1 
	

(67) 

One difficulty in establishing the primary products from naphthanes 

lies in the fact that these compounds are so highly refractory that some 

of the primary products are less stable than the reactant and consequently 
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undergo extensive decomposition in a very short time after formation. Hence, 

even at low conversion of the reactant, some of the constituents found 

may truly be secondary products. 

1.4.4. PRODUCT DISTRIBUTION FROM OLEFINS AND FROM MIXTURES OF SATURATES  

The decomposition of olefins has been the subject of considerable 

research reported in the literature; but as yet, the mechanisms involved 

have not been established to the extent necessary to permit confident 

prediction of the reaction products and their distribution. 

The decomposition of ethylene is probably initiated by a bimolecular 

reaction such as: 

C
2
H
4 
+ C

2
H
42

H
3 
	+ C

2
H
5 
	 (68) 

A propagation step would be: 

C
2
H
5 

+ C
2
H
4 
	 C

2
H
6 

+ C2H3  
2 3 

(69) 

Rupture of the C--C bond in ethane would produce methyl radicals which 

would eventually become methane. Decomposition of ethyl radicals would 

lead to the formation of hydrogen atoms. Some of these may be converted 

to molecular hydrogen by extraction of another hydrogen atom from a molecule, 

but it seems more likely that most of the hydrogen atoms would undergo 

an addition reaction with ethylene to form ethyl radical: Collision 

of two vinyl radicals would result in the production of butadiene: 

C
2
H
3 	

+ 	C
2
H
3 	

11.-w C
4
H
6 	

(70) 

Reaction of butadiene with ethylene or vinyl radicals would then lead to 

the formation of benzene with liberation of hydrogen, by a mechanism which 

is not yet well understood. 
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PROPYLENE DECOMPOSITION 

Mechanisms of the thermal reaction of propylene have been proposed . 

by many authors 37,38,39, 40. • However, few mechanisms seem to account 

for the observed distribution at 700°  to 850°C and atmospheric pressure, 

and Kunugi et al 41 who proposed a 48 steps-mechanism suggested that the 

initiation reaction must not be a reaction of propylene, but rather, a 
41 

reaction of one of the products. 	Kunugi et al. 	in fact claimed 

at low conversion of propylene, around a few mole per cent, initiation 

that 

is: 

(71)  

(72)  

(73)  

(74)  

C4H1 	T..CH CH 
8 	3 	35 

C4H8 - 1 having been formed according to the following steps: 

C
3
H
6 	

CH
3 	

+ 	C
2
H
3 

+ 	 sec - CH
3 	C H 	 CH9 4 

sec - 	----4c> 	- CH
9 	

CH
8 	

1 	+ 	H 
44 

There is no doubt then that the actual initiation is the rupture off -a 

C-C bond according to equation (72). C4H8 - 1, being less refractory 

than propylene, would immediately decompose according to equation (71). 

Ethylene and methane would be formed by extraction of hydrogen atoms 

from propylene by the vinyl and methyl radicals, respectively: 

C2H3 

• C

3H6 
C
2
H
4 	C

3
H
5 	

(75) 

CH3 

• C

3H6 	CH4 + C3
H5 
	 (76) 

The allyl radicals thus formed are relatively stable and the principal 

method by which they are consumed is by polymerization reactions among 

themselves leading eventually to the formation of aromatic liquid and 

hydrogen. 

The behaviour of isobutylene is similar to that of propylene, the 

reaction being initiated by C-C bond rupture followed by fOrmation of 

methane and propylene by hydrogen extraction. 
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i - C4H8 	C
3
H
5 	

+ 	CH
3 
	 (71) 

CH
3 	i - C

4
H
8 
-_is,CH

4 
+ i - C

4
H
7 	(72) 

C
3
H
5 

+ i 
C4H83H6 

+ i - C
4
H
7 

The isobutenyl radicals formed behave similarly to the allyl radicals 

generated during propylene pyrolysis and upon combination lead to the for-

mation of aromatic liquids. Since the decomposition rates of isobutylene 

and propylene are nearly equal, the propylene formed from isobutylene begins 

to decompose as soon as it is formed, and although ethylene is found 

in the decomposition products of isobutylene ethylene is undoubtedly a 

secondary product. 42 

Butme -1 and butene:-2 undergo isomerization during pyrolysis 25 

While it is possible to postulate a chain-reaction mechanism for butane-1 

leading to formation of butadiene and hydrogen, the available data 

indicate that very little butadiene is formed. The mechanism of decomposition 

of the straight chain butenes appears, therefore, to proceed in a manner 

similar to those of propylene and isobutylene, with methane, propylene 

and aromatic liquid being prominent among the products. 

PRODUCT DISTRIBUTION FROM MIXTURES OF SATURATES 

The effluent composition from a specific feed constituent is affected 

by the presence of one or more other pyrolizable compounds, but this 

composition is not significantly different from that which one would 

calculate based on the individual yield structures at any conversion levels. 

This is the result one would expect based on consideration of the free-

radical-chain reaction mechanisms of paraffin decomposition. The distri-

bution of primary products from a particular compound is dependent only on: 

1. The kinds of R
n 

radicals which are produced when radical R extracts 

a hydrogen atom from feed molecule RnH, and 
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2. The molecules and radicals which result when the radical R decomposes. 

The kinds of R
n radicals which are formed depend only upon the structure 

of the reactant molecule and not upon the configuration of radical R 

which extracts the hydrogen atom. Consequently, it does not matter what 

the configuration of R is or from what source it originated. Considering 

the simultaneous cracking of ethane and propane, for ethane tha reactions 

are: 

R
1 
	C

2
H
6 
---13.R

1  H 
	C

2
H
5 	

(73) 

C
2
H
5 
---1.0C

2
H
4 	

(74) 

For propane the following simultaneous reactions apply: 

R
2 

+ 	C
3
H
8 

-v-R
2
H 	+ n-C3 

H
7 	(75) 

R
3 

+ 	C
3
H
8 
--1>  R

3
H 	+ i-C

3
H
7 	

(76) 

	

nC H
7 

------ C2H4 	+ 	CH
3 	

(77) 

iC
3
H
7 
	r.-C

3
H
6 	

+ 	H 	(78) 

When ethane is cracked by itself, the radical R1  of equation 73 is the 

hydrogen atom produced by equation 74, and R1H is H2. The primary pro-

ducts are thus ethylene and hydrogen. 

When propane is cracked by itself, the radical R2 
of equation (75) 

may be either the methyl radical produced by (77) or the hydrogen atom 

produced by (78). It makes no difference,since the Rn 
radical produced 

by (75), n-C3H7, leads by (77) to one molecule of ethylene, and the methyl 

radical simultaneously formed eventually becomes a methane molecule. This 

comes about irrespective of whether the methyl radical became R
2 
of (75) 

or R
3 

of (76). Similarly, the radical. R3  of (76) may be either methyl 

or a hydrogen atom without having any effect on the product distribution. 

When ethane and propane are cracked simultaneously, radical R1  

sometimes will be a hydrogen atom from (74) or from (78), and at other 

times may be a methyl from (77). Regardless of its kind or origin the 
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resulting C2115. radical will produce an ethylene molecule and a hydrogen 

atom which later becomes a hydrogen molecule whether by (73), (75) or (76). 

Thus, as long as the basic mechanisms of these equations are in force, 

the product distribution from either of the two feed constituents is not 

influenced by the presence of the other. 

However, at high conversion levels, where olefin concentrations 

become laj.gh and secondary reactions become significant, then the influence 

of a coreactant may be felt. In the ethane propane system, the relatively 

high quantity of hydrogen atoms produced by ethane decomposition will 

not only accelerate the decompostion of propylene derived from propane, 

but will also affect the products formed from it, resulting in a lower 

yield of aromatic liquid and a higher yield of ethylene and methane. Knaus 

et al 
16

indicate successful prediction on the basis of the above consid-

erations. 

1.5 OTHER KINETIC CRITERIA EMPLOYED IN PYROLYSIS  

1.5.1 KINETIC SEVERITY FUNCTION (KSF)  

When high hydrocarbons are used as pyrolysis feed, it is convenient 

to use the percentage conversion of the principal reactant as an indication 

of cracking severity. Exceptions occur, however, when substantial yields 

of the constituent of interest result from the decompostion of one of the 

other components, and a decade ago, only the most imprecise terms were 

applied to such feedstocks as gas oils and distillates. These terms in 

some vague way were generally related to reactor-outlet temperature. 

Thus cracking naphtha at furnace-outlet temperature of 690°  - 718
oC 

was referred to as "mild", 718° - 746°C was "moderate" severity, and 

with any outlet temperature above 746°C. The term "severe" was used. The 

idea of using weight percent conversion to a particular product was an 

improvement, but neglected the important influences of feed composition 
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and time-temperature effects. 

Zdonik et al 
43

used a parameter termed "kinetic severity function" 

(KSF) which is defined by: KSF = 	‘K5del 	(79) 

where: KSF 	= kinetic severity function 

K
5 	

• 

reaction velocity constant for n-pentane 

e 	

• 

time, sec. 

This criterion has been very useful both for correlating yield data and 

for designing and evaluating the performance of cracking coils. Its 

most obovious advantage is that it recognizes and incorporates both time 

and temperature in a way that is consistent with the kinetics. Its most 

serious disadvantages are that it requires for its determination detailed 

knowledge of the temperature profile for the process stream flowing 

through the reaction coil and necessitates an integration which is best 

carried out on a digital computer. 

When high precision analytical facilities exist to determine the 

normally small amount of pentane in the effluent, the KSF can be 

determined directly: 

KSF 
	

2.3 log (C1/C2) 
	

(80) 

where: 

C
1 

• 

concentration of n-pentane in feedstock, wt% 

C
2 

• 

concentration of n-pentane in effluent hydrocarbons. wt% 

Cracking severity designated as "mild" is now equivalent to a KSF of about 

0.6-0.8, "moderate" severity covers range of KSF . 0.8-1.5 and the "severe" 

cracking is approximately 1.5-2.0. Cracking furnaces being currently designed 

for high severity cracking of naphas and gas oils operate at values of KSF as 

high as 3.5. 

From the definition of KSF =IK5  de and that of equivalent time 

eq)t =,ficde /Kt 	an expression relating equivalent time referred to 

coil-outlet temperature and normal pentane disappearance becomes: 
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SK5d0 ( 	) 	KSF 
eq cot 	(K,

D cot 	
(K
5
)
cot 

from which KSF = (6 
eq  ) cot • (K5

)
cot 

Since the reaction velocity constant K is a function of temperature 

according to equation 14, the relationship between (K
5
)
cot and coil-outlet 

temperature may be written: 

log (Ks)cot 	B
5 	(

C
5/
T
co) 
	

(83) 

Now log KSF = log (0
eq
)
cot 	

+ log (K
5)cot 

Hence log(KSF) = log ( 
	

B
5 

C
5/
T
co) %q)cot  

log(KSF) = (C5/
T
co) 	[log 

(-eq)cot 
B
5
] (84)  

Where: 

Tco 	coil-outlet temperature 

0 eq 
	equivalent time, sec 

B5, C5  = constants related to frequency factor and activation energy 

in Arrhenius equation for disappearance of n-pentane. Equation 84 in-

dicates that, for a constant°
eq, log (KSF) is proportional to the recipro-

cal of the absolute temperature at the coil outlet, and that for a constant 

Tco KSF is directly porportional to equivalent time. The solution of 

equation (84) in terms of coil outlet temperature at several constant 

values of equivalent time is presented graphically in fig. 1.7. 

For a specific type of feedstock being cracked at a specific pressure 

level, the equivalent time related to coil-outlet temperature is for 

practical purposes a constant whose value is a characteristic of the 

particular coil design. Hence determination of KSF at one coil-outlet 

temperature allows estimation of severity levels corresponding to other 

temperatures. For example, if a certain naphtha-cracking furnace has been 

found to effect a severity equivalent to KSF = 1.0 at 760°C , the equivalent 

(81)  

(82)  
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Fig1-7 

Fig1-8 Ethane cracking—equivalent time as function of 
coil-outlet temperature at constant conversion 
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time is read from fig. 1.7 as 0.3 sec. To effect an increase in KSF 

to 2.0 would then require that the coil-outlet temperature be raised to 

about 790°C. 

In gas cracking, conversion of a key feed constituent is the normal 

criterion of severity rather than SKtde 	
A convenient form of 

graphical representation of the time-temperature-severity relationship is 

a plot of the logarithm of equivalent time against coil-outlet temperature 

with lines of constant conversion. Fig. 1.8 represents such a plot 

for ethane cracking. 

It is apparent from this procedure that it is feasible to design a 

furnace whose radiant coil is suitable for cracking a wide variety of 

feedstocks at appropriate severities and coil outlet temperatures. It 

should be noted however, that when two different feedstocks are cocracked 

simultaneously in the same coil, the equivalent times are 'equal since the 

two materials are being cracked in accordance with a single time-temp-

erature profile. Irrespective of the type of plot used to relate product 

distribution to severity, to be meaningful,the corresponding operating 

conditions must be specified, particularly those which have a bearing 

on the hydrocarbon partial pressure and the residence time. 

1.4 DISTRIBUTION FOR DISTILLATES 

Zdonik et al 44 showed qualitatively how the distribution of the 

major products from cracking a typical naphtha in a tubular reactor varies 

with severity expressed as KSF. Flow rates of hydrocarbon and dilution 

steam at constant coil-outlet pressure are assumed, such that the hydrocarbon 

partial pressure at the coil-outlet is approximately constant at the mod-

erate and high severity levels where this variable is important. Similarly 

the equivalent time is constant. This qualitative profile is as shown 

in fig. 1.9. 
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FigI- 9 Naphtha cracking—typical variation of product distribution with severity 
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• 

The severity diagram can be divided into three zones. In zone 1, 

the zone of low severity up to a KSF of about 1, the principal reactions 

in progress are those involving the primary disappearance of the satur- 

ates in the feedstock. In zone 2, secondary reactions are becoming 

dominant. Primary reactions still continue as indicated by the still 

rapid decrease in C54.  constituents. This zone extends up to a KSF of 

about 2 - 2.5. Yields of hydrogen, methane, total C2's, and butadiene 

continue to to increase rapidly, even though at a gradually diminishing 

rate. The concentrations of propylene and butylenes pass through maxima 

as their rates of formation is overtaken by their rates of disappearance. 

In zone 3, the primary reactions have virtually ceased, and all 

further changes are due to secondary reactions. The C5
+ passes through 

a minimum as the original saturates become exhausted, and the formation 

of stable aromatics from the degradation of propylene and C4's adds to 

the C
5
+ yields as the severity is increased. Hydrogen and methane contin- 

ue to rise, but the C2's and butadiene curves eventually pass through maxima. 

Butadiene yield typically peaks at a KSF of about 2.5, while the C2's 

pass through a broad maximum at about KSF = 5 as the rate of ethylene 

degradation finally reaches and then surpasses its rate of formation 

from the higher olefins. 

1.5.2 EQUILIBRIUM CONSIDERATIONS  

The reactions encountered in pyrolysis can be classified into 

three types: 

Type 	I : 	+ c 	 (85) 

Type II : 	d + 	+ h 	 (86) 

Type III : 	q + 	s 	 (87) 
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The equilibrium constants for these reactions in terms of the 

partial pressures in atmospheres of the reactants and products at equi-

librium are given by the expressions: 

(K
p  )I 	

. 	[( Pb )( Pc )/ ( Pa 
) ] equil (88) 

(
P
q)(

P
h)  equil 	 (89) (K ) 	. 

p II 	(Pd)(Pf
) 

Cps] 
(p)III [(ID

qr
)] equil 

The kinetic significance of the equilibrium constant is that it equals 

the ratio of the forward reaction velocity to the velocity in the re-

verse direction. 

K = K/Kt 	 (91) 

The equilibrium constant varies with temperature in accordance with the 

Vant Hoff equation: 

dl K 

dT 	RT2 
	

(92) 

where: H = heat of reaction, KJ/mole. 

gas constant = 8.31 J/mole °K. 

The integrated form of equation (92) assuming 4H to be constant over 

the temperature interval of interest is: 

log K QH 	+ 	const. 	(93) 
2.3RT 

It is apparent that for endothermic reactions,which absorb heat (AH + ve), 

K increases with rising temperature as the term 41H/2.3RT becomes 

a smaller negative number. Conversely, for exothermic reactions K 

becomes smaller as the temperature is increased. Thus, increase in 

temperature favours the formation of products from endothermic reactions. 

(90) 



-62- 

TYPE I REACTIONS  

Such reactions are highly endothermic and most of the olefinic pro-

ducts formed during pyrolysis result from reactions of this type. 

REACTIONS 6.1-1 	(82/3C ) 

C2H6 + C
2
H
4 145.4 KJ ---V• H

2  

C
3
H
8 + C

3
H
6 130 --3> H

2 

C3H8 
 

----=> CH
4 + C

2
H
4 77,8 n 

n-C4H10 CH C H 
2 6 

88.3 n 24 

n-C4H10 H + 
2
C
2
H
4 233.4 n 2 

n -C4 H10  
' CH + C

3
H
6 65.7 ” 4 

This is graphically illustrated in Fig. 1.6 

These molecular equations merely represent the overall result of what'is act- 

ually achieved through a series of free radical reactions. For example 

the decomposition ofn-C4H10 to hydrogen and ethylene is a result of 

a chain mechanism involving two consecutive reactions: 

	

H + qi- 
C4H10 

----> H
2 

+ 	
n
-C
4
H
9 

n- C
4H9  	C2H4 + 	C

2
H
5 
	(94) 

C
2
H
5 
	,..> C2H4  + 	H 

TYPE II REACTIONS 

Bimolecular reactions of Type II are usually exothermic, thermaly 

neutral, or only slightly endothermic, and are typical of those by which 

hydrogen is extracted from saturated reactant during primary decomposition: 

Ri + Rn
H 	R

1  H 
	+ 	R

n 
	(95) 
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-Any reaction of this type is characterised by a heat of reaction of 

virtually zero since one carbon-hydrogen bond is broken to satisfy 

formation of another except when R1  is a hydrogen atom, in which case 

the reaction is slightly exothermic. The equilibrium constants for 

these reactions is therefore practically independent of temperature. 

Reactions leading to the formation of aromatics are undoubtedly 

bimolecular. Although the mechanism is not firmly established, it is 

possible to write reactions which probably represent reasonably the 

overall result, for example, 

C
2
H
4 

+ C 4 6 
	6

H 
 6 	

+ 
2
H
2 	

(95) 

for which the heat of reaction in the vapour phase at 827 C is -547.6 KJ/mole. 

In view of the highly exothermic nature of this reaction, increasing 

temperature would be expected to shift the equilibrium away from 

aromatics formation. But the equilibrium constant for this reaction is 

high (875 KT/g - mole ). Hence the determining factor with respect to 

propensity toward aromatics formation would appear to be reaction rate 

rather than equilibrium considerations. 

(a) EQUILIBRIUM APPROACH 

If the term "partial pressure ratio" for a reaction of Type I be 

defined as: 

(PPR)I 	= 	(P
b 

) (P
c
) / ( Pa)' 	

(96) 

where the partial pressures of reactant and products are those actually 

existing in the reacting system, then the equilibrium approach (EA) is 

defined as: 

(EA) 	= 	(PPR) / (K
p
)
I 
	

(97) 

This represents a relationship between the partial pressures actually 

existing and those which would prevail under conditions of equilibrium. 
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.At the onset of decomposition (PPR) is zero and EA is also zero. 

As the reaction proceeds, the partial pressure of the reactant falls 

and the partial 'pressures of products become greater, the value of 

(PPR) rises, as does the value of (EA). At some conversion level, 

(PPR) = K
p 

and EA becomes unity. Conversely by starting with a mixture 

of product constituents the equilibrium approach would start at infinity 

tending to unity as reactant was formed and products depleted. 

COMPETING REACTIONS 

While equilibrium treatment show how increasing temperature affects 

the rate of the forward reaction relative to the reverse rate for each 

of the three types of reaction, no conclusions can be drawn from these 

relationships as to how the increase in rate of forward reaction for 

one type compares with that for another type. 

It is known that the heat of reaction is equal to the difference 

between the activation energies of the forward and reverse reactions: 

A Fr 	

• 	

E - 	 (98) 

The activation energy, E, is a measure of the rate of change of 

the velocity constant with temperature in the same way that ZNH is a 

measure of the rate of change of equilibrium constant with temperature. 

E 
- 2.3 RT 

It has been demonstrated by experiment that activation energies for 

monomolecular reactions as exemplified by Type I, are substantially 

higher than those for bimolecular reactions of Types II and III. 

Type I reactions generally will exhibit much higher temperature coeffi-

cients of reaction velocity than reactions of the other two categories. 
2 

In support of this, Rice and Herzfeld considered the two reactions 

of ethyl radical: 

Log K = log A (99) 
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C
2
H
5 	

C
2
H4 + H, 	and 

C
2
H
5
+ R

n
H----1›.0

2
H
6 	+ R

n 

The first is a highly exothermic monomolecular reaction of Type I char-

acterised by a high activation energy and a high temperature coefficient 

of velocity. The value of AH was 164 KJ/mole and that of E of 

approximately 206 KJ/mole. 

In contrast, the authors estimated, for the second reaction, a 

.AH equal to zero and an activation energy E of 84.2 KJ/mole. Thus 

the second reaction has a significantly lower temperature velocity 

coefficient which means that the rate of decomposition of ethyl radicals 

to ethylene and hydrogen atoms is enhanced at increasing temperatures with 

respect to that of the competing reaction leading to the formation of 

ethane. 

(b) EFFECT OF HYDROCARBON PARTIAL PRESSURE  

The partial pressure of the hydrocarbons in a pyrolyzing mixture 

affects chemical equilibria and reaction rates, and thereby influences 

the product distribution. For monomolecular reactions of Type I defined 

by equation 85. 

a 	+ 	c 	 (85) 

the equilibrium constant is given by: 

(K p), = 	[(Pb)(Pc) / (Pa)] equil 	(88) 

But the partial pressure of any constituent i in the pyrolyzing mixture 

is: 

Y. P 
	

(100) 

the equilbrium constant in terms of concentrations is given by: 

(Kp)I 
	PE(Y.b

)(Y
c
) / ( Y

a) ] equil 



and the equilibrium approach also becomes: 

(MFR)I  
(EA) (K ) p 

(115 ) 
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where: 

P = total pressure of hydrocarbons, atm. 

Y = mole fraction of constituent in mixture ' 

Hence (Y) equil 
(K
p
)
I Ya  

P x Y
b 

(112)  

and this leads to the important conclusion that the equilibrium concen-

tration of olefin product corresponding to any specific concentraions of 

reactant and saturated product is inversely proportional to total 

hydrocarbon partial pressure: 

,If the term 'hole fraction ratio" is defined as: 

(17R)I  
(Y30)(Y) 

Y a (113)  

taking into account equations (96) and (97 the expresSion for partial 

pressure ratio becomes 

'(PPR) 	= 	P(MFR)
I 	 (114) 

Thus for specific concentrations of reactant and products at a specific 

temperature, the equilibrium approach is directly proportional to hydro-

carbon partial pressure. 

Similar consideration of bimolecular reactions of Type II as 

defined by equation (86). 

d 	+ 	f -L1 7-1p. g 	 (86) 

indicates that the equilibrium is unaffected by the total hydrocarbon 

pressure, the partial mole fraction being identical, and the equilibrium 

approach is given by: 
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(MFR)II (EA)
II (K

p
)
II 

For bimolecular reactions of Type III: 

r 	s 

(116)  

(87) 

the approach to equilibrium is inversely proportional to hydrocarbon 

pressure: 

(EA)
III = 

 (MFR)III 

—
P(K

p )
III (117)  

For reactions of this type then, high hydrocarbon pressures result in 

low approach to equilibrium and an increased tendency to produce the 

condensation product. Low hydrocarbon pressures favour progress of 

equation 87 from right to left discouraging the formation of by-products 

by condensation reactions between radicals. 

For reactions of Type I, the fractional disappearance of reactant 

concentration or partial pressure. This is apparent from the differential 

form of the first order equation: 

- dC = Kdel 	 (118) 

which may be written : 

de. 	 (119)K 

where: C = concentration of reactant 

K = first-order velocity constant, sec 1
. 

Thus, reactions such as: 

C2H6 
	b. CH

3 	
+ 	CH

3 

C3H6  --b CH3 
	+ 	C

2
H
3 
	(120) 

n -C
41110 

- b C
2
H
5 	

+ 	C
2
H
5 

-dC/C 



(121) 

(122) 

-dC 

C2  Kilde 

which may be rewritten: 

-dC/C 
d G 	C. KII 
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the rates of fractional disappearance of reactant species which are de-

pendent upon first order initiating reactions, are independent of partial 

pressure. 

On the other hand, the biomlecular reactions of Types II and III 

which lead to chain interruptions and production of by-products are of 

second-order. For such reactions, the fractional disappearance per 

unit time is directly proportional to the existing reactant concentration: 

where Ku  = second order velocity constant (conc) -1sec
-1
. Reducing 

hydrocarbon partial pressure, therefore, decreases the velocity of the 

bimolecular reactions, the effects on product distribution being similar 

to those resulting from increased temperature level and shorter resi-

dence time. 

Reaction of radicals with reactant molecules to form saturates of 

the same carbon number as the radical is disCouraged in favour of decomp-

osition of the radical to olefin and a radical of lower carbon number. 

In addition, interruption of free radical chain mechanisms by Type III 

reactions between radicals, becomes less frequent, so that the reactant 

decomposes more selectively to the desired olefins with less formation 

of undesired by-products. 

The net effect of the free radical chain mechanism of decomposition 

of ethane to ethylene and hydrogen can be expressed by the molecular 

dehydrogenation equation. 

C
2
H
6 	

H
2 	

4- 	C
2
H
4 	 (123) 

If the chain mechanism were not interrupted, and if none of the ethylene 

formed were itself pyrolyzed, then the reactor effluent would contain 
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• 

one mole of ethylene and one mole of hydrogen for each mole of ethane 

decomposed. In practice however, ethylene yield is less than one mole 

because the chains are interrupted and ethylene itself is degraded. It 
45 

was left to Schutt 	to show that the ultimate molal yield of ethylene 

realized in commercial pyrolysis furnaces becomes farther removed from 

unity with increasing approach to equilibrium of reaction.(123) 

PH 
EA = / 2m2C21-14) 

K
P 
 (PC

2  H6 
 ) 

YE YC H 

Kp(YC2H6) 
(124) 

The ultimate yield of ethylene appears to be a virtually unique function 

of approach to this equilibrium at reactor outlet conditions as indicated 

45 
by the correlation based on the commercial data of Schutt and the bench- 

26 
scale data of Kinney and Crowley 	and of Davis and Williamson 28  

This is shown in fig. 1-13. 

(c) ULTIMATE YIELD EQUATION 

The mole fraction ratio MFR is a function of conversion and yield 

EA = 
P(MFR)  
K 

P[f (X, Y)]  
K 
	

(125) 
p 

The three major variables which determine yield are incorporated into 

this approximate equation. 

1 
Y = 1  + 0.30 P 0(x)]  

K 	 (126) 
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where: 

Y = ultimate yield of ethylene, moles of ethylene produced per 

mole ethane disappearance. 

P = hydrocarbon partial pressure, atm 

0(x) = 	x2 
1- X2 

X = fractional conversion of ethane 

K = equilibrium constant ethane dehydrogenation reaction, atm. 

The degree to which each of these three variables affects the yield 
45 

as calculated by equation 126, based on the data of Schutt 	is shown 

by plots presented in figs. 1-10, 1-11, 1-12. 

It can thus be seen that high yield of ethylene or indeed any 

other component of reference is enhanced by: 

1. Low hydrocarbon partial pressure 

2. Low conversion corresponding to low value of 0(X). 

3. High temperature-short time corresponding to high value of K . 
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COMBUSTION OF HYDROCARBONS  

1.6.1 GENERAL INTRODUCTION ON OXIDATION  

Organic oxidations can be divided roughly into low-temperature and 

high-temperature regimes, and most of the work reported so far have 

dealt with the low temperature regime. It is intended here to discuss the 

changes that occur in the behaviour of the involved radicals and this the 

changes in mechanism as'the temperature increases. 

The early theories concerning the mechanism of oxidation processes 

involving radicals were non-chain schemes such as the Hydroxylation 
46

and 
47 • 

Peroxidation schemes, Although these theories successfully predicted the 

end products, they were unable to account for the autocatalytic nature of 

the reactions, the effect of inert gases, the nature of the vessel surface, 

and sensitisation or inhibition by small quantities of impurities. It 

soon became clear that these characteristics could only be explained on the 
48 

basis of a chain process, a concept originally introduced by Bodenstein 

49 
and established by the work of Christiansen 	. The theory of chain 

reactions was mathematically developed by Semenov who suggested the branched 
50 	 51 

chain 	and degenerately branced chain reactions 	. The original 

hydroxylation and peroxidaLion theories were being gradually amalgamated 
52 

to some extent in free radical chain mechanisms until, in 1965, the 

position was summarised by Knox 
53 
 as shown below. 

RH + 0
2 

RH 

 

R. 	HO 

 

 

2 

ROOH 	•  R02 olefins 
Hydroperoxides 

R'CHO, 	R1COR", 
Aldehydes 	Ketones 

R1-C-0-C-R
2 

Epoxides 
RH 

R + WOH •z+1 	 RO 
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The reaction oath and hence the product distribution is highly dependent 

on temperature. The detailed discussion of this reaction mechanism and 

the inferences that can be made from it, may best be initiated from consid-

eration of the theory of chain reactions and of the chemistry of the in-

dividual free radicals involved in the combustion processes. Branching 

and degenerate branching chain reactions which are peculiar to oxidation 

as distinct from pyrolysis of pure hydrocarbons will be discussed first. 

1.6.2 BRANCING CHAIN REACTIONS  

If in a system, an active centre can produce more than one new centre, 

and these can initiate chain reactions in their own right, then the system 

is said to have branched. Generally, branching occurs either when a simple 

mono-radical reacts with a species containing a double bond or when a bi-

radical reacts with a saturated molecule. Good examples are the branching 

reactions involved in the oxidation of hydrogen. 

H. 	+02  - 

 

	T› OH + O. 

 

O. 	+ H
2 
	 .0H 	+ H. 

Since each hydrogen and oxygen atom produces two free radicals capable 

of initiating chain reactions like: 

OH 	+ 	H
2 
	.113.-H

2
0 	H, 

The system has a branched-chain mechanism. 

If p is the probability of rupture of an unbranched chain at a 

particular link and E) is the probability of branching in a chain, then 

p—e) is the probability of a branched chain rupture. Representing the average 

chain length as V (defined as the reaction rate divided by the rate of 

initiation of chain centres per unit volume), then the total length Y4  of 

the branced chain can be represented as: 
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= 
P-6 
	T-YVET 

The rate of reaction W is then given as: 

W = nolP 	= 	not! 

in which no is the number of primary reactions taking place in unit time 

due to thermal activation. 

In the case of continuously branched chains, 

6 = 1-0 

= Ok 

where lx is the probability of production of a new active centre by a given 

centre at the beginning of the reaction. 

Hence 41  - 	1 	1  
13-5 

- 	

2P - 1 

The overall course of a branched chain can be represented by the diff-

erential equation: 

do 
dt no 	(f - g)n 

where: f is the coefficient for gas phase branching equal to 6/NT 

and g is the coefficient of linear termination in the gas phase. 

This equation can be integrated to give 

no  n - f g  exp (f - g)t - 1] 

which is also equivalent to: 

no w 	 [exp(f - g)t - 1] 
OZ 

• 

(f g) 

which is also equivalent to 

W 	[exp (6 - (3)tt 	- 1] AI 

• 

6 - p 
no 

  

- g) is called the net branching factor and is usually represented as 0 

Hence no  W — = exp Ot - 1)
Ati 	6,:t 
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- p and 0 is also equal to La  

Representing the rate of reaction as IAT.Ae 0t in which A would be 

equal to ZV 
	or 	 ; and considering the situation where 0

no
I 	6 nod  

6 - 3 	0.›.0), the rate of reaction can be rewritten as 

w  = n
Odt 
 . exp (Ot ) 

Under this situation, there will be continuous acceleration of the reaction 

which can lead to explosion for long reaction times. 

On the other hand if 0-0O3  the rate of branching would be less 

than the rate of termination reactions, and hence no acceleration of 

reactions would be observed, and no explosion would take place. 

The rates of branching and termination are proportional to the con-

centrations of atoms and free radicals formed since both branching and 

termination can involve radical-radical interactions or radical-intermediate 

54 
product interactions. 

Two types of chain interactions have been identifieds(a) positive 

chain interaction in which the active and inactive radicals react with 

each other to produce two active centres leading to a very rapid reaction. 

Thus in the oxidation of hydrogen, the termination reaction, 

H. + 0
2 

+ M -->4-10
2" + M, where HO 2. is relatively inactive, 

competes with the reaction: 

H. + HO. 	2.0H + 	376 K Joules 

The OH. radicals react with hydrogen to form hydrogen atoms which will 

propagate, thus leading to the rapid acceleration of the reaction. 

OH. + H
2 
---> H2O 
	

H. 

(b) Negative chain interaction, in which the radical loss occurs by com-

bination, means that at low pressures the rate is not comparable with the 

termination rate either in the gas phase or at the wall, but at higher 
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pressures the branching would be so rapid that the gas is being heated 

and the chain explosion'is reduced to a thermal chain. 

1.6.3 DEGENERATE BRANCHING CHAIN REACTIONS  

In general then, the rate of a branched reaction can be expressed 

by an equation of the form: 

W = A exp Ot 

where W is the rate of the reaction, 0 is the net branching factor, A is 

51 
a constant and t is time. Semenov 	argued that the average life time 

of a chain centre is, at most, a fraction of a second. He estimated the 

smallest value of 0 for a mixture of gases under atmospheric pressure 

to be one, i.e. the velocity of the reaction increases by e every second. 

In the slow oxidation of hydrocarbons, the same exponential low 

holds, but the time of development of the maximum rate is frequently of 

the order of minutes or even hours. In order to explain this contra-

diction, he postulated the special case of 'degenerate branching'. In 

this theory, the primary chain is considered to be linear and not to 

undergo chain branching. But, as a result of the reaction of this pri-

mary chain, a relatively stable intermediate product is formed. This 

intermediate product can react independently to give the final product 

or to produce other centres capable of initiating other chains. 

A 	> Intermediate M 

R. + R.'(Primary Centres) 

Inert products 

These secondary chains are considered to be branchings of the primary 

chains. 

. 	
Two types of degenerately branched chain reactions are possible; 
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in the first, the maximimum rate of the reaction is governed solely by 

the rate of removal of the reactants. A typical process of this type 

can be represented by the scheme: 

A 	
Kp 

X 	M 	+ X 

Kb 
1,"' products + X 

M 
Kd 

	 products 

 

Kt 
X = 	Inactive 

Where A is a reactant; M the intermediate; X, the chain carrier and Kp, 

Kb, Kd, Kt are the rate constants for propagation, destruction of M lead-

ing to branching, destruction of M without production of new centres, 

and termination respectively. 

If V is the length of the main chain and No is the number of initially 

generated centres, then from the above scheme: 

drM1  
dt VNo - Kb DO + Kb[M] - Kd 

which can be abbreviated to: 

d[M]  _ 
dt a + 0[M]. 

On integration at t = 0, [M] . 0, the concentration of M becomes, at 

time t, 

, 
[M] = -a95 (eft-1 ), 	and tne rate of the reaction becomes 

] 	a W 	, 	exp (Ot - 1) = ..[T.  . c-r  _u_  . 

= A. exp' Ot 

a where 17 is the life time of the intermediate and A = 	. This 

Scheme, therefore, predicts the exponential increase in rate with time. 

It should be noted however that both a and 	are functions of the chain 

length ‘.) which, in turn, is a function of reactant pressure. Hence, both 

these terms will be constant to a first approximation only during the initial 
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stages of oxidation when reactant depletion is neglible. 

The second type of degenerately branched chain reaction involves 

destruction of the intermediate M by the centres X which it itself 

generates. A representative scheme is: 

A + X 	Kp 	M + X 

products + X 

Kd M + X ______4..products 

Kt 
X --_____Dwinactive 

This type of process exhibits a fairly short induction period, followed 

by acceleration to a maximum rate which remains steady even though the 

reactants are disappearing. 

If the number of active centres generated by the branching step ex-

ceeds the number produced by initiation, then the number of active centres 

becomes proportional to, the concentration of the intermediate, hence 

drMi = vNo 
dt Kb[M] Kb[M]  Kd[M]2 	

(1)' 

which can be abbreviated to: 

d[M] 
at 

a + 	f[M] - K[M]2 
	

( 2)% 

where a = yNo, f 
	

(v - 1) : K = Kd 

At the steady state: 

d[M],  = 0 = a + f[M] K[M]
2 

dt 

whence [M] = f ±N/ f2  + 4 aK 
2K 

= f 	f 2  + 4 aK  
2K 

M 

	Kb 

If f>K, equation (2)'  can be integrated to give: 
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[m] = 2a(et 1--;/7 
1)- 

(f \F) - (f - 470et 41777  

where 	q  = f2 + 4aK. 

If f
2 	4aK, \171  can be replaced by f to give: 

M = a-- [lexp (ft/K) - 

and the rate W = 	Cexp (ft/K) - 1 j 

x% A. e0t 

Hence this scheme also predicts an exponential increase of rate with 

time. Further, the Semenov theory predicts that the pressure change of 

the system will increase exponentially, at least after the induction 

period. 

B . eOt 
P= 

which also predicts that the acceleration rate will be exponential. 

Thus, from 

W B . e 
0 

	Ot 

W = OAP 

Theoretically the rate increases continuously with time, but experimentally 

it reaches a maximum during  the acceleration period due to consumption 

of reactants and then decreases and eventually falls to zdro. According  

to the equation: 

dW 
dt K dt 	' the reaction rate is maximum 

55 
when the concentration of M reaches its maximum 	, in other words. 

d[W]  _ 
dt 

0 when diM1 
dt 

O 



-81-* 

1.6.4. THE REACTIONS OF FREE RADICALS IN COMBUSTION SYSTEMS  

As discussed above, the understanding of combustion phenomena is 

equivalent to accurately interpret 	the behaviour of the free radicals 

that are involved in the branching chain reactions. When alkyl radicals 

are generated in the presence of oxygen, there are only a few primary 

reactions, but the radical products of these reactions evidently under 

numerous reactions. The following reaction is considered to be the initiation 

step of most combustion reactions: 

RH 	0
2 	

+ HO
2 

An oxygen molecule abstracts a hydrogen atom to form a hydroperoxy radical 

H02. and an altcyl radical R. for an oxygenated fuel, such as an aldehyde, 

a similar reaction occurs leading to the formation of an acyl radical 

RCO. and HO2. 
 

The propagation steps can follow different paths depending on the 

temperature. Generally the folllowing are usually encountered. 

	

R. + 	0
2 	

.1... RO
2 	

(-1) 

	

R. + 	0
2 	

›. olefin 	+ H0
2 
	(3) 

	

R. + 	0
2 
	 R'CHO 	+ R"0. 

	

RO2 
+ 	RH 	 v.  ROOH + R 

	

RCO, + 	0
2 	

t„, 	 RCO
3 

Thus while hydrogen abstraction leads to the production of alkcyl radicals 

R. , 
.OH + RH 	> H2O 	R. 

HO
2 	

+ 	RH 	
--- 
■ H 0 	R. 

2 2 

oxygen can react with alkyl radicals to give other radicals as in reaction (2)
1. 
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In the case of olefins or acetylene the oxygen is thought to be 

added to the double bond 	via HO
2 
radicals: 

RCH . CH2 	HO2 	 2 RCHCH 0 + OH. 

HC .= CH 	 HO2 	HOOCH = CH 

HOOCH = CH 	 20 	+ HCO 

Such reactions as these may lead to polymerisation especially when the oxygen 

concentration is low. Oxidation reactions will be autocatalytic when pro-

ducts such as ROOH and HOOH pyrolyze to give new free radicals, 

ROOH = RO. + .OH 

HOOH+M.•OH 	-OH + M. 

or when products such as aldehydes and olefins react with oxygen to 

give new free radicals by reactions such as: 

R'CHO + 02 	 + H02. 

Disproportionation and recombination can effect chain termination: 

R + R'---> RR' 

RO2 + HO2---4.ROOH + 02 

R02 

 

	> 000H 

 

The last reaction is regarded as reaction type rather than as single 

reactions - i.e. it represents several distinct elementary steps. In the 

case of aldehydes the termination step is recombination of RCO and RC03. 

radicals; 

RCO. + RCO.---0-(RCO) 2  

RCO 	RCO3. ---).-RCO-00-0CR 

RC03. + RCO 	 + 02.  

It 

	2. 

It is the decomposition of certain radicals particularly at high 
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temperatures that over-shadow these termination steps. 

oxygenated compounds (aldehydes and peroxides) 

RO
2   inert products 

RCO 

olefins 

CO 

RC03. 

There is hardly any doubt that the decomposition of R02 radicals deter-

mines the different characteristics of low and high temperature combustion 

and explains the existence of the negative temperature coefficient. 

1.6.4.1 TYPES OF RADICALS  

There are two types of free radicals: 	or and 7C free radicals. 

67 radicals are those containing an unpaired electron in a Torbital and 

are conventionally shown as: 

The ethynyl, vinyl, formyl, acetyl and phenyl radicals are of this type; 

CH 	
I 

C.1.7 	

0 
/ 2 

"-"=/ i C 
I 	I 	

<E> 
I 

H 	H 	CH
3 

H&=CH
2 	

HCO 	CH
3
CO 	C

6
H
5 

7 radicals are those containing an unpaired electron in a P-orbital of 

their structure; 

- 0 
- C 

0 



The alkyl, allyl, alkoxy, and phenoxy radicals are of the 	type; 

H 

Fr/ p 6 	2 
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R-CH -CH = CH
2 
	R - • 	 • 

The two types of free radicals 67 6. IC may exist in both planar and 

pyramidal form, with one configuration usually being more stable. For 

methyl radicals, the planar form is more stable. 

	

C - H 	/CI\  4- 
\C 

 O 
H H H 

Planar form 	 Pyramidal 	forms 

Benson 58 	53 
and Knox 	have examined 7c radical reactions with molecular 

oxygen and have shown that under normal conditions the equilibrium lies 

will to the right for saturated alkyl radicals. Where the 7C radical is 

resonance stabilized the equilibrium is reduced. Similarly 6 radicals 
59 

which are not resonance stabilised possess a low reactivity towards oxygen 

The low reactivity exhibited by rradicals towards molecular oxygen is 

a consequence of the symmetry of the irorbital. Approach of a 7C radical 

along the molecular axis of oxygen gives the correct symmetry for success- 

ful bond formation in contrast to the same approach for a Crradical. 

Further, if there is the possibility of conjugation or hyperconjugation 

in the radical,then this will favour the stability of the 7K form over the 

Tform.. 



No. 	Type of reaction Examples 

Dissociation 

Combination 

Disproportion 

Diffusion from cage 

Abstraction, transfer. 

[2R.] 

1 
-1____22,2R 22RH R2 
	 %-0 

1.  

R. + XY 32RX + Y. 

22 

D' 

32 

4 2 Addition. 	R. + A = B 4  2 

	

1 	 -41 -4 	Scission 

52 Displacement 	R. + X = YZ 52 RXY + z. 

Rearrangement 

	

61 	(Isomerization) 	R. 61  R1  
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1.6.4.2. ALTERNATIVE REACTIONS OF FREE RADICALS  

60 
Mayo classified the general reactions of free radicals as shown 

in table 1-5 below. 

Which of these possible steps will predominate depends on the temp-

erature and the structure of the radicals involved; and of course on 

the reaction medium. Diffusion from the cage is basically a liquid phase 

phenomenon. The decomposition of peroxides or of azo compounds produces 

a pair of radicals according to reaction -1
1  (dissociation) and these radi-

cals may interact in pairs according to reaction 1
2 (combination). Abs-

traction is perhaps the most important of free radical reactions, as this 

leads to the production of a stable molecule and another radical capable 

of initiating chain transfer. Reaction 4 (addition) covers the addition 
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of an atom or radical to a double or triple bond (or to oxygen) and is 

usually accompanied by reaction 3z  (abstraction). Scission is the re-

verse of addition, eliminating olefin units from alkyl radicals. 

C
3
HC

3
H
6 

+ H. 

Reaction 5
1 

is the displacement of Z by radical R. and reaction 6
1 

(rearrangement) corresponds to unimolecular abstraction or to other 

transference of atoms of groups within radicals. 

In all these reactions, dissociation, diffusion from cage, scission 

and rearrangement steps are first order. Combination, dispropornation, 

abstraction, addition and displacement are second order except addition 

which can occasionally be of third order. 

In the gas phase, the conditions are usually such as to limit the bimo-

lecular and termolecular processes. Chain termination reactions like 

combination and disproportionation, as well as propapation steps like 

abstraction and addition are tl-e important steps as. in halogenation, oxidation, 

and polymerization processes. 

1.6.5. SPECIFIC REACTIONS OF SOME FREE RADICALS IN COMBUSTION SYSTEMS  

Among the many free radicals encountered in combustion systems are 

alkyl, allyl, ,alkynyi,  phenyl. alkoxy, formyl, acyl, alkylperoxy, hydroxy, 

hydroperoxy, performyl, peracyl and diacyl radicals. 

1.6.5.1 REACTIONS OF ALKYL RADICALS R. 

The fate of a given alkyl radical II- depends not only on its structure 

but also on the conditions of the combustion system in which it is gen-

erated. It may decompose, add to oxygen or isomerize. Its interaction' 

with oxygen must involve, as a first step, the formation of some species 
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which may be formally written as CnH2114_, ...O2  This may be a fairly 

stable "thermalised" radical which can exist for relatively long periods 

of time, or a vibrationally excited radical having the energy released 

by formation of the C-0 bond randomly distributed throughout the radical, 

or an activated complex in which the vibrational energy is organized in 

a specific way and which will decompose or rearrange within the period 

of a single vibration. It is generally believed that at low temperatures 

( .-4250°C)CnH 2n+1° 	radicals are stable, but at high temperatures 

(>400' C) an HO
2. 

radical and an alkene are the products of alkyradical-

oxygen interactions. 

C
n
H2n

+1
- 	+ 0

2 	
CnH

2n+1
0
2 	

(127) 

Cn H2n+1 	
0
2 	

C
n
H
2n 

+ HO
2 - 

C3
H7 	+ 0

2 	
C
3

H
6 

+ HO2 

C
3
H
7 
  CH3 	

+ C
2
H
4 

(128)  

(129)  

In the intermediate temperature range (250°  to 400°C), which is the region 

in which cool flames propagate during the oxidation of hydrocarbons, 

both alkenes and oxygenates are formed in significant amounts. Thus, in 

the oxidation of ethane 62 
	63,64 
and 2-methylpropane 	about 80% of the 

initial oxidation product is the conjugate alkene. Thus it can be seen 

that at intermediate temperatures there will be competition between re-

actions (127) and (128) but at high temperatures the competition is between 

reactions (128) and (129) where the predominant route of oxidation will 

then depend on the structure of the radical C H 2n+1* 

1.6.5.2 REACTIONS OF ALKYL PEROXY RADICALS RO2 

The alkyl peroxy radicals are very stable at low temperatures, but 

decompose easily at high temperatures. When stable, by far the most common 
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routes of disappearance are by reaction with fuel molecules to produce 

hydroperoxides 

RO
2 
+ RH 	ROOH + R. 

or by an internal rearrangement of the type suggested by Fish 
1 
1 

	

e.g. CH3
--- CH --- CH 

2 
 -- CH

2 
 -- CH

3 
-Abl. CH

3 	
CH—CH

2
-a__CH --CH

3 

00• 	 OOH 

CH3  CH 	CH
2  + 
	.0H + CH2  

The rates of abstraction of hydrogen atoms depends on whether the hydrogen 

atoms are tertiary, secondary or primary. Since the strengths of tertiary, 

secondary and primary C-H bonds are respectively 383, 395 and 409 KJoules 

per mole
58,65,66 

and D(RO
2 - H) . 376 KJoules per mole, the enthalpy 

changes and activation energies are: 

	

A.IN 	E 
R0
2 

+ +ert 	- H ----ROOH + .C. 	7.10 KJ 	32.2 KJ/mole 

R0
2 

+ sec 	>C-H-H ---)-ROOH + >- -H 18.8 KJ 	41.8 KJ/mole 

R0
2 

+ prim 	—CH
3 

---0. ROOH + 	33.4 KJ 	58.5 KJ/mole 

If the peroxy radical does decompose, then several alternative 

reactions may occur such as, 

CH
3
0
2 
 	 HCHO 	+ 	OH 

C
3
H
7
0
2 	

> CI-I3CHO + 	CH
3
0 

CH3  

- 
C 	CH

2 	
CH
2 	

CH
3 

CO ---CH
3 

+ C31I70  . 

00. 

	

CH 
3 
 —CO —CH

3 
+ 	C

2
H
4 	

+ CH3
0. 

61 

113C 	 



RH 
	

O 2 

CH4  + C2H5 	(CH30.0.) 

(.CH2
.0.H) 

CH
2
0 + .OH 

IV
2 

.1
2
H
5 

(C 3
.0.0H) C

3
H
8 

CH
3 

+.0H 

RH 

CH
2
0 + HO

2 

CH
3
OH + C

2
H
5 
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Peroxy radicals may also react with HO
2 
radicals to give hydroperoxide 

R0
2
. + HO 	+ 0

2 2 

The probability of reaction also depends on the radical concentration. 

Perfr 	and peracetyl radicals can either abstract hydrogen 

atoms to form the corresponding peracids or decompose. 

RCO 	H 	R. 
3 	3 

RCO3    RO
2
, 	+ CO. 

1.6.5.2. REACTIONS OF ALKOXY RADICALS RO  

Alkoxy radicals are formed mainly by decomposition of peroxides; 

ROOH ----1;1• RO 	+ 	OH 

ROOR' 
	

RIO. 

They are markedly involved in abstraction reactions and may decompose or 

react with oxygen. The reactions of ethoxy radical C2H50 are typical 

of the other alkoxy radicals. This is shown schematically below. 

RH  C
2
H
5
0 H + 	

C2H5 -=----- C2, H5  0 
	

02-g- 
,,,CH

3 
 CHO +' HO

2 

CH4rO + CH 
 3 
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This scheme is likely to play an important role in explaining the 

spectrum of products obtained at intermediate and low temperatures when 

R02. radicals are fairly stable and able to abstract hydrogen atoms to 

form the hydroperoxides which eventually decompose into alkoxy radicals. 

At higher temperatures when R0
2' 

radicals, which abstract protons to give 

hydrogenperoxide, which in turn gives OH radicals, the hydroxyl radicals 

OH. should play a major role in propagation steps. 

1.6.5.3. REACTIONS OF HYDROPEROXYL RADICALS  

Hydroperoxy radicals can be formed by either the reaction of a 

hydrocarbon with oxygen or by the reaction of an alkyl radical with oxygen 

at higher temperatures. 

RH + 0
2 
 --4.R. 	HO

2 

R + 02. --e•olefin + HO
2
. 

Thsy may also interact to give hydrogen peroxide and oxygen: 

2H02 	H202  + 0
2 

59 
They can.decompose homogeneously to give OH radicals 	at high temperatures. 

HO2 
	2 

HO' —D-.0H 	+0
2 	

H = 25 KJ/mole 
2 

which is endothelmic. 
67 

Although the experimental evidence is not clear-cut, Sampson 

suggested that a small proportion of the carbon monoxide and formaldehyde 

may arise through ethylene. The possible mode of formation of the CO, 

CH2O, and methane through ethylene is shown in the following scheme. 
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CH2 	H2 	HO 2 
	2 2 	2

C = CH2 + OH  

0
2 

HO.O.CH ==r,CH
2 

+ HO
2 

CH
3 	

CO.-41-(CH
2==.LCH=0). + .OH 

CH
3
. + 0

2
-0. CH

2
0 + OH. 

CHB* + RH -b. CH4 	+ R. 

He also claimed that part of the carbon monoxide must arise through 

formaldehyde: 

CH2O + HO
2
--040.H

2
0
2 

+ CHO 

. + CO 

CHO. — 

HO- + CO 0
2 	2 

The other important reactions of hydroperoxy radicals are dispro-

portionation with R0
2 radicals; 

HO
2 

+ 	R0
2 
—h. ROOH 	+ 0

2' and external hydrogen abstraction 

from the fuel molecule; 

HO
2 	

H
2  02 

 + R. 

H
2
0
2 

+ R'CO 

H0
2
. 	R'CHO 

.OH 	I00O
2
H. 

1.6.5.4. REACTIONS OF HYDROXYL RADICALS .OH 

Hydroxyl radicals are usually produced by the decomposition of hydro- 
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peroxides (during the branching steps) or hydrogen peroxide at high 

temperatures. They are engaged mainly in abstraction reactions. 

OH + RH--41.H
2
0 + R 

They may also react with other fragments in the system. Fish 61  reported 

that hydroxyl radicals are the main propagating radicals involved in 

cool flame combustion. 

1.6.6. COMBUSTION REGIONS ASSOCIATED WITH HYDROCARBON OXIDATION 

The reaction of oxygen with hydrocarbons or their simple derivatives 

in the gas phase gives rise to many diverse phenomena. Some of these 

68 
can be described by reference to the ignition diagram 	fig. 1 - 14  

which shows the pressure-temperature diagram for a 1:1 propane.-oxygen mixture 

in a silica vessel. These observed phenomena can be more closely de-

fined in terms of the lower slow combustion region (A), the upper slow com-

bustion region (B), the lower cool-flame zone (C), the upper cool flame 

zone (D), the low temperature ignition region (E) and the high temperature 

ignition region (F). 

At any temperature T, shown by a horizontal line in the ignition dia-

gram, branching reactions are favoured by increasing the pressure of 

the system up to a critical point when cool flames or true ignition/ 

explosion phenomena occur. The locus of these critical points is drawn 

as the ignition boundary. Similarly at a given pressure P (represented 

by the vertical line x - x'), the process exhibits diverse rates of re-

action and hence different kinetic and mechanistic characteristics. 

Newitt and Thornes
68 

observed that below 275oC, a slow reaction occurred, 

accompanied by a pressure change. Between 275°  and 285°C a faint lumin-

osity developed after several minutes and remained until the reaction 

was nearly complete. At 290°C, the luminosity was followed by a pale 
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blue "cool flame" of low intensity which started near the centre of 

the vessel and spread outwards, giving rise to a pressure pulse. After 

the passage of the flame, the luminosity persisted for several seconds. 

Between 300°  and 340°C, the luminosity appeared immediately on filling 

the vessel and was succeeded by three to five cool flames at intervals of 

several seconds, each of which traversed the whole vessel before extinction 

and gave rise to a pressure pulse. Between 340°  and 385oC only one, 

cool flame was observed. The intensity of these flames increased as their 

number diminished. Above 350°C, however, the single cool was raised, while 

the luminosity increased in intensity until, at 425°C, it was succeeded 

by a bright blue flame. At a slightly higher temperature, this changed 

to the characteristic yellow flame associated with true ignition. .Another 

phenomenon sometimes observed is delay ignition. In the region where multi-

ple-  cool flames are expected, a simple cool flame occurs followed after 

an appreciable period by a second cool flame and ignition. The appearance 

of delayed ignition suggests that cool flame transfers the system from 

the low temperature region to the high-temperature region, the increased 

rate of reaction there and the consequent increase in heat production then 

leading to thermal explosion. 

Thus, the parameters used in describing combustion systems can be 

chosen in such a way as to favour the occurence of a particular phenomenon, 

the various reactions taking place favour the production of certain types 

of chemicals according to the regime of operation. A brief summary 

69 
of the importance of each zone is as shown by Cullis 	in Fig. 1-15. 

VARIATION WITH TIME OF THE RATE OF COMBUSTION 

The typical pressure-time curves for slow combustion of organic 

compounds in a static system is represented in Fig. 1-.16
70 
• The, 

usual type, curve a, shows the induction period ,-E, with negligible 
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pressure change, followed by an acceleration of the rate to its maximum 

after which it falls to zero. The acceleration to the maximum rate is 

exponential, i.e. &P = A exp (0t) where 0 is the net branching factor. The 

Arrhenius curve of logK versus the reciprocal of absolute temperature is 

shown in Fig 1-17. The net branching factor 0 can be calculated from 

the slope of a plot of logioAP versus time, fig. 1- 18. 

In some cases this typical pressure-time curve a is modified as 

in the case of the slow combustion of methanol (curve b), acetaldehyde 

at low temperatures (curve c) and for hexene-1 (curve d). When 

using flow systems, it is not easy to obtain oxidation rates. To follow 

the reaction throughout its course necessitates analysing the effluent 

mixture at a series of increasing residence times in the reactor. Even 

if only the concentrations of fuel and oxygen are determined it can 

be laborious to find, for example - d[02]/dt. 

1.6.7 PRESENT WORK  

As has been discussed, it is generally agreed that the reactions of hydro-

carbons are propagated by free radicals generated in the reaction systems. 

Beyond this, there- is very little detailed agreement. The present studies 

• were initiated in order to try to establish the high temperature reaction 

mechanism of hydrocarbons with particular reference to propane in a flow 

systeM between 600 and 800°C, the temperature range usually encountered in 

commercial apparatus. To accomplish this, it has been necessary to adopt 

the following procedure. 

(1) To employ the mass spectrometer as the analytical tool rather 

than chromatography. This necessiatated the writing of a matrix inversion 

programme to resolve the superimposed mass spectra of pyrolysis products. 

Such a programme should be useful in pollution studies as well. 

(2) The results obtained from the mass spectra have been compared 
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with computer predictions. The numerical integration program is based 

on the semi-implicit trapezoidal rule and devoid of the steady-state 

limitations. The programme was tested by modelling acetaldehyde and 

formaldehyde oxidation mechanisms and comparing the results with liter-

ature data. 

(3) Pyrolysis of propane between 600-800°C, to establish the mech-

anism and the kinetics. The self-inhibition reactions of propane have 

been considered as these have been neglected in most literature. 

(4) To establish the mechanism and kinetics of propane perturbed 

with small amounts of acetone and acetaldehyde. Both acetone and acetal-

dehyde are potential sources of methyl radicals, and, in addition, acetalde-

hyde is an intermediate in combustion systems. This type of experiment.  

has not been reported in the literature. 

(5) To establish the mechanism of the mddative reactions of propane in 

the presence of small amounts of oxygen between 010°. and 700°C, and the effect 

on the products distribution. Literature data on such reaction above 600°C 

is sparse. 

The results in all cases have been compared with computer predictions 

as reported below and the literature pertinent to individual sections is 

summarized at the start of the section. 
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CHAPTER II 

KINETIC MODELLING OF GAS PHASE OXIDATION OF FORMALDEHYDE AND ACETALDEHYDE  

2.1 INTRODUCTION  

Gas phase reactions are very complex, and it is difficult to decide, 

a priori, on a method for predicting the course of a complex reaction or 

even being sure that the mechanism assumed is the only one possible. There 

may be alternative reaction paths which can lead to the same kinetic 

observations. In developing a theoretical model, problems occur both in 

choosing the important reaction steps to include in the model and also in 

selecting accurate parameters (energies of activation and pre-exponential 

terms) for each reaction step. 

Most of the many reactions involved occur in the gas phase, but some 

reactions also occur at the walls of the reactor. As suggested by Herriot 

et a1
71, the energies of activation can vary to at least some extent with 

temperature. Values to be used between 750°  and 900°C may be different 

from values determined experimentally at much lower temperatures, and a 

difference of 1.KJ. mole
-1 may have a large effect on the predicted rate 

values. In addition, the exact mechanism of some of these specific reaction 

steps that may involve hot or activated radicals or molecules, may change 

somewhat as temperature is increased. 

For laboratory studies of processes of industrial interest where trans-

port processes can be better understood and held under closer control, attempts 

have been made to fit the data to more detailed chemical models. A number 

of parameter fits to such extended models have been published. In many 

of these there is a mistaken belief that the ability to achieve such a fit 

is, of itself, an indication of the correctness of the model and that the 

parameters obtained are of fundamental significance. This can result in 

the proliferation of misleading rate constants in the literature. Discrepancies 

hitherto observed can be attributed mainly to the inability of simplified 

models to describe adequately the complexity of the systems under investigation. 
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Errors in some of the numerical techniques used to solve the kinetic 

equations may also contribute to the deviations. Snow's procedure 72,  

which is typical of those employed, uses a standard numberical integration 

of the kinetic equations combined with a quasi-steady state approximation 

when the derivative of one (or more) of the free radical intermediates 

becomes small. The errors inherent in this computational approach have 

become increasingly apparent over the years and have recently been reviewed 

by Edelson
73
. Workers in computational kinetics have increasingly turned 

to an integration method originated by Gear 
74

which works extremely well 

for these stiff differential equations and which is free of the problems 

which plague the steady state approximation. Any chemical problem is 

subject to the constraint of the conservation of matter. According to 

Edelson
73

, this is also implicit in the differenetial equations. Linear 

single or multistep integration procedures maintain this condition. But, 

once steady-state procedures are invoked, chemical balance restrictions 

are lost because, according to Galinas 
94

, the active centres or inter-

mediates do not reach the steady-state simultaneously. He argues that, 

although the error in overall stoichiometry may be small, the error in a 

particular component may be significant and that this error can propagate 

through the system because of the way in which the several components are 

coupled. Thus, the errors have the effect of redefining the system being 

modelled. Both Edelson and Calinas are of the opinion that conservation 

of matter must be considered a necessary (but not sufficient) condition 

for validation of the results of computation. It is, perhaps better to 

apply the steady state approximation after the last transient has reached 

the steady-state. 

2.2 INTEGRATION PROGRAMME EMPLOYED IN THIS WORK 

The numberical integration programme employed in the present work 
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 has been developed by Kershenbaum et al;75  . It is based on the semi-

implicit trapezoidal rule coupled with a variable step size selection. Since 

it takes into account fast components which appear during the reaction 

as well as those which may be present initially, systems typified by 

autocatalytic and branched free radical reactions are easily solved. Like 

the Gear method, it is also without the limitations of the steady state 

approximation. 

The basic features of the programme are: 

(a) The concentrations of the chemical species satisfy the conservation 

equations: 

dc f 
dt 

C (0) = CO. (1) 

where C is an n -vector of concentration variables, f (C, K, T) is a non-

linear, continuous n-vector valued function of reaction rates of the mass 

action form, and K is an n -vector of kinetic parameters. 

(b) The general single step method for y = f (y) can be expressed as: 

xs 	 h[ (1 - 	f 	lifs] 	 (2) 

where 

• general vector of state variables 

• vector of the rate of change of 

• vector of rates of reaction 

s 	= time interval 

• step size in integration 

• free parameter in numerical integration method 

(c) For a single linear equation, y = Xy, where is the eigenvalue of 

Jacobian matrix, the characteristic root r of the differential equation is 

r('µ,)\, h) 
	1 +'µAh  

1 - (1 - 
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(d) For the implicit trapezoidal rule p = 1/2 

The characteristic root r. then becomes 

r(1/2,X, h) = 1  +1/2 h>. 
1 -1/2 hA (4) 

This equation shows that as h)■ 	00, r 	1 instead of being 

asymptotic to zero. As a result, oscillations appear in the successively 

computed values. In order to control these oscillations, the authors 

recommend that a small step size be used initially to simulate the com-

ponent accurately and then to increase the step size progressively according 

to the rate of change of concentrations of components in the system. 

(e) The method of detecting oscillations examines second order differences 

associated with the integration. Considering a vector of these differences, 

2 
oscillationsresultinsuddenchangesinthesignofLY.1  before having 

any significant effect on the computed values. They, therefore consider-

ed an algorithm which controlled the amplitude of oscillations by changing 

the step size so that 

h212Yil 	yi 	 (5) 

where b is an updating parameter. 

The step size h is locally reduced until (5) is satisfied and then changes 

normally. 

A plotting subroutine was incorporated to plot the concentrations 

of each species with time. Thus, the kinetic behaviour of the system could 

be readily observed and rates could be computed by adjusting the mechanism 

or the Arrhenius parameters, A and E, within limits to interpret practical 

results. 
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2.3 FORMALDEHYDE OXIDATION 

The first detailed studies of the oxidation of gaseous formaldehyde 

by Hinshelwood 76  and Spence 
77

showed that it did not react with oxygen 

below 2500C, but that the reaction rate increased rapidly above 350°C. 

It was also reported that, while the concentration of fuel affected the 

rate of reaction markedly, oxygen had little effect, but that the effect 

of surface on the reaction kinetics was marked. Subsequent studies have 

81 77 80 79, , 77, confirmed that the oxidation is a chain reaction 78, 	and 

that the rate is decreased by packing the reactor 
80  
. Spence

77 
reported that 

in packed vessels containing high surface areas of glass, the products of 

reaction were CO2  and H20, but in empty vessels, products such as CO, 

CO2, H2O, H2, CH4, HCOOH, HCO3H, H202  and (CH2OH)202  were observed. 82,83,84 

Some of the divergence of products can be ascribed to alternative reactions 

of formyl radicals at different temperatures, oxidation giving way to 

thermal decomposition as temperature is raised 85. It was reported that 

H02., HCO., HCO3., and HCO3H reacted differently on different surfaces. 

Consequently, the difference in products spectrum can be attributed to the 

alternative reactions of these radicals. Vardanyan and Nalbandyan86 

found that the kinetics of oxidation were similar in vessels of glass with 

and without a boric acid coating but to be different when potassium 

tetraborate was on the surface. 

Hessam 87 in 1971 used a static system to study the oxidation of 

formaldehyde between 370°  and 420 C and obtained an overall order of 2 

with respect to_ formaldehyde concentration and an overall activation energy 

of 74.4 KJ. mole-1. His analysis showed.H
2
0, CO, CO

2' 
H
2) 
 HCOOH were 

the major products with H202  falling to a low value having passed through 

a maximum as a function of time. To explain his result the following kinetic 

scheme is devised. 
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2. 3. 1 MECHANISM OF FORMALDEHYDE OXIDATION 

Initiation of the oxidation almost certainly involves the react- 

ion: 83, 55, 78 on: 

HCHO 	0
2 	

HCO 	HO
2 
	(1) 

with a heat of reaction calculated89' 88 as 

/11-1
1 	

• 	

Q(H 	0
2
) 
	

Q(HCO - H) 

• 197 - 367 	= - 170 KJ. mole -1 

This is about twice the overall activation energy of formaldehyde oxidat- 

ion. Initiation, presumably, thus occurs mainly on the reactor wall, 

a conclusion borne out by Griffith.S 83. . 

Propagation of the chain appears to involve the following reactions; 

HO2. + CH20 _____4>  H202  + HCO. (2)  

HCO + 0
2 

to. HCO3  (3)  

HCO
3 

+ CH
2
0 p HCO

3
H + HCO (4)  

HCO + 0
2 

 D. CO HO
2 (5)  

At high temperatures however, the rupture of HCO must be taken into 

account 

HCO 	CO 	 (6) 

Reactions (2Y and (3) are exothermic: 

AH2 

• 	

H
f
(H

2
0
2
) 	+ 	H

f
(HCO) - H

f
(H0

2
) - H

f
(CH

2
0 

= - 32.9 	8.0 	- 5.0 	+ 	27.7 	= -2.2 Kcal mole 

• - 9.2 KJ. mole 
-1 

AH
3 

• 	

H
f 
 (HCO

3 
 ) which may be computed from the thermochemical 

equation: 
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Q(HCO - 0
2
) 	= H

f
(CHO) 	+ 	H

f
(0
2
) 	- Hf(CH2O) 

40.7 	= 8.0 	+ 	0 	- H
f
(HCO

3
) 

40.7 - 8.0 	= 	H
f(HCO3) 

i.e., air(HCO3) 	= 	- 32.7 Kcal/mole. 

- 136.7 KJ/mole. 

Reaction (4) represents the abstraction of one hydrogen atom by performyl 

radical to produce perfomic acid which is unstable at high temperatures83'85.  

87 
This product was identified experimentally be Hessam Who then concluded 

that performic acid must be involved in branching through the reactions. 

HCO
3
H 	.0H 	.OH 	CO AH = 125.4 KH/mole 

--VP. OH. + 	H 	+ CO
2 

He also identified a product with m/e = 94, which displayed a concentration 

profile with a maximum at the early stages of the reaction. If the product 

is C2H604, possible conventional non-branching routes of production and 

decomposition are: 

OOH 
HCHO HO CH OCH O.RH. HO CH OCH OH HCHO + HO

2 	
H
2
C 	2 2 	2 --1> 2 2 2 

0• 

HCHO + HO2  __41.HOCH
2
0 	 

2 	2 	HOCH0CH0 
2 2 2 

 

RH HOCH2O2CH2OH 

This product decomposes at temperatures above 200°C to give formic acid 

+ hydrogen, or formaldehyde + hydrogen peroxide. 

(CH2
OH)

2
0
2 	

21-ICO
2
H 	H

2 

	

-t  2CH2O 
	

H
2
0
2 

HCHO 
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Other propagation reactions may be suggested: 

HCO
2 	

+ CH
2
0 ____,.HCO 	

• 	

HCO
2
H 

	

HCO2 	CH 	

• 	

CO 

	

H 	

• 	

CO2 

OH 	+ CH ---•  HCO 	

• 	

H2O 
2 	2 

The HCO
2 must have been derived from formic acid CHOOH —10 H. + CHOO. 

Side reactions occuring are: 

HCO
2
H 	H

2
0 

2 

2CH
2
0 --ts CH

3
OH + 

H 0 	H 0 
2.2 	2 

Under oxidizing conditions certain reactions are also possible: 

	

HCO + CH
2
0 ---10. CHOOH 	+ 	CO ; H = -58.5 KJ 

	

CH
2
OH + CH

2
0 ---4s CHOOH 	+ 	HCO ; H = -21 KJ 

Although Steacie et al91, and Newton and Dodge92 suggested that the direct 

decomposition of CH
2
0 to H

2 and CO accounted for the increase in the 

H
2 observed, later studies by Nalbandyan et a1

93 
categorically indicated 

that this reaction does not occur. 

Termination of the oxidation process probably involves the reaction 

steps: 

H02 	inert products 

21302 	products 

which are known to be surface reactions. The kinetic modelling was then 

CO 

CO
2 

CO 

_ 2  

tested on Hessam's system
87 to see if a satisfactory fit could be achieved 
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The following scheme explains the kinetic observation of Hessam. 

The composition profiles of the products are shown in Fig. 2 - 1. and the 

comparison with predicted values shown in Table 2-2. 

TABLE 2 - 1 

A/sec-1  E KJ/mole 
Initiation 

1. CH2O 	+ 	0
2 	

CHO 	+ 	HO
2 

2 x 109. 121.20 KJ/mole 

Propagation 

9 141 
2. CH2O 	+ 	HO

2
—"PH

2
0
2 	

+ 	CHO 2 x 10 32.60 

9 142 
3. CH2O 	+ 	HO

2
--IPOH 	+ 	HCOOH 2 x 10 28.42 

9 142 
4. CH

2
0 	+ 	HO

2
--41.0H 	+ 	CO + H2O 

2 2 x 10 28.42 

5. HCO 	+ 	0
2 

--IF-CO 	+ 	HO
2 7 x 108 0.00 	140  

7 142 
6. HCO 	+ 	0

2 
—*HCO

3 7 x 10 0.00 

9 142 
7. HCO3 	+ 	CH20-01.HCO 	HCO3H 4 x 10 30.10 

8. OH 1.1012 
142 

62.70 HCO
3
H 	+ 	+ CO 

9 144 
9. HO

2 	
+ 	CH

2
0 -P.OH + H

2 
+ CO

2 
2 x 10 .28.42 

9 145 
10. OH 	+ 	CH2O -40•HCO+ H

2
0 2 x 10 16.72 

Termination 

11. HO
2 	

+ 	HO
22

0
2 	

+ 	0
2 1.8.1012 

146 
0.00 

146 
12. CH2O 	+ 	H

2
0
2
-4PH

2 	
+ 	HCOOH 	+ ROO 4.109 30.10 

.140 
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TEMPERATURE = 400°C 

TIME (MINS) 4 MINS 	14 MINS 

    

	

HESSAM 	PREDICTED 	HESSAM 	PREDICTED 

	

CH
2  0 
	5.76 	6.00 	1.26 	1.22 

0
2 	6.82 	7.00 	4.70 	4.60 

	

H2O 	11.70 	11.60 	14.50 	14.50 

	

CO 	10.00 	9.80 	12.00 	12.60 

	

C02 	7.20 	7.22 	9.00 	9.25 

	

H
2 	

4.20 	4.30 	6.30 	6.25 

	

HCOOH 	3.65 	3.40 	5.20 	5.30 

	

H
2
0
2 	2.70 	2.80 	1.20 	1.20 

TABLE 2-2 COMPARISON OF HESSAMS EXPERIMETNAL PARTIAL PRESSURES WITH 

COMPUTI.,R PREDICTED VALUES 



2.3.2 THE STEADY STATE APPROXIMATION  

The steady state approximation permits the evaluation of the overall 

activation energy as well as the order of the reaction procdss under 

consideration. In general the concentration of any transient builds up 

to a maximum and then decreases to a constant value. This is also true 

of any branching intermediate like peracids, alkylperoxides and hydro-

peroxides. The rate of change in concentration of an intermediate A is 

the difference between the sum of its rates of formation and the sum of 

its rates of consumption, i.e.; 

d[A]_ 
dt 2 rAf - A,C where 

indices f and C represent formation and consumption respectively; At 

the steady state, the concentrations of being constant, its change with 

time is equated to zero: 

c-7 - 	/, r 	- 	r 	0 dt 	A,f 	A,c 

This procedure is carried out for each transient/intermediate and a set 

of n simultaneous equations with n unknowns (n = number of transients/ 

intermediates) are obtained. These equations are solved to give the 

concentration of each steady state transient/intermediate. In addition 

certain reaction steps are found to proceed at almost equal rates after 

a long reaction time, i.e.; 	at the steady state. Considering the reactions. 

A + B K1 C + 	D. 

, proceeding at rates r1 and r2 

respectively. If r
1 = r2, it follows that: 

K [A][B] 	= K2 [A][C] 

i.e., Kl[B] 	= K2 [C] 

K2 
Thus 	[B] 	= 17: [C] 

A 
	T 
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Such a relationship can be substituted into the simultaneous equations 

(set up) Similarly, some rates may be small multiples of other reaction 

rates: e.g.; r1  = 2r2  etc. Rates which are too small in comparison 

to the others are neglected. 

2.3.3 RESULTS AND CALCULATIONS  

	

Transients: 	H02,HCO, OH, HCO3. 

Branching intermediate HCO3H and H202. 

It is found that at the steady state 

r2  = r3  = r4. r5  = r6  = r7. 

r8  = r9. 

r10 = rll 	r12' 

d[HO ] 
2  - 	- 

dt 	
= - r2  r3  r4  r10  ril + r5  

But r3 = r5 

dt 	 - r2 + r4 + r10 4- r11 

i.e. K2[HO
2
][CH

2
0] + K4[1-102][CH20] 	K10[H02][CH20] +  Yal[H02]2 0  

K2[CH2O] + K4[CH2O] + K1o[CH20] + Kll[H02] = 0 

Kll[H02] 	= - [K2 + K4 + K10][CH20] 

[H02] = (K2 + K4 K10) [CH
2
0] 

Kll 

From r2 = r5 

K2[CH
2
0][H0

2
] 	= 	K5 [HCO][0

2
] 

[HCO] = K2 	 
[CH2O] [HO 2] 

 
K5 	E021 

-K2 ( K2 + K4 + K10) 	
[CH

2
0]2 

= K5 ' 	Kll [02] 2 

d[HO2
] 

0 



-113- 

d[HCO3] 

dt 	= 	r6 - r7 	
0 

 

= K6[HCO][02] = K7EHCOHHHCO3] 

[HCO3] = K6 02]   EP]  
K7 [CH20] 

- K6K2( K2 + K4 + K10) [20] K5K7 	Kil 

d[HCO3H] 

dt 	r7 	r8  = 0  

.K7ECH
2
OHHCO

3] = K8[HCO3H]

K7  [HCO
3
H] 	— K8 [CHO

3][CH2
0] 

[ 
K2 + K4 + K10

] [CH 0]2  -K2 K8  

	

K5 K8 	Kil 	2 

r8  = r9  

K8[HCO3H] = K9[CH2O][OH] 

[OH] K8: 	1 [HCO3H]K9 K9 [CH20] 

-K2  K6 K8 	K2 + K4 + K10  
CH 0]2 K5 K9 K8 	Kll 	[CH

2
0] 

-K2 K8 K2 + K4 + K10]  [CH 0] K5 K9 	Kll 	2 

The overall rate of reaction, w, is equal to the rate of consumption of CH
2
O. 

w = -d[CH2O] 

dt 

= r2 + r3 + r4 + r7 + r9 + r10 + r11 

ri is neglected being very small. 
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= w -d[CH20] 	K2 [CH20][H02] + K3 [CH20][1102] + 

dt 

+ K4[CH2O][H02] + K7 [ CH20][HCO3] + 

+ K9[CH2O][OH] 	+ K10;CH 01[HO
2
] + Kl1[HO

2
]2 

	

= 	(K2 + K3 + K4 + K10) [CH
2
0][H0

2
] 	K11[HO

2
]2 

+ K7 [CH20][HCO3] 

In addition from the steady state concentrations 

K2 . K10 , 

K2 = K3 = K4 

Hence substituting in the above equation 

(4K2)( 3K2) 	2K  [CH 0]2 	K6 k 
Kll 	2 	K5 	K11) [CH2

0] 2 

	

K
K5 	Kll
2K6 ( 	 3K2

)
2 - 3K2) [CH2

0]2 + K11( 

	

	[CH
2
0]2 K11 

12K22 - 6K22K6 	+ 9K22 = k 	 [CH
2
0]2 

	

Kll 	K5K11 	Kll 

+ 9K2l 2 

K
K2 = ( - 18 2 

[CH2O]2 K5k1 K6 

	

il 	Kl 

-9K22 [CH
2
0]2 

Kll 

2 e (2E2 - Ell) 

All 
9A2 RT 	[CH

2
0]2 

Thus the overall activation energy 

2E2 - Ell 

= 2 x 32.6 - 0.0 	= 65.2 KJ/mole. 

which is of the same range as the experimental value of 74.4 KJ/mole obtained 

by Hessam. 

It can also be seen that the overall order is 2 with respect* 
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to formadehyde concentration and does not depend on the oxygen present. 

At higher temperatures however, hydroformyl radical will de-

compose into hydrogen atom and carbon monoxide. Formic acid is expected 

to decompose and hydrogen peroxide will become a branching intermediate by 

producing most probably heterogeneously, hydroxyl radicals. Hence the 

following reaction steps were added to those in table 2.1 and integrated 

KJ/mole 

13. HCO---1;-H CO 2.5 10
14 

66.88 147 

14. H 	+ 	CH
2
0.-1■Ha + CHO 1.1012 0.00 148 

KJ/mol 

15. HCOOH—o.00 	+ H2O 2.108 41.8 

16. HCOOH --30.002 	
+ H

2 
2.108 

 
50.16 

146 
17. H

2
0
2
+ M-0-0H 	+ OH + M 1.1012 75.24 

WAI L 0 +1/2 8 67 
18. 02 1.10 37.20 H

2
0
2 	2 

Between 500 - 600°C, the main products are in order of abundance, 

H COCOH2. 	In fact the gap between H2O and carbon monoxide 
2 " 	2' 

narrowed as the temperature increased. 

Representing the reaction rate constant K as 

K 	 1 	X  
= T Ea0(a0 - X) 3  for a second order 

reaction,.when a0 is the initial concentration of formaldehyde and (a0 - X) 

its concentration at time t,and X, its fractional disappearance, a graph 

of a0(a0 - x) versus t was a straight line, the slope of which is K 

This was done for different temperatures and the graph of logioK against 

1/T was plotted as shown in Fig. (2-2). The slope of this line represents 

E/2.3R 
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Fig 2-2- Calculation of the overall activation 

energy of HCHO oxidation 

1.6 
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Slope 
= 0.8 
 0.185 2.3R 

E 	 0.8 	x 2.3 x 1.98 	Kcal/mole 
= 0.185 

2.3 x 1.98 x 8 	Kcal/mole 
1.85 

19.6 Kcallffiole 	81.9 KJ/Mole 

The mean value of E 	(15.6 	19.6)Z 

E = 17.6 Kcal/mole = 73.6 KJ/mole 

It is thus concluded that the oxidation of formaldehyde involves 

a degenerate branched chain mechanism occurring at low temperatures by 

the decomposition of performic acid but at high temperatures hydrogen 

peroxide also acts as a degenerate branching intermediate. 

The partial pressure profiles predicted by the extended model are 

shown in fig. 2-3, and the comparison with Hessams results and unextended 

model prediction is as shown in table 2-3. There is an increase both in 

water and carbon monoxide, clearly as a result of the termination reactions 

of H02. and the decomposition of formyl radical to generate more carbon 

monoxide. In addition there is a slightly faster consumption or decom-

position of hydrogen peroxide and formic acid. 

The extended model gave an activation energy of 81.9 KJ/mole which 

is still in the same range as that reported by Hessam but the average 

of the computed values 73.6 KJ. mole-1 compares very well with the 

reported value of 74.4 KJ/mole. 
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TEMPERATURE 
	

400oC 

TIME ( MINS) 14 MINS 

CI4
2
0 

HESSAM PREDICTED EXTENDED MODEL 

1.26 

4.70 

1.22 

4.60 

1.20 

4.75 

H2O 14.50 14.50 15.50 

CO 12.00 12.60 14.30 

CO
2 • 9.00 9.25 10.20 

H2 
 6.30 6.25 6.20 

HCOOH 5.20 5.30 3.80 

H
2
0
2 1.20 1.20 0.40 

TABLE 2-3 COMPARISON OF HESSAMS EXPTAL RESULT WITH EXTENDED MODEL 

PREDICIION 
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2.4 ACETALDEHYDE OXIDATION  

Gaseous acetaldehyde is relatively stable at moderate temperatures 

but a trace of oxygen accelerates its decomposition 
55'85. 

 The combustion 

diagram of a mixture [18.8% CH3CHO + 81.2% Air (2N2  102)] is shown 

in fig. (2.4) Above 350°C its oxidation shows a pressure increase, but 

below 350 C, the reaction is accompanied by a rapid decrease in pressure 

at first, followed by a slow pressure increase. Below 295°C, a single 

cool flame occurs, but above 295°C. there are two cool flames. 

The intermediate oxidation products in the lower slow combustion 

zone are mainly peroxides which decompose with temperature rise to produce 

more reactive free radicals. In the upper slow combustion region, the 

reaction starts with a rapid pressure increase due to rapid branching 

via decomposition of peroxy intermediates. The major products of acetal- 

dehyde dehyde oxidation at about 400°C as reported by Hessam 	are: H2O 

CO, CO2, H2, CH3COOH, HCHO and HCOOH, while the minor products are 

H202, CH3OH, CH4, (CH3)2CO3  (CH3C0)2  and (CH3C0)20 . The intermediates 

reported are CH
3
CO
3

H and CH
3

00H. 

At higher temperatures however, CH3COOH, HCHO and HCOOH should 

decompose for example formaldehyde would pyrolyze to give hydrogen atom 

and formyl radical.. 

HCHO 	H 	CHO 

The formyl radical would decompose to another hydrogen atom and carbon 

monoxide 

CHO H + - CO 

H. atoms would then engage in propagation reactions to boost H2. Thus 

there would be an increase in CO as well as H2 
concentrations similarly 

formic acid may decompose into carbon monoxide and H2
O. Of course 

such compounds as (CH3)2CO3  (CH3C0)2  and (CH3CO202, would in all probability 

decompose. Their decomposition might be the source of methyl radicals 
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which, by abstracting hydrogen atoms, yield the traces of methane 

observed. In addition hydrogen peroxide would be expected to play a more 

significant role as a branching intermediate as the temperature rises 

H
2
0
2 

+ M 	+ .0H + M 

Methyl hydroperoxide would likewise decompose homogeneously to give 

methoxy and hydroxyl-radicals. 

CH
3
00H --■-•11.• CH

3
0 	.OH 	H = 133.7 KJ.mole-1 18 

Examining the reaction kinetics in the light of the reaction mechanisms 

postulated by other workers, it can be concluded that the reaction cer-

tainly involves a degenerately branched chain process. 

The initiation step, as in all other alphatic aldehydes oxidation 

involves the reaction: 

CH
3
CHO 	+ - 0

2 
	CH3CO 	HO

2 	(1) 

which has an endothermicity of about 170 KJ.mole
-1 
 87 • 

ropagation involves all the reactions of CH
3
CO and HO

2 
and the subsequent 

decomposition of intermediates formed via these radicals. 

The acyl radicals undergo reaction with molecular oxygen to pro-

duce peracyl and alkyl peroxy radicals; 

CH
3
CO. + 0

2 
	CH3CO3 
	 (2) 

CH
3
CO 	+ 	0

2 
 ----1*CH

3  02  + 	CO 	(3) 

Peracyl radicals, CH3CO3. may either form peracids by abstracting hydro-

gen atoms or decompose to give other radicals: 

CH
3
CO
3 

+ CH
3
CHO 	CH

3
CO
3
H + CH

3
CO 	(4) 

CH
3
CO
3 

CH + HCO
2 2 

CH
3
0 + CO

2 

(5a ) 

(5b). 
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The radicals CH
32  
0-)CH

3  O. and HCO2. can abstract hydrogen atoms from 

acetaldehyde to give CH300H, CH3OH and HCOOH respectively. 

At high temperatures however CH3C0 will certainly decompose. 

CH3CO + M 	CH3 + CO + M 	(6) 

Methyl radicals will react with oxygen according-to 

CH
3 	

0
2 	

CH
3
0 

' or 

CH
3

- 	+ 	0
2 

-es. CH
2
0 	6H 	(7) 

Reaction (7) is certainly favoured at high temperatures. 

The peracid, CH3CO3H, and methylhydrogperoxide CH300H are 

responsible for branching at low temperature; 

CH32 
CO' 	+ 

CE
3
CO
3
H 

CH
3
COOH + 0 (8)- 

CH
3
00H 	a> CH

3
O. 	.01-1 	(9) 

The activation energies for (8) and (9) have been reported to be 18 ± 350  

and 133.788 KJ/mole respectively. All three reactions might occur but 

reaction (9) is the most likoly. 

Reaction between acetaldehyde and peracidic acid may occur, possibly 

by two modes 83. They are (a) aldolic and (b) ketonic condensations. 

0 	 0 	 01-I 	 0 
II 	I 	II 

CH
3 

- C - H + CH
3 
- C 00H--D.CH

3 
 - C 0 - 0 - C - CH

3 	(A) 

H 

OOH 	0 

1 
- 0 
	

C - CH3 
(B) 

H 
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Compound (A) has a lower (0 - 0) dissociation energy than that of the 

parent peraeid. Structure (B) is reported to have a bond dissociation 

energy about similar to that for normal hydrogperoxides 
83
. Thus com-

pound (A) is the more likely of the two. Even then both A and B can not 

stand high temperatures. 

CH
3
0
2
H 	will decompose 

radicals for propagation. 

CH
3
CHO 	+ 	OH 

	

OH 	+ 	CO 

H 	+ 	0
2 

	

CH2O 	+ 	OH 

	

CH 0 	+ 	0
2 

HCO30 

HCO 

into CH3
0 

CHCO 

+ 

+ 

+ 

+ 

+ 

OH. 

H2O 

CO
2 

CHO 

CO 

CO 

thus releasing .OH 

(10)  

(11)  

(12)  

(13)  

(14)  

(15)  

(16)  

3 

H ----4a 

H0
2 

0 
2 

___TRI0HCO
3. 

-----v. 0 
2 

---V-H 

Hydrogen peroxide is formed as a result of the abstraction •ofhydrogen 

atoms by the radical H02; 

HO
2 
+ CH

3
CHO H

2
0
2 

+ CH3CO 	(17) 

HO
2 

+ 	CH 0 	
H2 
0 

 2 
	CHO 	(18) 

2  

Hydrogen peroxide can then act as a branching intermediate 

H
2
0
2 

--111.- OH 	+ 	OH 	 (19) 

Hydrogen will be formed by abstraction reactions of hydrogen atoms. 

H + CH
3
CHO H

2 
	CH

3
CO 
	(20) 

Termination reactions would involve such reaction steps as: 

CH
3
CO + 	OH ---a CH

3
COOH 
	 (21) 

OH 	OH + M--9.H
2
0
2 	

+ M 	(22) 
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H + H + 	H2 + M 	 (23) 

CH3CO3 + 	OH 	----■ CH
3
COOH + 0

2 	(24) 

	

CH3O + CH30 	(CH30)
2 	 (25) 

CH3O + CH
3 	 CH3OCH3 	 (26) 

	

CH3COOH 	
wall 

 COOH 	
Wall_ 

Products 	 (27) 

Wall 
H

2
0
2 
	 H2O 

202  
0 0 +1 

2 	
(28) 

2.4..1ACETALDEHYDE OXIDATION MECHANISM 

A mechanism comprising the following reaction steps was therefore 

proposed as accounting for the observed kinetics of the oxidation of 

acetaldehyde between 400 - 600°C. 

TABLE 2.4 

A/sec-1  E(KJ/mole-1 REACTION 

1. CH3CH0 + 	02 	CH3C0 	+ HO
2 1.1109 121.2 140  

2. CH3CO + 	0
23CO

3 7.108 0.0 142  

3. CH3CO T-  CO 	+ M 1.66x1010 
56.43 

149 
+ M 	CH3 	+ 

7 150 
4. CH3  r-  OH 6.10 10.45 + 0

2 	
CH2O 	+ 

5. CH3CO3 + CH3CHO ---4"-CH3CO3H + CH
3
CO 2.109 29.26 

151  

6. CH
3

CO3H CHI+ CO2  1.1012 66.88 152 
 .OH 	+ 

7. CH
3

CHO '.11 CH
3CO 1.109 16.72 

153  + 	OH 	
2
0 	+ 

8. HO
2 	

+ CH
3
CH0.---vH

2
0
2 	

+ CH
3
CO 1.109 29.20 

9. H
2
0
2 	

+ M 	OH + OH 	+ M 3.2.1014 150.50 
146 

146 
10. OH 	+ OH 	----4› H202 7.6x1014 0.0 
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11.  

12.  

13.  

14.  

15.  

16.  

17.  

18.  

19.  

20.  

21.  

CH
3
CO 

CH2O 

CH
2
0 

CHO 

OH 

H 

H. 

H 	+ H 

CH
3
CO
3 

CH
3
COOH 

H
? 

 0 
2 

Typical 

+ 	OH CHCOOH 1.1011  0.0 

2.109 	20.00154  

1.108 	8.36
155  

2.108 	0.00 

5.6.108 	4.18
156 

1.1011 	
157 

20.90 

2.04.10
11 	

68.97 

7.6.1011 	0.00 

0.00142 1.1010 

1.1014 142.00 

67 
1.108 	35.90 

in Fig. 2.5. 	The 

+ 	OH 

3 

H2O 	+ 	HCO 

HCO 	H0 + + 	H0
2 

0 

22 

CO 	HO + 
2 

CO 

2 

H 	CO + 

+ 	CHCHO 

2  

.t› 	HCHCO 3 

+ 	0+ 	M 

2 
+ 	

3 

1> HO+ 	M 2 

+ M 

2 

+ 	OH 

H2 
	

+ 	M 

V- 0CHCOOH 
2 	3 

Products 

H2O + 1/2
.
0
2 

partial pressure profiles is as shown 

homogeneous decomposition of hydrogen peroxide into hydroxyl radicals 

is branching step. But at the initial stages of the reaction, the termin-

ation reactions of peroxy radical HO
2 to give inert products is predominant. 

This must have led to the very small formation of hydrogen peroxide. For-

maldehyde is formed in appreciable quantity but is easily attacked by 

the hydroxyl radicals. 

CALCULATION 

The steady state approximation is then applied to calculate the 

overall order as well as the overall energy of activation of the process. 

(a) 	r7 = rll 

K7 [CIi3iI0] [0f-I] 	 Kll[CH3C0][011] 
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Fig 2-5 Product distribution from acetaldehyde 

oxidation at 500°C 



dt 	 K2 [CH
3CO] [0

2] - K5 [CH3CO3] [CH3CHO] 
(b ) d[CH3CO3] 

d r 3 = rio  

K3 [CH3CO] 	= K10[ OH] 2  

[OH] 2 	 K3 , 
K10 L CH3 CO] 

[OH] 2  K10 Kil [ CH3CHO] =  
K3 . K7 
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CH3C0] 
Kll 

K7[CH3  CO] [OH] 

- K19 [ CH3CO3] [OH] 	= 0 

K19[CH3CO] [OH] 	= r19 	r 	or 19 

d[CH3CO3] 	= K2 [ cH
3C0] [02] - K5 [ CH3CO3 ][CH

3 
CHO] = 0 

dt 

K2  3 2  
[CH CO] F 0 ] 

Hence 	[ CH3 CO3 ] = K5 [ CH cHO] 3 

. [CH3CO3] K2 K7  CO2] K5 K11 

( c ) 	r4 = r5 

K4[ CH3][ 02] = K5 [CH3CHO] [CH3CO3] 

K5 [CH30-10]. K2. K7 r [CH3] K4 [02] 	K5 Kl1L  

K2 K7  [cHs] = K4 Kll CH3CHO] _ '  
K2 K7  [CH3CHO] 
K5 K11 

K3K7 [CH3CHO] 2  Kl0K11 [OH] 
1 



[H] 	K10 	[OH]2 

- K16 [CH
3
CHO] 

7128- 

(e) 	r10 - r16 

K10[OH]2 K16[CH3CH0][H] 

K3 [CH3CO] 

K16[CH3
CHO] 

ECH3 = K3 	K7 	[cH3CHO] 	
K3K7 

K16 Kll [CH
3CHO] K11K16 

(f) r8 	r5 

K8 [CH3
CHO][H0

2
] = 	K5 [CH3CHO][CH3CO3] 

K5 
[HO2] = 
	[CH

3
CHO

3
] 

 K8 

K2 K7  
K8 	Kil °2]  

K2 K7  
K8K11 E02I  

The rate of reaction W is equal to the rate of acetaldehyde disappearance. 
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d[CH3
CHO] 

dt 

= r5  + r7  + r8 + r16 

= K5[CH3CHO][CH3C0] + 	K7[CH3CHO][OH] + 

= K8[CH3CHO][H02] 	K16[H][CH3CHO] 

= EcH3CHOHK5[CH3CO3] + K7 [OH] + K8[H02] + K16[H] 

.K7 	K7 
1/2 

ECH = [CH3CHO] - 
K2
K11 [0

2]  + K7 K3  K10K11 	
3CHO]1/2  + 

 

K2K7 	K3K7  K16 Kll Co2] + 	K11K16 

1/2 	1/2 
K3K7 2K2K7 	 K8K7 

Kll 	2 
= [CH CHO] 	 ) [CH CHO] + [0] + K7 K3K7 

 K11 

= K1[CH
3
CHO]3/2 K2[CH3CH0][02] + K3 

where Kl K7 K3K7  )1/2  (Kl0K11 

K2 2K2K7 
Kll 	and 

K3 K3K7 
Kll 

It can be seen that the terms K2 and K3 are small in comparison with K1 

. Hence, the overall rate of reaction W can be represented as: 

W = Kl[CH3CHO]
3/2 

W 	= K7 (
Kl0K11 
K3 K7 	

) 
1/2 

 [CH
3
CHO]3/2 
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The overall order is thus 3/2 

E = E
7 

+ 1/2(E
3 
 + E7 
	

E
10 - Ell

) 

4+1/2(13.5+ 4 - 0) 

= 4 + 17.5/2 	= 4 + 8.75) 

= 12.75 Kcal/mole.-=(53.30 KJ.mole -1) 

The overall activation energy is thus 53.30 KJ/mole which compares favourably 

with the reported value of 57.60 KJ/mole. The rate of acetaldehyde oxidation 

can therefore be represented as: 

3/2 A1/2 A
7 3 exp( -53.30) 	[CH3CHO]3/2 

(
A
10 

A
11)

1/2 	RT 

1.47 x 10 exp(-53.30/RT)]CH3CH0]3/2 

The following observations apply to both .airmaldehyde and acetaldehyde 

oxidation systems. 

(1) The ratio CO/C0
2 decreases as the temperature increases, and also 

decreases as the reaction reactions proceed. 

(2) The rate of formation and decomposition of hydrogen peroxide and 

other intermediates increases with an increase in temperature. 

(3) The rate of formation of formic acid decreases as temperature is 

increased. 

(4) At the early stages of reaction, water vapour is produced in greater 

amount at higher temperatures than at lower temperatures. This 

must be due to the fact that higher temperatures favour the form-

ation of hydrogen peroxide which easily decomposes to give hydroxyl 

rapicals, which, in turn, abstract hydrogen atoms to form water. 
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Chapter. III  

EXPERIMENTAL METHODS 

3.1 MATERIALS: 

  

Each chemical used showed no sigificant trace of impurity as indicat-

ed by its mass spectrum. 

PROPANE 

Propane was obtained from B.O.C. Special Gases. It was of C.P. Grade 

99.5%, with specific volume 0.53. The cylinder valve outlet was CGA 510. 

PROPYLENE 

C3H6, 99.8% pure, with specific volume of 0.566 was also obtained 

from B.O.C. Special Gases. 

ETHANE, METHANE, ETHYLENE  

These gases were obtained from B.O.C. Special Gases, C.P. Grade. 

Ethane was 99.8% pure; with specific volume of 0.80; methane, had a specific 

volume of 1.48 and 99.5% purity: ethylene was 99.95% pure. 

HYDROGEN 

H
2 
was obtained from Special Gases in special cylinders. It has a 

specific gravity of 0.0694 (referred to air), B.P. = 20.2°K, M.P. = 13.8°K, 

colourless gas and inflammable. 

WATER 

H
2
0, with specific gravity of 1.00 (4°C) in liquid form, and 0.915 

(0°C), colourless odourless, B.P. = 100°C, and M.P. = 0°C, was prepared 

by vaporization-.of de-gassed water maintained under low pressure in a 

trap, and then introduced into the mass spectrometer for calibration purposes. 

To de-gas the water a number of alternative freezing, evacuating and remelt-

ing processes were carried out. 



-133- 

ACETALDEHYDE 

CH3CHO
, is a liquid with specific gravity of 0.783 at 18°C, is 

colourless, flammable and has a pungent odour. B.P. = 20.2°C, M.P. =123.5 

vapour pressure = 740 mm. Hg. (20°C), flash point = -400p (open cup) and 

miscible with water, alcohol and other solvents. 

CARBON MONOXIDE 

CO, with specific gravity of 0.806 (-195.1°C), 95 	colourless, 

faint metallic odour, toxic, B.P. 	-195°C, and M.P. . -207°C was obtained 

from B.G.C. with 99.7% purity. It was used mainly for the calibration of 

the mass spectrometer. 

CARBON DIOXIDE 

CO
2' with specific gravity of 1.101 (-37°C), liquid, 1.56(-79

o
C) 

solid, and 1.53 gas, colourless (gas or liquid), white snow-like solid, 

B.P. = -78°C and M.P. = -56.6°C (5.2 atm.) was 99.9% pure and obtained 

from B.O.C. It was used for calibration. 

OXYGEN, AIR, N2  

02, with specific gravity of 1.14 (-183°C), colourless, odourless, 

M.P. = -218.76°C, B.P. = -182.9% was obtained as C.P. grade (99.5% pure) 

from B.O.C. Air, also from B.O.C. was 99.9% pure. Nitrogen grade supplied 

by B.O.C. It has M.P. = -210°C and B.P. . -195°C. 

3.2 	APPARATUS  

3 2  REACTION SYSTEM 

Gas chromatography has been the main tool for analysing the products 

of pyrolysis. In this work, another versatile tool, the mass spectrometer, 

is employed to qualify and quantify such pyrolysis products and then pro-

ceed to establish the mechanism/model that best describes the kinetics of 

the observed products spectrum as a function of time and temperature. 

, The flow diagram is as shown in Fig. 3-1. It consists essentially 

of propane and nitrogen cylinders, flow meters (Rotameters purchased from 



Silica gel Adjustable 
Sampling 
Probe 

Needle 
Positive 	Valve 
flow to 
exhaust 

Pre-heater 

Cone-Socket 

Sinta Glass 

Rotameter 
Thermocouple 

Fig 3-1 SCHEMATIC DIAGRAM OF THE FLOW SYSTEM 
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Rotameter Manufacturing Co.. Ltd., Purley Way, Croydon), Sinta glass, 

reactor and reactor-base and a sampling probe of very narrow diameter that 

conveys the products into the mass spectrometer. Propane and nitrogen are 

separately passed through a U-tube containing silica-gel to remove any 

element of water. The Sinta glass effects perfect mixing of the gases and 

the idea of introducing positive flow is to eliminate fluctuation in flow-

rate. The needle valve (purchased from Clockhouse Engineering and Instr. 

Co., Brookhill Road, New Barnet, Herts). and the tap T.l apart from con-

trolling flow-rates, could also act as a flame trap. The pre-heater is 

capable of attaining 100-150°C and it is lagged with Triton Kaowool (from 

A.D. Wood (London) Ltd.) to prevent heat loss. The reactor which approx-

imates to a plug flow (all flows being laminar) is made of quartz. It has 

a central bore of approximately one centimeter, surrounded by vacuum of 

10
6 

- 10 5 torr. The heating circuit is as shown in Fig.(3-2). The 

reactor is coupled to its base via a viton 'O'-ring and the sampling probe 

passing through the base of the flange is adjustable to permit sampling 

from any zone in the reactor, residual gases are let off into the fume cham-

ber. 

The schematic diagram of the reactor is as shown in Fig. 3-3. The 

thermocouple TC in the vacuum chamber indicates how much vacuum there is. 

If the temperature went up above 250°C, it would mean that the vacuum was 

gone in which case the viton 'O'-ring would burn and there would be air-

leakage into the system. The thermocouple is of chrom-alumel. 

3.2.  HEAT TRANSFER CONSIDERATIONS  

• 

• • 

0 

0 

0 

S 

S 
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Fig 3-3 Schematic diagram of the reactor, 
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Fig-  3-2 	Heating Circuit. 
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Considering a length 1 of the reactor where ri  = inner radius, 

re =outerradiusandre -r..6 = thickness of the inner tube, the heat 

characteristics can be expressed by isolating a thin coaxial segment. 

	

Total heat flux Q = 	A. dt (Kcal/ 	) 	(1) 
db 	

un
it time  

	

Q = 	27Crl dt 
	

(2) 
65 

where; X = thermal conductivity (Kcal/m.h. grd) 

=r - r. e i 

db = dr = thickness of the thin section. 

A = 21V r1 = laterial area of thin cylinder 

1 = heated length of cylindrical tube 

dt = temperature change (°c) 

from equation (2) 

Qdr = 	27Crl. dt 

dr = 21F1 dt 
r 	Q 

dr = x dt 	(3) 

r. 1 

t 
e 
 , t. represent temperatures on the outside and inside of the tube respective- 

ly. 
ln(re)  

A 271 ( 
to  -t.) 

1 
(4) 
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From which heat flux, Q, can be expressed as: Q = ) 27-1 (te
-t
i) 

lure 

A. 	re - r. 	
r. 
1 . _ 	2701 	 I  

	

re - r. 	(t - t.) 

	

1 	r
e /r 	e 	i 

i In  
(5) 

replacing (re  - ri) with 45, and (te  - ti) with t, and representing the 

mean radius r
m as 

r
e 
- r. 	r 	r. e 1 	1  

rm In re/r. 	2.3 logre/ri  

	

the lateral area, Am, can be expressed as: 	A
mm1. 

rm is the mean radius on log. basis. Thus Q, the heat flux, takes the form 

Q = 	A
m
. 	t 	 (6) 

Similarly the logarithmic mean diameter dm  can be expressed as: 

d - d. 
e 1 

dm . d e 
d. 

Hence A = 1TaiL m 	M 

d - d. 
e 1 

2.3 log --a 
di  

Q should be taken as the effective heat passing the reactor wall and 

thus available for pyrolysing the gas. Obviously some heat will be lost 

by conduction through the walls of the tube. The vacuum reduces convective 

and radiative heat transfer, thus protecting the '0'-ring, so long as 

excessive heating is not applied. 

The gas entering the heated reactor begins to take up heat and its 

temperature will thus rise as it passes through the reactor. Whether or 

not it pyrolyzes is dependent upon the amount of heat supplied and of 

course on the flow rate of the gas. 

If V is the flow rate of the gas, S
g
, its specific heat, and 

its change in temperature as it passes through the heated tube, then 

Q = X A
m 
 At = V.sg  

6" 

where S)
9 
 is the density of the gas. 

A 
Hence: 	t = 	. m 	1 	t 

Sg. eg 	V 

(7) 
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If T
o is the inlet temperature of the gas and T, its temperature at any 

point in the reactor 	-t' = T - T 
 

X  m  1 T - T
o = 	

A 

6 6g. eg 	' At  
Am  

1 T ==g,  sg  yg 	+ T
o 	(8) 

This temperature profile is as shown below: 

3.2.3.REACTOR CALIBRATION  

The typical temperature profile is as shown in Fig. 3-4. The pre-

heated sample enters the reactor at a temperature T corresponding to 

OA. Segment AB shows a gradual rise in temperature as the gas flows from the 

inlet to the exit of the reactor. BC represents the isothermal zone which 

corresponds to the highest temperature Tm attainable under the existing 

conditions. This length BC is critical in the final analysis. Then follows 

section CD - a fall in temperature. The segment BC varies with changes in 

flow rates and temperatures. At a particular flow rate Vr  and temperature 

T, an increase in T effects an increase in B - C, while an increase in V
r 

at constant T has the same effect. Thus a moving zone can be generated 

by varying Vr  and T. The sampling point is at the mid-point of the segment 

B - C i.e. point S in the reactor. The kinetic reaction zone for the isother-

mal temperature T
m 
is the volume efgh, and the space time is defined as 

the volume of this, reaction zone divided by the gas flow rate 13 

The portion A - B becomes steeper with increase in temperature but reduces 

in slope with increase in flow rates. A chrom-Alumel thermocouple was 

employed for these temperature measurements. 

3.3. 	ANALYTICAL SYSILM (MASS SPECTROMETER)  

3.3.1.  INTRODUCTION 

Mass spectrometry deals with the separation of gaseous ions of 

differing mass by the action of electric and magnetic fields, and with the 
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3.3.2. 

measurement of the abundance of the various ionic species revealed by 

this separation. The mass spectrometer thus identifies isotopes, measures 

their relative abundances, and makes possible tracer work with separated 

stable, isotopes from more complex compounds. It usually forms ions by 

dissociation as well as by simple ionization, and gives a spectrum of masses 

which is characteristic of the compound for each-set of ionizing conditions. 

If a mixture is analysed, the resulting spectrum often yields a 

qualitative analysis by inspection, and a quantitative analysis may be 

made if calibrating spectra of the pure components are available. In many 

industrial applications, the spectrometer must compete with conventional 

methods of analysis, though economies can be effected only if a considerable 

number of samples are run each day. On the other hand, many complex analyses 

can be performed in no other manner, so that at least, access to a mass 

spectrometer for occasional use is almost a necessity for much research 

particularly in organic analysis. At present mass spectrometry is widely 

used to characterize or identify unknown compounds, to analyse mixtures, to 

trace compounds labelled with stable isotopes, to study the mechanisms 

and kinetics of reactions, and to determine ionization potentials and the 

strengths of chemical bonds. It is thus easy to visualise its playing 

an increasing role in the automation of chemical industry. 

PRINCIPLES OF THE METHOD 

When the molecules or atoms of a gaseous substance at very low 

pressure are bombarded by electrons from a heated filament or other source, 

both positively and negatively charged ions are produced. If the electrons 

are sufficiently energetic, they will not only produce molecular ions 

but will also break chemical bonds within the molecule. Some of the mole-

cular fragments may be neutral, others will be positive ions having a 

deficiency of one, two, or more electronic charges, while still others 

may have excess electrons and be negative ions. If the pressure is low 

enough, the ions may travel over lengthy paths before losing their charges 
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by collisions with other molecules or with the walls of the container. 

While ionized, these gas molecules and fragments may be caused to move 

by applying an electric field. If such a field is produced between succesive 

parallel plates, positive ions moving towards the more negative plates 

can be collimated into a beam by suitable defining slits. In the absence 

of any other field, this beam will continue in a straight line, and its 

presence may be detected by its effect on a photographic plate or by the 

electrical effect of its net positive charge. 

Such a beam of ions is deflected by any magnetic field which crosses 

its direction of flow. If the field is perpendicular to the motion, the 

deflection Y, of an individual ion is proportional to the strength of the 

magnetic field, H, and the ionic charge, e, and is inversely proportional 

both to the mass, m, and the velocityV, with which the ion moves. Thus: 

y = k(eH/mV) 	 (1) 

If the moving ion is influenced by an electrical field of strength E in 

a direction also perpendicular to its motion, it will be deflected independ-

ently a distance x, given by: 

x = k' (eE/m y2 ) 	 (2) 

where k, k' are constants of the apparatus. 
96 

In the spectrograph devised by J.J. Thomson the electric and magnetic 

fields were arranged in the same direction such that the deflections 

x and y were at right angles to each other, and the locus of any ionic 

was defined, by combining equations (1) and (2), by 

k2 eH
2 

y
2
/x 

k
1 mE = 	= constant (3) 

 

It can be seen from equation (3) that the locus defines a parabola, so 

that whenever ions of different masses are present, a number of separable 

parabolas are observed. The loci of various masses could be identified 

and m/e measured by their displacements, while the relative abundance of 

each ion could be estimated by the blackening produced on the photographic 
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plates. But the exact measurement of displacements was inconvenient if 

not impossible. This led Aston
97 

and Dempster 
98

to develop improved mass 

spectrometers with better resolutions and higher intensities.using 

the same principles of electronic and magnetic deflection but different 

arrangement of fields with the x and y deflections separated by 180°  instead 

of 90°, so that ion beams for various values of m/e were focussed at points 

along a straight line. This is the working principle of the MS10 -C2 mass 

spectrometer employed in the present work. 

3,3.3  MS10 -C2 MASS SPECTROMETER  

The schematic arrangement of the MS10-C2 mass spectrometer is as 

shown in Fig. (3 - 5). Samples are analysed by introducing them as gas 

into the analyser tube where the constituent molecules are ionised within 

the 'ion source cage' by subjecting them to bombardment by a controlled 

beam of electrons originating from a hot wire filament. The positive ions 

so formed are characteristic of the sample being analysed. Any charged 

particle (positive radical ions) acquires its velocity on falling through 

electrostatic potential difference V. Its potential energy eV must be 

the same as its kinetic energy after acceleration. Thus: 

2 
1 mv

2 = eV 
	

(4) 

Hence mv2 is a constant for monoenergetic particles. The accelerated particle 

enters the magnetic field where it is subjected to a field of HaV and a 

centrifugal force of mv2/r. These two field forces must be equal. 
2 

Hey = 
m
y(5) 

r = my 
eH 
	 (6) 

If my = constant, r is constant, i.e., particles of the same mass should 

define the same locus. The theoretical considerations governing the ion 

paths are indicated in Fig. (3.6). 

Another particle of mass m(1 4- 6) with velocity v(1 4-C) would have 
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a momentum of m(1 +6)(1 +e)r = 	+ 6)v, and its radius of curvature 

r, would be: 

mv(1 + 6)  r - eH 
(7) 

Hence, the magnetic field generates a momentum dispersion and 6 is the 

measure of this dispersion. It can easily be seen that 

( 47)-1  and 

r cz \FA 

with the consequence that the momentum spectrum becomes a mass spectrum 

with a definite velocity associated with each mass. 

(4) and (5), 

m. 	r2H2 

2V 

Combining equations 

(8 ) 

Equation (8) is the mass spectrometer equation. 

By varying the value of accelerating voltage or the magnetic field 

force, individual beams can be brought in turn to focus on the collector 

where the ions give up their charge, the ion current so produced being 

detected by an electrometer amplifier whose output is displayed on a meter 

or recorder. 

3.3.3.1 SPECIFICATIONS OF THE MS10-C2 MASS SPECTROMETER  

The main components of the mass spectrometer are: (a) The pumping 

system, (b) The electromagnet (c) Ion source, (d) Filament, (e) Elect-

rometer amplifier and (f) Ionisation gauge. 

(a) Pumping System  

The MS10 tube unit is mounted on a standard vacuum system comprising 

of a water cooled oil diffusion pump with stainless steel cold trap and 

GDR rotary backing pump. The diffusion pump is connected via a magnetic 

vacuum valve to the rotary pump. Liquid nitrogen was employed as the 

refrigerant in the 2.5 litres stainless steel cold trap. The wiring and 
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protection of the pumping system is as shown in Fig. (3 - 7), and Fig. (3 - 8) 

shows the rotary pump-vacuum pump arrangement. 

(b) Electromagnet  

The assembly of magnet to tube unit is illustrated in Fig. (3 - 9). 

The electromagnet has a field intensity of 9 kilogauss. Its position 

must remain constant during all experiments as any slight displacement 

alters the sensitivity of any ion peak displayed on the recorder. The 

gap between the magnet yoke and tube unit is approximately i inch. 

(c) Ion source and collector  

Both the ion source and collector are standard types. The source 

cable with moulded socket is connected to the 5-pin glass/metal seal as 

shown.in Fig. (3 - 10). To avoid damaging the glass/metal seal the cable 

is supported by tying it to the cable of the electrometer box. The 6BA 

socket-head pinch screws should be tightened gently but firmly onto the 

leads of the source seal. 

(d) Filament  

The filament is a 0.178 mm diameter rhenium wire of 0.5 ohm 

resistance. It carries a current of 3.4 amp at 1.6/1.8 volts a.c at 

50NA trap current setting. The performance of the filament varies from 

one type to the other. A new filament seems less efficient at the beginning 

by showing smaller peak height intensities for the same ions under identi-

cal conditions, but tends to function uniformly after bake and a small 

time usage. 

(c) Electrometer-amplifier 

The electrometer is type ME1403 with input resistance of 1011 ohms. 

The amplifier-has a seven range sensitivity of 1000, 250, 100, 25, 10, 

- 10 
2.5 and 1. It permits input currents between 10 	and 10-13 amp for full 

scale deflection on output meter. The amplifier can be conveniently 

calibrated against a potentiometer to check linearity in each range and 
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also that the correct ratio exists between ranges. A diagram of the 

method is illustrated in Fig. (3 - 11). 

(f) Ionisation gauge  

Type VC9 for pressure measurement in the range 10
4 
and 10

7 
torr in 

a single logarithmic scale was employed. 

Fig. (11) shows the different parts of the mass spectrometer employed 

in this work. A Honeywell recorder was used. Other specifications are 

as follows: 

The tube unit is made of stainless steel of 203 mm. height and 

stands on a 149 mm. diameter flange. Mass range: 1 - 400. 

Resolving power: With a collector slit of 0.25 mm. fitted as standard, and 

10% valleys between adjacent peaks the resolving power was 100. 

Sensitivity: With standard conditions (electron beam energy of 70 eV, trap 

current of 5011A..and ion repeller voltage with respect to cage of + 1 volt), 

the sensitivity was about 4 x 10 5 amps/torr for N2. 

Working pressure: Maximum of 10
-4 

torr. 

Accelerating voltage: Cage potential 20 to 2000 volts d.c. Source exit 

slit Was 1.0 mm, defining (alpha slit) 0.25 mm. All flanges were sealed 

by gold-wire gaskets. 

3.3.3.2 CALIBRATION OF PURE SAMPLES  

In order to attain consistency in the mass spectrometer readings, 

certain conditions must be met. 

1. The rate of gas flow should remain constant throughout the analysis. 

2. The composition of the mixture feeding the ionization chamber should 

not change during the course of the analysis. 

3. The feed must come to temperature equilibrium with the ionization source. 

4. Erratic behaviour by the diffusion pump should have no significant 

effect on the gas pressure in the ionization chamber. 

5. Anything that can minimise surface reactions should be undertaken. 
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6. All mixture peaks at any mass number should be linear superpositions 

of individual ion current intensities. 

7. The pressure attained by the diffusion pump must be very low (we 

obtained about 2 x 107 torr) as this is essential in both the ionization 

and analyser chambers where the free mean path of the gas molecules 

must be always greater than the dimensions of any geometrical limitation 

in the system to gas flow. 

These conditions are met. The gas flow was steady, the background 

pressure before commencement of experiment was around 107torr, and never 

rose above 10
-4 

during experiments hot nitrogen gas was passed through 

the system to evacuate any adherent material. The products got quenched 

in the sampling probe so that the possibility of side reactions was elimin-

ated. Further, the feed was allowed to run for about ten minutes so as 

to attain temperature equilibrium with the source. The fulfilment of the 

above conditions coupled with the fact that there was linearity between 

peak height and sampling pressure, assures linear superposition. Up to 

about 3 torr pressure the peaks are clean and sharp but above this they 

tend to flatten or diffuse at the tips indicating a saturation of the 

electrometer-amplifier. Consequently all readings were taken at pressures 

below 3 torr. 

The saturation of the electrometer-amplifier was mainly by propylene, 

propane and traces of C4. This saturation was usually accompanied by a 

slight increase in the diffusion pump pressure, but the adherents were 

easily cleared away by low molecular-weight gases H2>CH4:,-N2. The 

sensitivity employed in this analysis is the ratio of the base peak height 

and the sampling pressure. 

H 
S = 	(divisions/torr). 

3.4. 	COMPUTING THE PARTIAL PRESSURES OF INDIVIDUAL COMPONENTS 

Ions produced in the mass spectrometer ionization chamber include, 
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parent ions, fragment ions, radical ions, rearrangement ions, isotopic 

ions and metastable ions (these may be dissociated during passage towards 

the collector), and are detected as peaks at individual mass-to-charge 

ratios. The intensity of the mass peaks is proportional to the partial 
99,100 

pressure of the related parent compound in the ion source. The ions 

produced and their relative intensities are Characteristic of the parent 

molecule and defined as the "cracking pattern" or mass spectrum. 

In a multicomponent system, each component shows its characteristic 

mass spectrum, but the peaks do superimpose and it is only by calibrating 

the instrument with the pure samples that a quantitative analysis is possible. 

Since Dalton's Law of partial pressures applies, the contributions of 

several gases to a specific mass peak are linearly additive, i.e., there 

is perfect linear superposition of all fragments of the same mass-to-charge 

ratio, such that: 

h
m2
P
2 + 	  + hmnPn 	HM 

hml21 

where: 

P
n = Partial pressure of component n in the inlet sample. 

h = Measured height of peak at mass in due to unit pressure of component n. 
mn 

H
m = Measured height of peak at mass m in the mixture mass spectrum. 

For simple systems where there is little superposition, the sub- 

tractive technique can be applied. This technique chooses n mass peaks 

in an n-component system such that the following set of linear simultaneous 

equations are satisfied. 
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From equation (a) the partial pressure Pi  can be obtained. The value of 

Pi  is substituted into equation (b) to obtain P2. By repetition of this 

process, the partial pressures of all n components can be found. In complex 

systems choosing such a set of equations is not only difficult but is also 

bound to give errors in the partial pressures. 

It is much better to solve the set of simultaneous equations (A). 

Unique answers can be obtained only when the number of unknowns is equal 

to the number of equations present whatever method of computation is used, 

it must reduce finally to the solution of n equations in n unknowns. It 

is reasonable to suppose that the most accurate solution would use all the 

given data, so a technique involving the least squares method is chosen. 

The basis of the least squares method is bound up with the mathematical 

theory of probability and the statistical idea of maximum likelihood. 

If: h
rl  P1 

 + h
r2  P2 

 + 	 + hrnP
n 

= H
r
, the sum of the squares of 

the residuals is given by; 

[
m 

	hr2P2 
	+ h

rn
P
n 
 - H

r
)2 	and  

r = 1 

If this is a minimum with respect to the Pi, then 

m 

ap.
1  (

;
hriPi + hr2P2 + 	+ hrnPn - Hr

)2 

	

= 0 

 r = 1 

for i = 1, 2, 	 n. 

The differentiation results in a set of equations typified by 

m  
h . (h

rl  P1 
 + h

r2  P2 
 + 	 + hrnP

n 
- H

T
) = O. 

r = 1 
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TherearemplahlihearequationsforthenunknolvnP.,i-e., the normal 

equations are now obtained and are amenable to inversion. 

In practice some peaks are not very stable or suffer undue mass dis-

crimination in the mass spectrometer. This is corrected for by multiply-

ing each equation by the square root of a number called the "weight", and 

then minimising the weighted sum of squares of residuals. 

The weight w = (n' - 	(ri' - m')2  , where; 

n' = m of readings 

r.'= values read 

m' = mean of the n readings. 

Thus the quantity to be minimized is. 

NITT (h P + h P + 	 
r rl 1 	r2 2 	

+h
rn
P
n 
- H

r
)]2 

r = 1 

and the normal equations are given by: 

m 
Wh

rl
(h

rl
P
1 
+ 
hr2P2 

+ 	 +h P - H )] . 0 
r 

 
rn n 	r 

r = 

i = 1, 2, 3, . . 	 

The peaks obtained are quite stable such that W(J) = 1., and the set of the 

simultaneous equations obtained after reduction of m to n can be inverted 

and solved as follows: 

The sensitivities of the components are different and therefore, 

the set of simultaneous equations to be solved take the form: 

Sh (h P 	hP
2 
+ ........ + h P - H) . O. . 	r2 ri rl 1 	rn n 	r  

f=1. 
where S is the sensitivity of each component. For simplicity, it is 

desirabletoregardasunkn uch that 
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• but after differentiation m becomes equal to n and it is this 

n x n matrix that is inverted and solved. 

Thus, written in matrix form, the system becomes. 
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P. generally differs from the total inlet pressure P. This is 

very small however but it is due to the formation of C4  compounds formed 

in trace amounts. 

3.4.1 THE MAIN SUBROUTINES OF THE PROGRAMME 

(a) Linear Least-Squares Fit FLINSQ]  

This subroutine fits data y(i)  = 1, 2, 	 N, by a function 

F( X.1,  x 	x ) = a1f1(K l' 
X

2 	
x) 	 CX 	X ...:{M ) 11 	M 	 K-K 1' 2 	M 

linear in the parameters 1 2 	 K. The minimum value of Q, where 

r 

and the corresponding parameters are computed. The conariance matrix and 

errors in parameters may also be requested. 

In LINSQ(K,N, M, A, X, Y, W, DA, H, COV, QPRINT, QMN), 

K is the number of functions. 

N is the number of exerimental points. 

M is the number of variables in each function f
1
(X
1, x2' 

AMIN is the computed minimum of the function Q. 

Q( 1' 2' 
	K) - w(ILF(x(i) .x  (i) 

2 
(i) - y  (i) 

	 X ) 
11 • 

A on return contains the parameters, 

  

K at the minimum of 2 

 

the function Q. A must be of dimension K. 

X contains the values x
l' 

X
2 
	 x 	It must be constructed in suh Tr 

a way that the jth column contains the values N(j) 
' x (1) 	x (1)  

corresponding to the data Y(j) (j = 1, 2, 	 N). 

Y is a vector of dimension N in Y(i), i = 1, 2, 	 N. 

W is a vector of length K on return containing the statistical errors in 

the parameters 
1 2 	K.  

H on return contains the conariance matrix. It must be dimensioned (K,K+l) 

= O. Only minimization is performed. 

COV 	
1. If errors and covariance matrix are also required. 

= O. Results are not printed. 
QPrint 

= 1. Results are printed .out. 
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(b) Subroutine MATIN2 (E, NDIM, N, MDIM, M, INDEX, NERROR, DETERM). 

.MATIN2 will compute the inverse of matrix A, its determinant D as 

well as solve the system of linear equations AX = B. It uses Jordan's 

method with partial pivoting to reduce the matirix A to the identity matrix 

I through a succession of elementrary transformations: 

XnAn-i 

 

1A = I. If these transformations are simultaneously applied 

 

to I and a matrix B of constant vectors, the result is A-1 and X where 

A . XB. 

In the subroutine E is a two dimensional double precision array 

with NDIM as column size containing the matrix A of order N in its first 

N columns. The matrix of constant vectors, B, is stored in columns N + 1 

through N + M of E. 

NDIM is the column size of the two dimensional array E. 

N is the order of the matrix A. 

M is the number of column vectors in matrix B. 

If M = 0 only the inverse of A and the computation of the determinant 

is carried out. 

INDEX is a one dimensional array containing N locations and is used by 

MATIN2 for bookkeeping. The space for this array must be provided 

in the calling routine. 

NERROR is an output parameter which is set on return to non zero, if at 

any elimination step the corresponding column of A contained only zeros. 

DETERM is a double precision variable and contains on return the determinant A. 

(c) Subroutine LINEQ2 (C, DIM1, N, DIM2, M, INDEX; NERROR, DETERM) 

This is in double precision. The matrix equation AX = B is solved, 

where A is now a square matrix, and B is a matrix of constant vectors. 

The Gaussian elimination method with partial pivoting is used. If at any 

elimination step the pivot column contains only zeros, the elimination 

will be stopped, and error message NERROR will be set to -1. 

C is a 2-dimensional array of size (DIM1, DIM2), containing the coefficient 
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matrix A and the matrix of constant vectors B. 

DIM1 the dimensions of C in the calling program. 

DIM2 

N the order of the system. 

M the number of columns in B (at least 1). 

INDEX an internal vector with the dimension DIM1, 

NERROR error exit. 

= 0. System is solved. No errors. 

= -1. Pivot column contains only zeros. No solution. 

DETERM will contain the value of the determinant A. On return the first 

m columns of C contain the solutions. 
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3.4• 

PROGRAM MAS(TAPEP.INPUT4OUTPUT.TAPP-i=INPOT.TAPF6OUTPUT) 

C 

DIMENSION DELTA(11),W(11)+C(11) 

DIMENSION SH(11),MPE(11).P(11),RI(1116),RIT(6, 11),S(6) 

DIMENSION MR(11 ,6),NAMF(6) 

DIME=NSION M9ASC(6)1Y(11)+A(6),P(6),N0(11),DA(6)+H(647) 

RFAL mP.MPF 

DOUEILE PRECISION H 

c******************************************************************** 

C • 	SFT 

C 	Ir. =1 TO CONNECT TO COLLINOS PROGRAM 

- C 	IX =1 TO CALCULATE MOLAR FRACTIONS 

C 	In=1 TO CALCULATE RESIDUALS 

C 	OTHERWISE SET THEM TO ZERO 

c*********************************************.***********************i: 

COV = le 

[)PRINT = 1.0 

1c = 0 

IX = 1 

IP = 1 

1 PrAD(9.10) M,N,PTOT,T 

10 FORMAT(PIrie2F10.c7) 

PPINT OUT TO r' HECK DATA 

WPITF(64100)M.NIPTUT.TICOV,OPRINT,Ici/X,IP 

.100 FORMAT(////5X121-2-1-.4F10.24315///) 

9 CONTINUE 

C 

	

	 CHECK ON IFLWHETHER TO STOP OR NOT 

IP(M.E0.0) GO TO q00 .  

6 CONTINUE 

C 	SETTING W(M) AS IOENT/TY 
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Dr) PO J=Ilm 

20 w(J) =1. 

RrAD.IN CALIARATION DATA OF PURE COMPONENTS 

WoTTF(6.901) 

901 FoRmAT(/////T29.1cALIRRATION DATA READ IS AS EIELOW.1.////) 

DO 22 1=1*N 

RrAD(9111) NO(I),s(I),mDASc(I) 

RrAD(9,12) ((MR(J.I)IRI(J•1))+J=1 ,M1 

11 EORmAT(I5,F10.9,i9) 

12 FoRmAT(12r6,?) 

C 	WAITING OUT READ IN VALUES 

WPITE(6,11) NO(1).S(1)*MAASC(I) 

WDITE(6412) C(MP(Jel),R1(..-"I))1,m) 

22 CONTINUE 

C 	READ IN EXPERIMENTAL DATA FOR MIXTURES. 

RrAn(9,13) m9ASF 

RcrAD(9•14) ((mRF(J) ,R(J)•SH(J)),J=1.M) 

171 FoRMAT(19) 

14 FoRmAT(12F6.2) 

C 

C 	WRITING OUT READ IN FXPERIMENTAL VALUES FOR MIXTURE. 

WoITF(6.502) 

WDITE(6,13) MRASr 

WDITF(61144) ((MPr(J),P(J),SH(J))*J=1 ,M) 

144 FOPMAT(1H0,12F8,2) 

-902 FoRMAT(/////T29,1FXPERINLNTAL DATA PAD IS AS RELOW1,////) 

C 	 CONVERTING PEAL HEIGHTS TO RELATIVE INTENSITIES 

C 	FOP CAL. DATA 

`On Pri 1=1 ,N 

MnAS=mRASc(I) 
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RoH=RI(MRAS,I) 

DO 26 J=leM 

P6 PT(..)'/) = PICJ,/y/HPH 

PRINT OUT 

WDITE(6.101) M,M9AS 

101 FORMAT(//9x,IPPINTING VALUES OF RELATIVE INTENSITIES FOR mdvflAS 

*AmD COMPONENT oENni-Fn 9Y I.',2x.219///)' 

WmITF(6.102) 1.(pI(J.J.I)ijj=1,M) 

100 FORMAT(//X.IRI(JJ.I) FOP I. ,,I3t(T30.9F10,3//)/) 

?5 CONTINUE 

C 	 OFTTING y(M) 

Dn 28 J=10M 

Y(J) = p(J)SH(J) 

28 CONTINUE 

C 	PRINT OUT 

WRITF(6,104) (Y(J)9J=I+M) 

104 FoRMAT(////X,IY(J) IS=1.(Tp0,9E10.4//)/1 

C 	PEGIN LEAST SQUARES ESTIMATION 

C 	PREPARE INPUT TO LINSO. COMPUTE TRANSPOSE OF RI 

C. 	TRANSPOSE PI IS PIT 

'DO 29.J=1,M 

. nn.lo 1=1,N 

PIT(I•J)=PI(J.T) 

30 CONTINUE 

2 CONTINUE 

C 	PRINTOUT 

WRITE(6,109) IMIT(I+J)+1=104“--1=-19M). 

109 FoRMAT(////X,fRIT IS.1.(T30,9F10.4//)/) 

C 

CALL LINSO(N,N+I.MeN.AIRITO(0!!4OA.H,COV.OPPINT,OMIN) 
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POINT OUT 

WITT=.(6,106)-  

1u6 FoPmAT(////1-20,et-lAvr cOMr.OUT OF LINS01//) 

C 	 (-HECK IF PPSIr)UALS WANTED 

Ir (IP:F0:0) GO Tn P 

C 	CALCULATE RESIDUALS 

C(J) = 

DO 31 J=14M 

DO 33 I=1,N 

31 C(J) = C(J)+91(.1.1)*A(1) 

brLTA(J) = C(J) -Y(J) 

31 CONTINUE 

CALL MATPLY(RI,AorgM,N,L) 

L-1 

WnITF(6,107) (DELTA(j),J=1,M) 

1 07 FOPMAT(////X.IRESIOUAL MATRIX . DELTA(M):$,(T30,5E12:3/)/) 

C 	 PRINT OUT 

WOITF(6,108) 

108 FORMAT(///1-20,1HAVE COME OUT OF RESIDUALS'//) 

P CONTINUE 

C 	 CALCULATE PARTIAL PRESSURES FROM Y(M) 

C 	 GET SI(NIN) FIRST:A DIAG. MATRIX FORM S(N),AMENABLE TO 

C' 

	

	 INVERSION 

DO 32 I=14N 

P(I)=A(I)/S(I) 

7P CoNTINUF 

C 	POINT OUT 

1gnITr(6,119) 

119 FORMAT(////T90$ 'PARTIAL PRESSURES ARF GIVEN BY P BELOW.,t//) 

WnITF(64110).  (CP(J)INO(J))4J=19N) 
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11 0  FoRMAT(////X.*p 15.*.'(TpOqF10.4.110//)) 

Ir(IX.F0.0)G0 To 3 

C 	MOLAP FRAcT/ONS 

no 714 J=1 ,N 

p(J)=r(J)/pTOT 

34 roNTfNUE 

C 	PRINT OUT 

Wo1TF(64112) 

11p FoRmAT(////TB0,1coNcENTRATfONS ARF GIVFN BY P BFLOW,0//) 
• 

WRITF(6.110)(cp(J),NAmE(J)).J=1 ,N) 

3 CONTINUE 

C 	OPTION FOR COLLINS PROGRAM TO BF' INCLUDED HERE 

IF (IC.F0.0) GO TO 4 

4 CONTINUE 

GO TO I 

900* STOP 

.END 

SUBROUTINE MATPLY(RI.A1C,m4N,L) 

C 

MULTP! _ IFS MATRIC S. 

C 	 C(I'L)=RI(M'N)*A(N'L) 

DivrNSToN RI(M4N).A(N•L)4C(N.L) 

DO 7 J=1.L. 

01 7  I=1.m 

C(I.J)=0.0- 

Do .7 K=1.N 

c(I1J)=CCI,J)+RTIT'K)*A(K,J) 

7 CoNTINUF 

RrfTUPN 

FND 
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StIRROUTINr: LINSU(KiKPLuS,N.M,F,X,Y4W,DA ,H,c0V,APRINT.OPkIT),_ 

ot m,NsioN x(m.N).F.(K),y(N),w(N).ii(K,KPLu5).DA(K) 

DIVENSION INOFX(100) 

DnUFILF PP7CIFION rign7TERM .  

oPPINT IS SAMr" n S OmIN IE SUM' OF•SOUAPES AT THE MINIMUM 

Do 11 I=1 ,K 

DO 11. J=1 ,KPLUS 

11 HCI,J)=0. 

IrLAG=1 

DO P I=11N 

CALL FCN(K4m.F.X(1,1)11FLAG) 

IFLAG=4 

On 2 K1=14K 

AVI=H(K14KPLUS) 

H(KI,KPLUS) 	H(K1IKPLUS)+W(I)*F(K1)*Y(1) 

= H(KI.KPLUS) 

DO 2 L=1,K1 

Aw=H(KI.L) 

H(KI ,L)=H(KI+L)+W(1)*F(KI)*F(L) 

AW=H(KI ,L) 

cnNTINuF 

DO 3 J=14K 

DO 3 .1=1+.1 

3 H(I+J)=H(J,I) 

Ir(COV)1419 • 

4 CALL LINEOp(H.K.K.K+111.1NDEX4NERPOrl+DETERM) 

mm=1 

OPPINT=O(K,KPLUStmim,F.Y,Y,WIDA.H4MM) 

nn 7  1=1,K 
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7 F( I )7-H( 1+1 ) 

1r(APP1NT.Nr.0*) C,0 In 10 

pr-TupN 

5 CALL MATIN2(HIKIK,K+1,1,1NOFX,NFPROP.DETERM) 

N.A=le-)-1 

noRINT=o(K.KPLUS.N,NI•Elx1Y,WI)AIH•MM) 

DO 6 4=1 ,K 

6 F(I)=H(I4Kt1) 

r7n n 1=1 +K 

HnA=H(141) 

A DA ( I ) =SOPT(HOA ) 

ip(APPINT.FO.0.) RETURN 

C 	PnINTS EPROPS IN THE COEFFICIENTS 

PPINT /00 

100 Fn<`.1 AT(49X+26HFRPORS IN THE COEFFICIENTS) • 

PDINT 1011(DA(1)+I=14K) 

101 FnPMAT(9X,5G16.7) 

C 	PoINTS LOWER DIAGONAL COVARIANCE MATRIX 

PnINT 102 

1 02 FnRNIAT(///40X,26HvARIANCF-cOVARIANCE MATP1X//'/) 

nn 	/=1,K 

nr, 12 J=10( 

12 F(J)=H(I ,J). 

L.) PoINT 1034jE(JJ)4JJ-7:1•I) 

103 FOPmAT(10X,c7G20.6//) 

On 13 I=1 ,K 

17 F(I)=H(I,K+1) 

10 cONTINUF. 

C. 	PDINTS coEFFIcIENTs ANn SUM OF SQUARES 
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PP/MT 104qOPPINT 

1(14 FnRmAT(///0X+15Hc,UA OF SQUARFS=G20.6///) 

PnINT 109 

109 FOPMAT(45Y+1HCOr-r7FICIFNTS///)  

PDINT 103.(c7(I)+1=14K) 

RrjUPN 

FNO 

SURPOUTINF FCN(K,m,EIX,IFLAG) 

C 	 CALCULATES FUNCTIONS FOR LEAST SQUARES ESTIMATION 

DIMENSION F(K),X(m) 

DO 16 J=1,K 

F(J)=X(J) 

16 CONTINUE 

WPITP(61100) (F(J),J=IiK) 

100 FORMAT(2X930FCN,2X44F1003) 

RETURN 

END 

SWIPOUTINF mATPLV(RISH0,1) 

MULTIPLIES VccTops j D RULF• P(I)=R(1)SH(I) 

DIMFNSION P(M),SH(M) 

DO 4p0 J=1iM 

P(J)=R(J)*SH(J) 

4p0 CONTINUE 

RTU7N 

END 
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C 

FUNCTION 

C 	COMPUTES THE SU.1 o(= 5';OuAREr; 

niNIFNF;ION FiK),X(!o•N),DAIK),H(K,KPLU!';),Y(N),(N) 

DoUoLF PPEciSfON H 

0=0, 

WPITF(6•100) KeN,m 

100  FoPmAT(2Xt*EUNrTioN C) 	KNm*,319) 

On 3 1=1 ,N 

CALL FCN(Koo.E.X(1 4 1)•1FLAG) 

HUM=0. 

DO 2 I1=1,K 

2 1--r;UM=H(11 ,MM)*F(T1)+HSUM 

A=HSUm-Y(1) 

WmITE(61101) 161 

101 FORMAT ipX..-14,RESIrWAL A(k,ip,*)=*IIPE9.2) 

Wri/TF(6,107) (F(j),J=IIK) 

101 FoPMATt2X43HEcN,2x14F10.3) 

O Otz(HSUm-Y(T))*(H;um-y(T))(1)+0 

Wr-TUPN 

END 
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C 

SUBROUTINE MATINp (A.DIM1.NIIDIM2.N2.INDFX.NFRPOR,DETE 

C 	MATRIX INVERSION I TH ACCOMPANYING SOLUTION OF LINEAP FOuf.TTON 

DnUALE PPECISIONA•OrTERm.DFER.PIVOT.SWAP 

INTFGFP DIM1.0IM2.0Im.MAT,PIVCOL.PIVCOLIIPIVCOL2_ 

DTMFNS.ION AIDIm1),INDFX(DIml) 

nc-TFp1-.-.1.0Do 

N=NI 

FmAT=N+N? 

DTM=DIMI 

NMINI=N-I 

C 	THE ROUTINE DOES ITS OWN EVALUATION FOR DOUBLE SUBSCRIPTING OF 

C 	ADRAY A. 

PIVCOL=I-DIM 

C 	MAIN LOOP TO INVFPT THE MATRIX 

nn 11 MAIN=I,N 

PTVOT=0.000 

PTVCOL=PIVCOL+DIm 

C 	SP-ARCH FOR NEXT PIVOT IN COLUMN MAIN. 

PIVCOL1=PIVCOL+mAIN-1 

.P/VCOL2=PIVCOL 

Do 2 11=PIVCOLI,PIVCOL2 

ir(nARs(A(11))-DARs(pfvoi)) 2•2qt 

1 PtVOT=A(II) 

LnIV=i1 

P CONTINUE 

C 	Pz, PIVOT DIFFERENT FROM ZERO 

Icr(DIVOT) 

C 	GrT THE PIVOT-LINE INDICATOR AND SWAP LINES IF NECESSARY 

tr.nL=LPTv-plycnL+1 
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INDEX(mAIM)=1COL 

IF(!cOL_MA1N)6.6.4 

C 	COmPLE'AFNT THE DETEPmINANT 

4 OFTEP=-DETER 

C 	POINTER TO LAW nIVOT. FOUND 

troL=IcoL-DIM 

C. 	POINTER TO EXACT PIVOT LINE 

17-A=MAIN-DIM 

Pr) 9 I=1,FmAT 

IcOL=ICOLI-DIM 

SW4P=A(I3) 

A(11)=ACICOL) 

5 A(ICOL)=SWAP 

C 	CoMPUTF DETERmINANT 

6 OETER=OFTER*PIVOT 

PIVOT=1./pIVOT 

C. 	TpANSFORM PIVOT COLUMN 

174=ptvcoL+NmINI 

no 7 I=PIVCOL4I3 

7 A(I)=-A(I),*PIVOT 

A(PIVCOL1)=RIVOT 

C 	PIVOT ELEMENT TRANSFORMFn 

C 	NOW CONVERT REST OF THE MATRIX 

11=mAINInIM 

C 	POINTER TO PIVOT LINE ELEMENTS 

IrOL=I-DIM 

C 	GrNFRAL COLUMN POINTER 

DO 10 I=1.EMAT 

IroL=IcoL4-DINI 
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TI=T1+DIM 

C 	PnINTERS MOVED 

Tr-(I-MAIN) A4104R 

C 	PIVOT COLUMN FXCUADED 

P Jr0L=ICOL+NmIN1 

SWAP=A(I1) 

fq=ptvc0L-1 .  

on 9 I2=ICOL4JCOL 

I'1=174-1 

A(12)=A(12)+SWAP*A ( 13) 

A(1.1)=SWAP*PIVOT 

10 CONTINUE 

11 CONTINUE 

NOW PEAPRANGE THE MATRIX TO GET RIGHT INVERS 

DO 14 11=1'N 

.mAIN=N+I-11 

LoIV=INDFX(MAIN) 

jr(LPIV-MAIN) 12'14412 

1? Ir.OL=(LPIV-1)*D1M+1 

Jr0L=ICOL+NMIN1 

PtvcoL=(mAIN-1)*nim+1-lcOL 

no 13 12=ICOL4JCOL 

I1=12fPIVCOL 

SWAP=A(12) 

A(T2)=A(I3) 

13 A(T3)=SWAP 

14 CONT I NUF 

r)c.TEP^11--7OPTER 

Npppop=o 

Pm-TUPN 
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19 Nr7PPOP=-1 

flm-TEPM=1)FTFP 

PAINT 100.MATNIMA/N 

RP-TURN 

100 FORMAT(18H MATIN1 	 THE gli0e9OH. COLUMN OF THE MATRIX CONTAIN 

15 ONLY ZEROS AT THE .11001cHi ELEM1NATIONSSTEPo ) 

FND 
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C 

St9POHTINE LINE02 (A,DP.114NI,Dtm;-!,Np.INDE-x,NppRoR,DFm) 

INTFGFP DImi,Dtm,PivcoL,PlvcoLI,ToPx.FNDx.ToPcoL ,ENDcoL,FmAT 

DIMENSION A(D1 ,I1),INnFx(71m1) 

DOUBLE PRECISION'A,DFTERM.nrTER,RIV0T.SWAP 

Dim=ntmt 

Dr.TER=1.000 

N=NI 

FmAT=N4-N2 

NmINI=N-1 

_PTvcoL=-DIM ,  

C 	MAIN LOOP TO CREATE TRIANGULAR 

nn 10 mAIN=I.NMIN1 

PTVOT=0,0n0 

P I VCOL=P I VCOL r m+ 

p/vcoLI=PivcoL+m-MAIN 

C 	SEARCH PIVOT 

DO 2 I1=PIVCOLIPIVCOLI 

IFDARS(A(11))-DAPb(PIVOT)) 2'2'1 

1 PTVOT=A(I1) 

LRIV=il 

2 cnNTTNuF 

C 	Iq PIVOT DIFFERENT FROM ZERO 

IF(PIVOT) 3,15.3 

IS IT NECESSARY TO BRING PIVOT TO DIAGONAL 

3 . 1E(LPIV-PTVCOL) 4,6,4 

4 nrTFP=-DFTFP 

LPIV=LPIV-nim 

II=PIVCOL-DIM 

DO 9 IP=MAIN,EMAT 
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Lt IV=LPIV+DIM 

11=I14-DIM 

SwAP=A(II) 

AcI11=A(LPIV) 

9 A(LPIV)=SWAP 

6 DFTEP=DFTFRPIVOT 

PIVOT=1./P/VOT 

C 	MODIFY PIVOT COLUMN 

11=PIVCOL+I 

DO 7 12=11,PIVCOL1 

7 A(I2)=A(12)*PIVOT 

C 	CONVERT THE_ SUBM4TRIX AND RIGHT SIDES 

I71=PIVCOL,  

IPOW=MAIN+I 

DO 9 II=IROW+N 

• 1 -A=I7+1 

14=PIVCOL 

1=173 

DO 8 12=IROWIEmAT 

14=I44-DIM 

19=I94-DIM . 

8 4(19)=A(19)—A(T4-)*A(T3) 

9 CONTINUE 

10 CONTINUE 

DFTFRM=DETER 

NERDOP=0 

cOMPUlr THF SOLUTIONS 

NO=N+1 

TOPX=NmIN1*DIM+1 

no 171 I=NO.FMAT 
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ToPX_TorIX-vOIM 

ENOX=TopX+N 

ToPCOL=N*DIM+1 

ENDCOL=TOPCOL+NPAINI 

00 12 11=1,NMINI 

ENDX=ENDX-1 

ToPCOL=TOPCOL-DIm 

ENDCOL.7..ENDCOL-DIM-1 

A(ENnX)=A(ENDX)/A(ENDc0L+1) 

SwAP=A(FNDX) 

171=TOPX-1 

Do 11 12=TOPCOL•ENDCOL. 

.13=T3+1 

11 A(11)=A(I3)-)A(12)*SWAP 

IP CONTINUE 

A(TOPX)=A.(TOPX)/A(1) 

13 CONTINUE 

C 

	

	LFFTADJUEJ THE SOLUTIONS ' 

I=-DIM 

ToPX=NMINI*DIM+1 

ENDX=TOPX+NMIN1 

DO 14 I1=NO.EMAT 

• ToPX=TOPX+nim 

ENDX=ENDX-1-nIM 

1=I+DIM 

on 14 12=TOPX,ENDX 

11=13+1 

14 A(11)=A(I2) 

PFTURN 
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C 	FDROP FXIT 

NrPROR=-1 

f)TEPm=f)F.:TER 

PRINT 1004mATN/NITN 

RPTUPN 

•100 FoRMAT(18H LINFOI 	 THE 4I10+90H. COLUMN OF THE MATRIX. CONTAIN 

1S ONLY ZEROS AT THE ,110.19H. ELTMINATIONSTER. ) 

END 
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CHAPTER IV 

PROPANE PYROLYSIS 

4.1 INTRODUCTION 

Although Propane is used commercially in large quantities as a 

reactant for the production of ethylene and propylene, the mechanism of 

the pyrolysis reaction is not fully understood. Molecular or at least 

partially moleCular reaction schemes have been proposed by Blackmore 
20 	 101 	139 

and Hinshelwood 	and Parsons et al 	Hinshelwood 	.studied the 

inhibition of the reaction by nitric oxide, and found that under certain 

conditions some 14% was.uninhibitable several investigations have shown 

that this residual reaction is not a molecular reaction Stevenson et al
111  

studied the pyrolysis of propane containing radioactive carbon and con- 

eluded that isotopic mixing took place at the same rate, when the reaction 

was completely inhibited as when it was uninhibited. Hinshelwood- 
110 

112 
obtained the same result. Poltorak and Volevodsky 'showed that when 

propane is pyrolyzed in the presence of D2, D atoms appear in the hydro- 

carbon fraction at a rate, relative to the rate of decomposition, that 

is independent of the amount of nitric oxide present. 

All of these results show that free radicals are still important 

in the reaction occurring in the presence of No and provide no support 

for the view that a molecular mechanism plays a significant role in the 

propane pyrolysis. Evidence leading to the same conclusion is provided 
113 

by the experiments of Neclause et al which showed that in reaction vessels, 

the propane pyrolysis was completely inhibited by 02; this would not be 

possible if a molecular mechanism occurred. The most recent studies of 

propane pyrolysis have led to general agreement that the reaction is 

entirely free radical in nature. Beyond this, however, there is little 

detailed agreement. 
102,103,34,105 

1044  A number of earlier investigations on the propane pyrolysis • 
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indicated that the reaction is largely homogeneous and that the main 

decomposition products are H2,  CH4, C
2
H
4 
and C

3
H
6 according to the 

stoichiometry: 

	

C
3
H
8 
--1*. 

C3
H
6 	

H
2 

and C
3
H
8 

	C2H4 
	

CH
4 

Essentially equal molar quantities of these products are obtained for 

low conversions at 550°C 650°C, as indicated by Laidler et al9  and 

105 
Steacie and Puddington . Ethane, butadiene and heavier components are 

also sometimes obtained, especially at higher conversions and higher 
106 	107 

temperatures, as reported by Groll' _Schneider and Frolich 	. 

Although the thermal decomposition of propane is at least implicitly 

assumed in many cases to be a completely homogeneous gas-phase reaction, 

the influence of reactor surfaces has been demonstrated frequently, and 

this, in part, perhaps explains the discrepancies in the results obtained 
9 	108 

using different reactors. Laidler et al and Poltovak et al' , who 

used batch reactors at subatmospheric pressures reported that the surface 

acted both to initiate and terminate the reaction. Fusy et all9  claimed 

that the wall was effective in terminating the chains. Additional in-

formation was obtained concerning the effects of treating.the inside 

walls of a reactor with hydrogen surface and other gases. Corynes and 

13 
Albright 	had earlier reported results indicating the importance of 

such treatments in affecting the course of pyrolysis. Contacting H2S with 

the reactor for several minutes at temperatures from at least as low 

as 100°  to 800°C resulted in metal sulfide films on the reactor walls. 

This sulfide surface is relatively effective in preventing the formation 

of metal oxide surfaces when oxygen or steam is contacted with the reactors. 

Steam, when contacted for periods of 6 to 24 hours with such reactors, 

slowly converted some of the metal sulfides to metal oxides. These 

metal oxides promote coking reactions and the formation of larger amounts 
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of hydrogen. This investigation confirmed qualitatively that reactor 

history is a fairly important factor in the overall pyrolysis process 

since it affects the types of heterogeneous wall reactions which are 

especially important relative to coke (or carbon) and hydrogen formation. 

The earlier works suggested that the kinetics are first order, 
114 

but Martin, Dzierzynski, and Niclause and Laidler,Sagert and 

Wojciechowski 
9
found an order higher than 1. At higher temperatures 

and lower pressures the order approaches 3/2, while it is close to 

unity at lower temperatures and higher pressures. There is little effect 

of inert gases on the overall rates. Table 4.1 shows considerable spread 

in activation energy and frequency factor. Fig. (4.14) shows the 
115 	7 

Arrhenius diagram of the data obtained by De Boodt , Paul and Marek. 

9 	10 	105 
Laidler et al=, Kershenbaum 	and Steacie . In this work the temperature- 

time history of the pyrolysis of propane is followed using the mass 

spectrometer to analyse these products and compare the concentration 

profiles with computer predictions between 600°  and 800°C. 

4.2 CALIBRATION OF PURE SAMPLFS  

In order to quantify the products of pyrolysis as obtained from 

the mass spectrometer, it is essential to know the cracking pattern 

of each pure compound contributing to the mixture spectrum. The cracking 

patterns of the primary products are as shown in Table 4.2. 

4.3 	ANALYSIS OF RESULTS  

Space time was obtained by dividing the volume of the reaction 

zone by the volumetric feed rate of the propane measured at the reaction 

temperature and pressure. This is basically the same method employed 
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Literature Data 

Table4-1 

Authors 	Order 	Factor 	'Slott 	° ..... 
Paul and Marek 

350-650 
500-390 
545-600 
330-670 

531-002 
700-750 

800-1000 

Activa- 
lion 

Energy, Temp. 
Frequency 	Call 	Rance, 

(1934). 	 1 3.98 X 1018  74,850 
Enr;c1 et al. (1957) 	... ... 71,000 
Martin et c/. (1964) 1.2-1.3 ... 67,000 
Laiclier et al. (1102) 	J1 2.53 X 1011  67,100 

11.5 8.50 X 10" 54,500 
Steacie and Pud- 

dington (1932) 	1 2.88 X 10" 63,300 
Inc Booth (1962) 	... ... 53,000 
Kenhenbatun 

(1967) 	 1 2.40 X 10u 52,100 
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TABLE 4-2 

RELATIVE ION INTENSITIES FOR VARIOUS COMPOUNDS eV = 70V, Trap current 

= 50 11A. Ion repeller voltage = 1V, Mass spectrometer model MS10-C2. 

COMPOUND MASS 	RELATIVE ION 

'NUMBER 1  INTENSITIES 
-e 

COMPOUND MASS 	RELATIVE ION 

NUMBER M/e INTENSITIES 

• CH 
3 8 

2.00 	1.69 C
3
H
6 

2.00 	3.17 

14.00 

15.00 

16.00 

25.00 

26.00 

27.00 

28.00 

29.00 

30.00 

37.00 

38.00 

39.00' 

40.00 

41.00 

42.00 

43.00 

44.00 

45.00 

0.76 

4.06 

2.18 

0.94 

9.91 

39.55 

62.88 

100.00 

2.03 

3.77 

6.73 

25.46 

5.17 

26.37 

14.15 

33.96 

. 35.84 

1.03 

14.00 

15.00 

16.00 

19.00 

19.50 

20.00 

20.50 

25.00 

26.00 

27.10 

28.00 

36.00 

37.00 

38.00 

39.00 

40.00 

41.00 

42.00 

1.44 

3.05 

0.98 

1.47 

0.52 

1.10 

0.34 

1.44 

9.05 

27.30 

2.81 

1.47 

10.76 

16.49 

67.11 

26.78 

100.00 

72.15 

C
2
H
6 
	2.00 
	

1.03 

	

14.00 
	

1.45 

	

15.00 
	

3.10 

	

25.00 
	

3.10 

	

2.00 
	

2.16 

	

12.00 
	

0.39 

	

13.00 
	

1.05 

	

14.00 
	

2.61 



-184- 

TABLE 4-2 

COMPOUND MASS 	RELATIVE ION 

NUMBER 11  
e  

COMPOUND MASS 	RELATIVE ION 

NUMBER Mie INTENSITIES 

C2H6  26.00 

27.00 

28.00 

29.00 

30.00 

20.68 

30.36 

100.00 

22.23 

27.92 

	

C
2
H
4 24.00 
	

2.09 

	

25.00 
	

9.41 

	

26.00 
	

60.13 

	

27.00 
	

62.75 

	

28.00 
	

100.00 

	

29.00 
	

2.35 

CH
4 	2.00 	0.62  H

2 	2.00 	100.00 

	

12.00 
	

1.43 

	

13.00 
	

4.97 

	

14.00 
	

11.80 

	

15.00 
	

85.71 

	

16.00 
	

100.00 
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18 by Crynes and Albright 	except that they used stainless steel reactor 

while quartz was employed in this work. Each reaction zone is defined 

by a constant temperature. Hence by first plotting the concentrations 

against temperature and relating each temperature to the space time, 

the concentrations as function of space times can be plotted. The 

typical composition-temperature profile is as shown in Fig. (4.1) 

At low temperatures and low conversions the profile can be represented 

by curve OBCD. There is an induction period during which no appreciable 

amount of products is formed, followed by rapid formation (BC) and 

then CD where the rate of formation is becoming constant. As the temp-

erature increases, the induction segment disappears with section BC 

becoming steeper and shdrter while CD increases only slightly, flattens 

out or may even reverse its slope according to whether the product is 

being consumed or degraded or not. 

At a flow rate V', different temperatures define different space-

times and different concentrations. Thus at T1, point 'a' defines a 

co-ordinate a(C t )' T2 
 gives C(C2' 

 t2 
 ) and T3, e(C3't3).  By changing  

the flow rate to V", at temperatures T1, T2  and T3, co-ordiantes 

b(C1 1 ,t11 ), d(C2',t2') and f(C3',t3') are defined respectively. Another 

flow rate would similarly define other loci. It was observed however that 

as the temperature increases (>' 650°) the space times became closer. 

Thus at the isothermal temperature 	the compositions against the space- 

times are well defined. This is as represented in Fig. (4.2). 

The composition-time profiles obtained are as shown in Figs. 4.3, 

4.4 and 4.5. The order of magnitude of the quantities of components 

obtained is CH4  , C2H4 	C3H6  , H2  , 02H6, C4. But at the beginning 

or onset of. reaction, CH4, C2H4, C3H6  and H2  were formed at approximately 

equal amounts. 
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	 Time / sec. 
Fg 4-3 Product distribution from propane 

pyrolysis at 700 °C 
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0'S 	 1.6 
/ sec 

Fig 4-4 Product distribution from propane 
pyrolysis at 800°C- 



0-  

X 

A 

-189-- 

OS 	 LC 
	L..._ 	 

Time/ sec- 
Fig 4-5 Product distribution from propane pyrolysis at 750°C 
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4.4 MECHANISM OF PROPANE PYROLYSIS  

Breaking a C-H bond in propane is of limited importance as an 

initiation step because the C-H bond is stronger than a C-C bond in 

the propane. The key initiation step must certainly be as follows: 

CH
3
CH
2
CH
3 	

CH
3
CH
2 

+ CH
3 
	(1) 

propagation includes such steps as: 

CH
3 
+ C

3
H
8 

 

CH4  + n- C
3
H
7 (2a) 

 

	

CH
3 
+ C

3
H
8 	+ C

3
H
7 

C
2
H
5 
+ 	C

3
H
8 	

C
2  H6 

 + n- C
3
H
7 

	

 

C
3
H
8 	

C
2
H
6 
+ C

3
H
7 

(2b) 

(3a)  

(3b)  

In addition the ethyl radicals will undergo some decomposition. 

C
2
H
5 	

C
2
H
4 	

+ 	H 	(4) 

and hydrogen atoms will engage in abstraction reactions: 

H + 	C
3
H
8

, H2 	+ 	n-C
3
H
7 	(5) 

H 	+ 	C
3
H
8 
----- H

2 	
+ 	i-C

3
H
7 	(6) 

117 
Lin and Laidler 	and many others have shown that normal propyl 

radicals decompose mainly into ethylene and methyl radicals: 

CH
3 
 -- 

2  
CH---CH2 	 C2

H
4 	

CH
3 
	(6) 

and isopropyl radicals mainly into propylene and hydrogen atoms: 

CH3  CH 	CH3 _ 	 H + C
3
H
6 
	 (7) 

Actually in the isopropyl case the conversion into CH3  and C2H4  proceeds 

with a lower activation energy than (7), but the frequency factor is low 

and (7) is therefore favoured under usual conditions. 
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The methyl and propyl radicals are now known to predominate in 

any propane pyrolysis reaction scheme, so that the most likely termin-

ation steps are: 

CH
3 

+ CH
3 	

C
2
H
6 

CH
3 	n - C

3
H
7 

----.10.CH
4 	

C H 
3 6 - 

i-C4H 10 
	 (8b) 

n-C3H7 + n-C3H7
3  H6 
 + C

3
H
8 	(9a)  

n C6  H14 (9h) 

CH
3
CH - CH

3 	
+ 	CH

3
CH-CH

3 	
C
3
H
6 

+ 	C
3
H
8 	

(10a) 

(CH
3  )2 

 - CH -CH (CH
3
)
2 (10b) -- 

n-C3H7 	+ i-C3H7 	
C
3
H
6 

+ C
3
H
8 	(11a) 

CH
3
(CH

2
)
2 
- CH(CH

3
)
2 
	(llb) 

At high temperatures however the likelihood of reactions (9b), (lob) 

and (llb) occurring looks remote. 
110 

Hinshelwood et al. , reported that at pyrolysis temperatures the 

normal and isopropyl radicals are rapidly interconverted and that the 

reaction scheme could therefore be simplified by writing either radical 

as C3H7. 

The relationship between the reaction mechanism and the overall 

kinetics behaviour must be considered with reference to the nature of 

the initiation, propagation and termination steps in which they are 

involved. 

(i) P radicals are those that are involved in second order propagation 

steps; a hydrogen atom is a p radical in the propane decompostion 

since it undergoes the reaction: 

H 	+ 	C
3
H
8 
-.D.H

2 	
+ 	C

2
H
6 

(8) 

(8a) 
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(ii) 1L radicals are those that are involved in first-order propagation 

steps. For example, if in a pyrolysis the C3H7  radical undergoes 

the propagation reaction C3H7 	 C2H4  + 	CH
3 , it is 

a v radical. 

But unimolecular reactions can have kinetics that are between 

first and second order, so that the radicals involved may be neither 

pure p or pure V- but somewhere in between. The methyl radicals are 

P-radicals and if their recombination were the predominant chain-terminat- 

ing step the kinetics would be 3/2 order. On the other hand if C3H7  

were the predominant radical, and being a V radical, the overall kinetics 

should be first order. In addition if reaction (8a) were predominant, the 

recombination would be a PR type and the overall kinetics would still 

be first order. Any experimental result that shows an order of between 

1 and 3/2 would be explained if both of these chain-terminating steps 

play some part with perhaps some smaller contribution from the reaction. 

C
3
H
7 	

C
3
H
7 
	stable products 

4.5 COMPUTER PREDICTION AND KINETICS  

For a tubular plug flow reactor at constant total pressure, differential 

equations of the following type describe the system. 

m  
dC 

 
C 	

x 	
13r - C. dx a... di 

- Tro(7 	> 	7 	1  dt 

j = 1 

1, 2 , 3 

where 

	

a 	a r. = K. 	I 	. - 	c. 	i;• 
3 	.7 

i = 1 	i = 1 
a..4. 0 	aij>-0 ij 
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A
13
..  

= frequency factor in the Arrhenius expression (sec 1) 

th. 
stoichiometric coefficient of the 1 component in the jth 

reaction; 	aij 0 is a reactant; 

aij 0 is a product 

concentration, moles/cc . 

CT = total reactant gas concentration excluding diluent j-moles/C.C. 

E 	= activation energy, Kcal/g-mole. or KJ/mole 

K 	= forward rate constant,-'sec-1 or cc/g.mole(sec) 

K' 	= reverse rate constant, 	IT 	 r. 

th . 
r. 	= rate of j 	reaction moles/( CC  )(sec) 

X 	= fractional conversion of propane 

= space time, secs. 

i 	= refers to the component, moecular or free radical 

j 	= refers to the reaction 

m 	= total number of reactions 

n 	= total number of components 

After a detailed trial-and-error procedures using the integration 

programme described in Chapter (II), the model shown in Table 4.3 

was solved using a CDC 6400 digital computer and was found to describe 

the pyrolysis results of propane for temperatures from 600 - 800°C at 

a pressure of approximately 1 atm. 

TABLE 4.3  

REACTION  A 

  

    

    

1. C3H8--4).02
H5 	

+ 	CH3 
	6 x 10

14 	
326 JK/mole 158 

2. CH3 + 	C
3
H
8 	

CH
4 

+ C
3
H
7 
	1.5 x 10

12 	
20.5 KJ/mole 4 

3. C
2
H
5 

+ 	C
3
H
82

H
6 	

+ C
3
H
7 	2 x 10

10 	
25 KJ/mole 158 

r 



4.  

5.  

6.  

7.  

8.  

9.  

10.  

11.  

12.  

13.  

14.  

15.  

16.  

17.  
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CH' 	CH H 3 x 1011  

7.5 1011  

1.8 x 1012 

4 x 1010  

3.6 x 1010  

1.8 x 1011  

4.2 1012 

1 x 1010 
 

1 x 1012 

5.6 x 107 

1.2 x 1012 

8 x 108 

1.3 x 1011  

159 
146.3 KJ/mole 

158 
22.60 KJ/Mo1e 

160 
19.20 KJ/mole 

133 KJ/mole 158 

133 	KJ/mole 

158 
4.18 KJ/mole 

158 
10 KJ/mole 

0.0 KJ/mole 161 

0.0 KJ/mole 158  

0.0 KJ/mole158  

92 KJ/mole 158  

248 KJ/mole4  

4 50 KJ/mole 

161 
37.6 KJ/mole 

25 	24 

H 	C
2
H
5
-11.0

2
H
5 

H 	CHH 

	

38 	2 

	

C
3
H
7
---4>CH3 	C

2
H
4 

	

H. 	C 

	

---t46 	+ C3H7 
 3  H6  

+ H 	CH(> 	C3H7 
 36 

CH CH CH 

	

3 	
+ 	

25 	38 

	

C
2
H
5 	

+ 	C
2
H
5
---f>C

2
H
6 	

+ 	C
2
H
4 

	

CH+ 	CH H+ 	CH 

1 x 1011  

3 	37 	36 	4 

CH CHCH 
7 

---1› 
3 	3 410 

CH+ 	H CH+ 	H 
37 	2 	38 

C
2
H
6 	

CH
3 	

CH3 

CH3 	+ 	C2H6 
	

CH4 
	

C
2
H
5 

H 	+ 	CH 	H 	+ 	CH 
2 6 	2 	2 5 
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162 
18. C

4H10-0- C2
H
5 	

C
2
H
5 	

8.7 x 109 167.2 KJ/mole 

19. C
2
H
5 	

C
2
H
5 	

t> C
4
H
10 	1 x 1011  

163 
6.0 KJ/mole 

The comparison of experimental results and with values calculated 

from the kinetic model shown in Table 4.4. 

4.6 	THE OVERALL ORDER AND ACTIVATION ENERGY OF REACTION  

Suppose for example that a reaction is of the n
th 

order and involves 

substances that initially have a concentraion ao; such a reaction may 

be represented schematically as: 

nA-431. P 

If X is the amount of A per unit volume that has disappeared in time t, 

the amount of A remaining is ao - X. The rate of reaction is thus: 

-d(ao - X) 	dx 
dt 	dt 

K(ao x) n 



2.0 SECS 

12.00 

20.00 

3.00 

25.70 

30.00 

16.50 

10.80 

2Q.00 

3.50 

26.00 

29.50 

16.80 
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873
o
K 

OBTAINED COMPUTED OBTAINED COMPUTED OBTAINED COMPUTED 

SPACE 
TIME 	0.8 SECS 	1.5 SECS 	2.2 SECS  

C H 	97.90 	98.10 	95.00 	94.6 	90.32 	89.90 
3 8 

C
3
H
6 	

0.41 	0.420 	1.31 	1.25 	2.32 	2.36 

C
2
H
4 	

0.022 	.025 	0.036 	0.04 	0.041 	0.05 

CH4 	0.47 	.476 	1.465 	1.48 	2.70 	2.65 

H
2 	

0.416 	0.420 	1.30 	1.25 	2.31 	2.36 

973
o K 

SPACE 
TIME 	0.4 SECS  

C
3
H
8 

46.00 45.40 

C
3
H
6 	

11.50 	11.52 

C
2
H
6 	

0.75 	0.77 

C
2
H
4 	

13.50 	13.75 

CH
4 

15.00 14.50 

H
2 	

11.00 	10.60 

1.2 SECS 

	

26.40 	25.40 

	

19.00 	19.00 

	

R.00 	2.20 

	

23.00 
	

23.60 

	

26.50 
	

26.25 

	

16.30 
	

16.75 

TABLE 4.4 COMPARISON OF EXPERIMENTAL DATA WITH COMPUTER PREDICTIONS 
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OBTAINED 

1023°  K 

COMPUTED 	OBTAINED COMPUTED , OBTAINED 	COMPUTED 

SPACE 
TIME 0.40 SECS . 	0.80 SECS 1.8 SECS 

C 7.80 8.50 2.70 2.50 0.62 0.40 

C
3
H
6 19.00 19.80 20.40 21.50 19.50 20.50 

C
2  H6  

2.50 2.50 4.20 4.25 5.00 5.40 

C
2
H
4 

24.70 25.00 26.70 27.00 27.50 27.40 

CH
4 27.20 27.80 31.20 31.00 32.50 32.50 

Hz 17.40 16.50 17.10 16.00 14.30 15.00 

1073°  K 

SPACE 
TIME 0.2 SECS 0.4 SECS 0.8 	SECS 

CH 
3 8 

4.25 4.10 1.50 1.00 0.67 0.40 

C
3
H
6 

20.10 18.00 20.50 22.50 22.00 _22.00 

C
2
H
6 2.20 2.00 4.20 5.00 4.52 5.00 

C2H4 
 

24.00 24.62 26.00 27.50 27.00 27.60 

CH
4 

28.00 29.60 30.40 31.50 31.20 32.00 

16.80 16.50 17.50 18.00 17.80 18.30 

TABLE 4.4 	COMPARISON OF EXPERIMENTAL DATA WITH COMPUTER PREDICTION 

ti 
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This must be integrated subject to the boundary condition that x = 0, 

when t = O. 

If n is different from unity, the solution is: 

K 1 1 E  

(ao - 1- 
1  

aon - 1 t (n 	1) 

but if n is unity; 

K 	1 
— In  ao 

ao x 

Hence for a reaction of order 1, a graph of ln( 
ao
ao - x) against time t 

should be a straight line whose slope gives the rate constant K. for a 

3/2-order kinetics, the applicable equation is 

2 	1 	1 K _ [ 

	

(ao - x)2 	ao 1/2j  

and for a second-order reaction, the rate constant K. would be: 

11 (  x  
K  = 	L 

r 
 ao ao - x )]  

All of these are tested, but perfect agreement is obtained only in the 

1st-order condition. The graphs of In a
a
o
o
- x us. t for different 

temperatures are as shown in Figs 4.7, 4.8, and 4.9 giving the corresponding 

K. values of 0.0384, 1.276 and 2.00 respectively. 

-E/RT 
K 	Ae 

log K = logA - 	 
2.3 RT 

A graph of log K us. 1/T should be a straight line whose slope is E/2.3R. 

This is presented in fig 4.10 
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Fig 4-8- Determination of the rate constant kat 700t:
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3 1.2 The slope - 0.093  x 10 

= 1.30 x 10
4 

E/2.3R = 1.30 x 104 

E = 1.30 x 104 x 2.3 x 1.96 cals/mole 

= 5.86 x 10
4 

cals/mole 

. 58.6 Kcal/mole = 245 KJ mole-1 

Hence the overall activation energy is equal to 58.60 Kcal/mole. 

Substituting this value in the rate equation 

log K = log A - 
2.3 RT 	, gives at —= 1, 

0.42 = log A - 58.60  

58.60 
i.e; 	log A _ 58. 	+ 0.42 

2.30 x 1.96 

log A = 12.9991 + 0.4200 

log A = 13.4191 , 

from which 

A 	= 2.63 x 1014 sec-1. 
 

The overall reaction rate equation for the kinetics of propane pyrolysis 

between 600 - 800°C can thus be represented as: 

- 58.60 [ C H 1 W = 2.63 x 1014  e RT 	3 8 

W = 2.63 x 10
14 

exp( - 245/RT)[C3H8]1 
	

E(KJ/mole) 

2.30 x 1.96 
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4.7 DISCUSSION 

It is concluded here that the kinetics of the primary decomposition 
• 

of propane between 600o  800°C and 1 atmosphere pressure is first-order 

with respect to propane concentration, and that the overall activation 

energy is 58.6 Kcals/mole. The data neither fits a 3/2 nor a second-order 

kinetics. As the mechanism indicates, propyl radical, C3H7., is the main 

radical. The methyl radicals present are mainly involved in abstraction 

to form methane so that their recombination does in no way predominate; 

Thus a 3/2 or higher order is not favoured. Termination reactions of 

the type CH3. + C3H7. 	products 3p combination, and C3
H
7 
+ C

3
H
7 

products which is a pp combination supports the first-order kinetics. 

Hence Goldfinger's
116 

theory seems validate. 

Of all the primary products of propane, propylene is the most vul- 

nerable to high thermal contact. Even then under the reaction conditions, 

it could only pyrolyze to a small extent to give mainly methane and ethylene. 

Methane is apparently not affected and together with ethylene, increase 

all of the time. Several reaction steps which are undoubtedly occurring, 

though not significantly, during propane pyrolysis include reactions such 

as: 

	

C
3
H
6 

+ CH
3 	

C
4
H
9 

C
4
H
9 
-II> C4  H8 + H 

H
2 
 + C

4
H
9
-41. 

C4H10 
+ H 

	

C
3
H
7 

+ C4H8 	 C
4
H
7 

+ C
3
H
8 

	

C
4
H
7 	

C4
H
6 

+ H 

C
2
H
4 
-b. 2C 	+ 2H

2 

There was soot deposited on the tips of the sampling probe at high temperatures 

which indicates the occurrence of coking reaction, most likely 



2 

1 

2 

o ° 

Kerschenbaum. 
A De Bood-t. 

Steacie 
This work. 

7Q0\600`t 900 8Q0 

203 

C
2
H
4 	2C 
	

2H2  and which may involve acetylene as an 

intermediate. Acetylene, apart from forming soot and hydrogen may 

be polymerized to benzene and other aromatic. 

The overall activation energy of 245 KJ/mole compares fayoourably 

with those of Laidler, De Boodt and Kershenbaum: 

Laidler et al 

De Boodt 

Kershenbaum 

This work 

(1962) 

(1962) 

(1967) 

E(k(11) 	• 
54,500 

53,000 

52,100 

58,600 

TENPoC 
530 - 670 

700 - 750 

800 - 1000 

600 - 800 

227.8 KJ/m 

221.5 	" 

It 218 

It 245 

The comparative value of K is shown in fig. 4-ti. 

8 	9 4 10 	11 	12 
	 x10 / T 

Fig 4-11 Comparison of kinetics with hterature• 
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CHAPTER V  

PERTURBATION PYROLYSIS KINETICS OF PROPANE  

5.1 INTRODUCTION  

As the results discussed in Chapter IV revealed, the kinetics of 

propane pyrolysis is first order with respect to propane concentration. It 

is generally true that impurities do affect the course of a chain reaction, 

either to hinder or accelerate its rate. They could therefore alter its 

mechanism. The free-radical chain reaction mechanism for the thermal de-

composition of a paraffin requires first a scission of a C-C bond of the 

paraffin to generate free radicals which are necessary for initiation. 

This initiating C-C cleavage is the principal determinant of the rate of 

decomposition. Consequently, if it were possible to introduce some radi-

cals from another source into the reactant so that the chain mechanism 

could be initiated by another reaction, then the decomposition rate should 

be altered.
121To test both the mechanism and the mathematical modelling, 

the propane pyrolysis system is perturbed by artificially creating 

a higher rate of radical formation by introducing small amounts of acetone 

(regarded as a source of methyl radicals) and acetaldehyde(which, apart 

from being capable of generating methyl radicals, also plays an important 

role in the oxidation of hydrocarbons). The effect is measured experiment-

ally between 600°  and 750°C and compared with computer prediction to give 

an indication of its validity. 

5.2 PROPANE PYROLYSIS PERTURBED BY ACETONE  

The C-C bond in acetone is 343KJ per mole, i.e. is slightly weaker 
122 

than that in propane of 352 KJ per mole . Acetone can be thermally 

decomposed in two ways; namely either concertedly to give carbon monoxide 

and methyl radicals according to the equation: 
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CH
3
COCH

3
---43,C0 + CH

3
. + CH

3 
	(i) 

or in two consecutive steps according to the equations: 

CH
3
COCH

3 
---.CH

3
CO 	+ CH

3 

CH
3
CO ----p. CH3 

	
+ CO 

. The conclusion of Rice and Herzfeld
2 

on acetone pyrolysis showed that 

acetone does not decompose concertedly. Hence the two-step decomposition 

is the most probable initiation reactions. 

5.2.1 REACTION SYSTEM  

The flow system is basically the same as in fig. [3 - 1] except 

that a vaporizer is placed between the flow meter and the preheater. This 

vaporizer was purchased from Longworth Scientific Instruments Co. Ltd., 

Abingdon, Berkshire, and its essential features are shown in fig. 5-1. 

5.2.2 THE ABINGDON VAPORIZER  

The vaporizer has a graduated knob on the front face which can be 

calibrated in volume percent of the volatile additive. When this knob is 

in the zero position, an internal mechanism closes the vapour chamber 

completely but permits free flow of propane or any other feed from the 

inlet to the outlet. The inlet tubes are fitted with PT1E (teflon) which 

is resistant to acetone. A minimum rotation of 20°, which is approximately 

6mm of the scale length, is necessary to open the closing mechanism, 

and during this first 20°  of rotation of the knob, there is virtually no 

output of any kind. Further rotation of the control knob will produce 

a gradually increasing output in accordance with the calibration marked 

on the dial. The calibration was carried out by opening the knob to a 

certain position while propane of known flow rate was passing and analysing 
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the putput mixture of propane and acetone with the mass spectrometer. 

To fill the vaporizer, the control knob is turned to the zero position 

(it is then not necessary to turn off the gas supplies), the filler cap 

is unscrewed and the vaporizer filled with the appropriate volatile 

additive. The level indicator was calibrated at 50 and 150 ml volume 

and the vaporizer was filled until the level was between these marks. The 

top of the filler orifice is lower than the working parts of the vaporizer 

so that it is not possible to over-fill the vaporizer to a dangerous level. 

The filler cap is then replaced and tightened firmly with fingers only. 

To drain the vaporizer, the control knob should be turned to the zero 

position. The filler cap which exposes the head of the drain screw can 

then be removed. In one end of the bar on the filler cap is a hexagon 

socket to fit this drain screw. This must be used to loosen the drain 

screw which can then be opened with the fingers to release liquid into a 

bottle held below the filler block. The stainless steel wicks in the 

Abingdon Vaporizer retain very little liquid and it is possible to recover 

almost all of the additive. 

The scale engraved on the knob was substantially accurate at flow 

rates between 0.30 and 8 litres per minute and at room temperatures be-

tween 18o and 32°C. In common with many other vaporizers, changes of 

ambient conditions may occasionally result in condensation of the volatile 

additive on the internal proportioning mechanism, which may temporarily 

reduce the output concentrations to a considerable extent. To avoid 

this difficulty, at the commencement of operation, the vaporizer control 

should be turned to 2% or more and a flow of 4 1/m passed for about 

10 seconds. This would evaporate any condensation and ensure accuracy. 

Furthermore, when selecting a low concentration of less than 1., the 

control knob should be turned from zero to land then back to the desired 

• setting. 
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RELATIVE ION INTENSITIES FOR CERTAIN COMPONENTS. eV = 70V, Trap Current 

Trap Current = 50pA, Ion Repeller Voltage = 1V, Mass spectrometer model 

MS10-C2 

TABLE 5.1 

COMPOUND MASS RELATIVE ION COMPOUND MASS 	RELATIVE ION 

NUMBER M/e INTENSITIES NUMBER M/e INTENSITIES 

CH2O 12.0 3.30 CH3CHO 18.00 	0.30 

13.0 4.30 21.0 	0.10 

14.0 4.40 24.0 	1.56 

16.0 1.70 25.0 	4.76 

28.0 30.90 26.0 	9.10 

29.0 100.00 27.0 	4.54 

30.0 88.50 28.0 	2.66 

31.0 1.80 29.0 	100.00 

30.0 	1.14 

CH3COCH3 26.0 3.14 41.0 	3.86 

27.0 4.83 42.0 	9.16 

28.0 4.75 43.0 	j26.70 

29.0 3.07 44.0 	45.70 

37.0 1.71 45.0 	1.24 

38.0 1.96 

39.0 4.26 

42.0 6.72 

43.0 100.00 

44.0 4.65 

57.0 1.12 

58.0 37.35 
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It is also essential that there should be no leakage. This can 

be ensured by turning on a, supply of gas, thus partially blocking the 

outlet of the vaporizer to cause a positive pressure inside it, and with 

a syringe, run a small quantity of ether round the joint between the 

vaporizing chamber and body, and checking that no gas bubbles appear. 

5.2.3. ANALYSTS OF RESULTS  

The amount of acetone in the propane stream varied from 0.8 to 

4% at 600°  - 700°C but to a maximum of 3. at 750°C as the decay of 

propane was expected to be much faster at this temperature. In all cases 

however, there was an acceleration of propane decomposition, and the 

major products in order of magnitude are CH4, C2H4,C3H6, H2  , C2H6, C4  

Methane and ethane increased in comparison to their values in the absence 

of acetone. Propylene and hydrogen were slightly reduced while ethylene 

remained virtually constant. Some of the concentration profiles are 

shown in Figs. 5.2 and 5.3. 

5.3.1 MECHANISM AND KINETICS  

118 
Winkler and Hinshelwood concluded that the thermal decomposition 

of acetone is almost completely homogeneous. 	This is supported by Allen 

Pyrolyzed on its own the Hertzfeld 	free-radical mechanism postulated 

the following reaction steps: 

CHCCCH CH + CH
3
CO. 

33 3 

CH CO 	M 	CH + 	--I. + CO + M 
3 	 3 

CH3 + CH3
COCH

3 
+ CH

3
COCH

2 4 

CH3COCH2 
 

CH ---* + CH
2
CO 

3  

CH
3
+ CH

3 
+ M CH + M 

26 
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CH
3  + CH3

COCH
2 
----0,CH

3
COC

2
H
5 

2CH COCH
2   (CH3

COCH
2
)
2 

At high temperatures both ketene, CH2C0 and CH3COCH2  as well as CH3C0 

will be unstable and the main products at low conversion will be methane 

and ethane. At longer reaction times, the variation in the product 

spectrum relative to unperturbed propane will depend only on the total 

methyl concentration. Having established a mechanism for propane pyrolysis 

in Chapter IV, the rate equations appropriate to the following reaction 

scheme were integrated and found to describe very well the pyrolysis 

of propane perturbed by the addition of small amounts of acetone. 

TABLE 5-2 

REACTION 

1. C3 8 	CH 	+ C H 
3 8 	3 	2 5 

2. CH3
COCH

3 
-----11.CH

3 	
CH
3
CO 

3. CH
3
CO 	CH

3 
+ CO 

4. CH
3
+ C3H84 + C3

H
7 

5. 	C
2
H
5 
---Ap C2H4 

+ H. 	3 3 x 1011 	146.3 159  

6. H. + C
2
H
42

H
5 

7. C
2
H
5
+  C

3
H
82

H
6 + C3H7 

 

8. C3 
 H ---4,CH

3 
+ C

2
H
4 

9. H. + C
3
H
82 

 C3H
7 

10. C
3
H
7 
---12.0

3
H
6
+

1- 

11. H. + C
3
H
6 

	

7.5 x 10
11 	22.6 158 

2 x 1011 	25 158 

4 x 10
10 	

133.8 158 

1.8 x,1012 19.2 160  

	

3.6 x 10
10 	4 133. 

1.8 x 1011  4.18158 



-213- 

• 

12.  

13.  

14.  

15.  

16.  

17.  

18.  

19.  

20.  

21.  

CH 
8 

	

C
2
H
4 
+ 	C

2
H
6 

	

+ 	CH4 

C4H10 

H. + C
3
H
8 

	

CH
3 
+ 	CH

3 

C
4
H
10 

C
2
H
5 
+ H

2 

	

CH4 	
+ C

2
H
5 

	

C
2
H
5 	

+ C
2
H
5 

4.2 x 1012 

1 x 10
10  

1 x 10
12 

1 x'10
11  

5.6 x10
7 

1.2 x 1012 

1011 1.0 x 10 

1.3 x 10
11 

 

8 x 10
8 

8.7 x 109 

0.0 

0.0 

0.0 

0.0 

92.0 

284 

0.0 

0.0 

50. 

167 

4  

158 

161 
 

158  

158 

158 
 

163 

161 

4 

162  

3 

H C2H5 
	

C 
25 

•CH+ 	C H 
3 	3 7 

CH+ 	CH .-----p. 

	

3 	37 

	

H
2 	

+ 	C
3
H
7 

CH 
26 

+ C
2
H
5 

C
2
H
5 

H. 	CH + V 
26 

. + v. CH3 
	
CH 
26 

CH 410 

Table 5.3 shows the comparison between the calculated and computer 

predicted values which show very good agreement. 

5.3.2 DISCUSSION  

Fig. 5.4 shows clearly the accelerating effect of acetone on the 

rate of propane decomposition. This is due to the extra methyl radicals 

generated by acetone decomposition and it can be seen that as acetone 

concentration increases, the concentration of methyl radicals also in-

creases and the overall effect is to diminish the induction period 

Fig. 5.5 reveals that the addition, at such low concentrations, is a 

direct boost rather than a deviation from the established first-order 

kinetics. The reaction rate constant, K, is almost constant as the 

plots of loge[ao/(ao - x)] versus time, for the various concentrations 

of actone added, are almost parallel. The higher the acetone concentration 

the nearer to zero are the kinetic lines displaced indicating a shortening 



TEMPERATURE = 600°C 	4% ACETONE  

SPACE TIME 

	

	0.81 SECS 	2.00 SECS 

CALCULATED COMPUTED CALCULATED COMPUTED 

C3H8 

C3H6  36 

C H 
2 6 

C2H4 

CH4 

H
2 

CH3COCH3 

CO 

93.45 

0.60 

0.002 

0.68 

0.69 

0.63 

3.80 

nil 

93.60 

0.61 

0.002 

0.68 

0.68 

0.61 

3.79 

traces 

84.00 

2.90 

0.02 

3.16 

3.20 

2.80 

3.62 

traces 

84.28 

2.85 

0.018 

3.19 

3.22 

2.83 

, 	3.60 

traces 

TEMPERATURE = 700°C, 4% ACETONE 

SPACE TIME 	0.1 SEC. 0.96 

C
3
H
8 

C
3
H6 

C
2
H
6 

C H 2 4 

CH4 

H
2 

CH3CQCH3 

CO 

CALCULATED 

79.70 

3.92 

0.05 

4.40 

4.43 

3.96 

3.50 

0.008 

COMPUTED 

79.63 

3.96 

0.05 

4.43 

4.49 

3.92 

3.51 

0.008 

CALCULATED 

12.10 

17.90 

3.00 

23.50 

27.00 

14.70 

2.15 

0.04 

COMPUTED 

11.04 

18.20 

3.16 

23.56 

26.80 

15.00 

2.18 

0.043 

TABLE 5.2 COMPARISON OF CALCULATED TO COMPUTED VALUES 
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of the induction period. 

The effect remains the same at 700 and 750°C. The effect is illus-

trated in Fig. 5.6 at 700°C, but the profiles become very much closer 

due to the fact that, at this temperature, propane itself is being 

rapidly decomposed and the effect of the extra methyl radicals from 

acetone becomes relatively minor. The first order kinetic lines in 

fig. 5.7 are very close indeed. At 750°C, the same situation prevails 

as indicated in fig. 5.8 and fig. 5.9. 

Propane decays faster in the presence of acetone because of the 

extra methyl radicals generated. This effect must be reflected in the 

concentration profiles of the pyrolysis products. The highest gain goes 

to ethane followed by methane boosted mainly by the increase in the con-

centration of methyl radicals. Ethane must have gained in addition 

as a result of methyl radical recombination. 

CH
3 
+ CH

3 
+ M

2
H
6 

+ M 

The increase in the concentration of methyl radicals inevitably increases 

the rate of the propagating step. 

CH
3 
+ C

3
H
8
-----p•CH4 + C3H7 

Thus at the onset of reaction, the following steps are accelerated. 

C
3
H
7
______0C

2
H
4 

+ CH
3 

C
3
H6 

+ H 

H. + C
3
H
8 	

H
2 	

+ C
3
H
7 

This represents the boost for methane, propylene, ethylene and hydrogen 

particularly at 600°C when the dissociation of propane lags markedly 

behind that of acetone. As the reaction proceeds however, both propylene 

and hydrogen reduce in concentration and the ethane boost becomes more 

apparent. The boost for ethane is probably due to the combination of 

reaction of methyl radicals; 

CH
3 
+ CH3 

+ M—to-C
2
H
6 
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But hydrogen atoms react with ethylene to give the ethyl radicals 

C2H5., which then abstract other hydrogen atoms to. form ethane also. 

H. + C
2
H
42

H
5 

C
2
H
5 

+ C
3
H
8
- ,C

2
H
6 

+ C
3
H
7 

This could support the report of Bradley 
4

that the combination of the 

lighter radicals are less important than their reaction with bulkier 

species due to the third body complication at elevated temperatures. 

From the proposed mechanism, the additional methyl radicals from 

acetone attack propane and competition from hydrogen atoms in the system 

to form molecular hydrogen corresponding to equation (9) will lead to 

diminution of propyl radicals generated by this reaction step. Con-

sequently the concentration of propylene obtained according to reaction 

steps (10) and (14), will be less than when acetone is absent. In addition 

certain reactions which may occur include steps such as: 

CH3 + C
3
H6 C4H9 

CH
3
CO 	RH --ts.CH

3
CHO 	+ R 

which will only diminish the concentration of propylene and that of propane 

in the system. 

5.4 PROPANE PYROLYSIS KINETICS PERTURBED BY ACETALDEHYDE  

Acetaldehyde is an important intermediate in the slow combustion 

of hydrocarbons where it probably participates in the role of a branching 

intermediate. Its oxidation has been well studied and it is known to 

accelerate the rate of hydrocarbon oxidation by reducing the induction 
122 

period. The C-C bond strength in acetaldehyde is 334 KJ.per mole 

• - 
Compared to 343 KJ.per mole

122 
 in acetone. Hence, it is just slightly 

• weaker than in acetone. As in the case of acetone, acetaldehyde is 

likely to accelerate the propane pyrolysis rate by furnishing methyl 
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radicals according to the equation: 

CH
3 
 CHO 	3 + CHO 

The formyl radical, HCO, is unstable at high temperatures and should 

therefore decompose into carbon monoxide and hydrogen atom rather than 

engage in abstracting hydrogen atoms to form formaldehyde. The free-

radical mechanism has been shown to explain perfectly the kinetics of 

acetaldehyde decomposition such that no molecular reaction step is 

involved when it is decomposed in the presence of other compounds. 

The reaction system is the same as for the acetone additive experi-

ments. The effect of acetaldehyde on the rate of decay of propane, and 

hence the changes in the concentration profiles of the pyrolysis products, 

is followed between 600°  and 750°C at one atmosphere pressure using the 

mass spectrometer as the analytical tool. 

5.4.1 RESULTS  

The percentage by volume of acetaldehyde in the propane stream 

was varied from 1-4% at 600°  to 750°C. There was an acceleration in 

the rate of decomposition of propane but this is smaller than in the 

case of acetone. The major products are CH4, C2H4, C3HG, H2  and C2H6. 

Relative to the unperturbed propane pyrolysis the concentrations 

of CH4 and C2
H
6 

increased while those of propylene and hydrogen decreased 

with both increase and decrease not as much as in acetone perturbation 

Some of the concentration profiles are shown in fig. 5.12 and fig. 5.13. 

5.4.2 MECHANISM AND KINETICS  

The first chain mechanism for the decomposition of acetaldehyde 

was proposed by Rice and Hertzfeld in their fundamental work published 

in 1934. However some of the minor products obtained could not be 
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explained by their mechanism. A much more accurate kinetic scheme of 
120 

the thermal decomposition was put forward by Laidler and Liu obtained 

on the basis of the following mechanism. 

CH3CHO 	+ 	CH3 + CHO + M 

CHO 	+ M 	 CO 	M 

H. + CH3CHO 	H2  + CH3CO 
	 (3) 

CH3 + CH3CHO 	CH4 + CH3CO 

CH3CO + M 	'P.- CH3 + CO + M 

	

+ CH3CHO ----D CH4 + CH
2
COH 
	

(6) 

CH2CHO ----D H + CH2CO 

CH3 	CH
3 

+ M 	C
2

H
6 

+ M 

It is to be expected then that at the initial stages of the reaction, 

when propane dissociation is very small, that methane, ethane and hydrogen 

should be produced. This was actually found to be the case. Reaction 

(3) is very much favoured over reaction (6) particularly when the percu 

percentage composition of acetaldehyde is very small compared to that of 

propane. 

The following mechanism explains very well the product distribution 

in time at temperatures between 600°  and 750°C when small concentrations 

of acetaldehyde are added into the propane fuel. 

REACTION A/SEC E/KJ.mole-1  

1. CH3CHO --I* CH
3 	

+ CHO 

2. HCO ----■ H 	+ 	CO 

2.5 x 10
14 

1 x 10
13 

6 x 1014 

1.7 x 109 

1 x 109  

1.5 x 10
12 

3  

67 

326 

35.5 

23.4 

20.4 

164 

147 

158 

149 

157 

158 

3. C HCH+ C2H5  
38 	3 

4. CH3 + CH3CH0-4CH4+ CH3CO. 

5. H.-}CH3CHO 	H
2 
+ CH3CO 

6. CH+ CH CH+ CH 
33 8 	4 	37 
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8. C2H5+  C3H8 --■CH + C3H 2 6 	3 7 

9.  C2H5 --■H +CH 2 4 

10. H. 4- C2H42H5 

11. H. + C3H8 --■H2 + C3H7 

12. C3H7 -44. CH3 + C H 2 4 

13. H.+ C3H6 	C
3H7 

14.C 

	

	C3H6 
3H7  

15. CH3 + C2H5 	C3H8 

16. 

5 	3 8 

16. C2H5 + C2H5 	C2H4 + C2H6 

17. C2H5+ C2
H
5 	C4H10 

18. CH3 
	3 + C3H7 	CH4 + C3H6 

19. CH3 	3 + C3H7 	C4H10 

20. H2 + C3H7 ------* H. + C
3
H
6 

21.  

	

C4H10 	C2H5  + C
2H5 

22. CH3 + C2H6 --■ CH4  + C2H5 

23. H. + C
2H6 	H + C2H5  2 5 

24. C
2H6 	CH3 + CH3  

	

5 x 10
12 	

62.7 149  

	

2 x 1010 	
158 

25.0 

	

3 x.1011 	
159 

146.3 

	

7.5 x 1011 	
158 

22.5 

160 
1.8 x 1012 19.2 

	

4 x 1010 	
158 

132. 

	

1.8 x 1011 	4.18158 
4.18 

	

3.6 x 1010 	4 134. 

4.2 x 1012 0.0 158  

161 
1 x 1010 0.0 

	

1 x 1011 	
163 

0.0 

158 
1 x 1012 0.0 

	

1 x.1011 	
158 

0.0 

5.6 x 107 83.6 158  

8.7 x 109 167 	
162 

 

8 x 108 50 4  

	

1.3 x 1011 	161 37.6 

4 
1.2 x 1012 284 

7. CH3CO 	■CH3 
	+ CO 

5.4.3 DISCUSSION  

The accelerating effect of the addition of acetaldehyde is very 

well isllustrated in fig. 5.14. As in the case of aceone additive, 

the induction period is reduced, becoming smaller and smaller as the 

concentration of the additive increases. At two seconds reaction time, 

unperturbed propane suffers a conversion of about 10% at 600°C, but the 
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addition of 3% aceone causes its conversion to rise to about 13.5% while 

37'o acetaldehyde in the fuel effects a 12% conversion. This is the general 

trend except that the percentage increase in decomposition due to the 

additives, decreases as temperature increases. That acetaldehyde 

contributes less than acetone of the same concentration in the propane 

stream is even more explicit in the kinetic diagram fig. 5.15, where 

the ln[a o  /(ao  - x)] versus time plot for the various additions
- are 

so close that, for clarity, only a single line is drawn. The same 

situation prevails at higher temperatures except that, since propane 

now decomposes very rapidly, the accelerating effect is not easily observed 

The effect on the product distribution relative to pure propane pyrolysis 

is shown in fig. 5.20 and fig. 5.21. Acetone contains two methyl groups 

in its structure such that it generates two methyl radicals. 

CH
3
COCH

3 
--,1000 	2CH

3 

(This is schematic, not a concerted decomposition reaction). Acetaldehyde 

has only one methyl group. Methyl radicals engage mainly in abstraction 

of hydrogen atoms to form methane and may combine to form ethane. Thus 

acetone is more effective in producing more methane and ethane than 

acetaldehyde. 

The steady state concentrations of methyl radicals at 700°C are 

6.86 x 10
-12 mole/cc, 7.3 x 10

-12 mole/cc and 9.4 x 10
12 

mole/cc for 

propane, propane perturbed with acetaldehyde and propane perturbed 

with acetone respectively. It can be seen that the total methyl con-

centration in either of the perturbed system is higher than in the 

unperturbed system, and that it is higher in the acetone perturbed 

system than in the acetaldehyde case. The contribution of extra methyl 

radicals from aceone is equal to the difference in the concentrations 

between the acetone-perturbed system and the unperturbed system. This 

-12 
is (9.4 - 6.8)10

-12 
= 2.6 x 10 	moles/cc. Similarly the contribution 
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from acetaldehyde would be (7.3 - 6.86)10
12  = 0.44 x 10-12 moles/cc. 

Thus acetone is more effective than acetaldehyde in furnishing methyl 

radicals. This is h.-cause acetone has two methyl groups being released 

as radicals at a different rate from the single methyl group in 

acetaldehyde. 

Acetone decomposes schematically according to the equation: 

CH
3
COCH--)§.2CH

3 
+ CO. 

At the steady state, the rate,of formation of methyl radicals in the 

acetone system is: 

d[CH3] 

dt . 0 = 2k1  [CH3 
 COCH

3 
 ] - k[CH

3
]2 

-k[CH3][C3H8] 

The concentration of C
3 is large and constant 

Hence d[CH3] 

dt 	= 2k1
[CH

3
COCH

3
] k[CH

3
]2  = 0 

The second term assumes that the major mode of recombination is second 

order. CH
3
+ CH

3 
>C
2
H
6. 

The steady state concentration of methyl radicals is thus 

K 
 [CH3]1  = 42-  (-17)2  [CH3COCH3]2  

Similarly, in the case of acetaldehyde system, if the methyl fate is 

mainly recombination. 

dt 	k2
[CH3

CHO] - k[CH
3
] = 0 

i.e., [CH3]2 	( 7
2

)2  [CH3CH0] 

[CH
3
]
1 	k

1 () [CH3COCH3]2  
[CH

3
] - ---
2 

 

k 
( 2)2  [CH

3
CHO] 

d[CH3] 



	

k 	[CH
3
]
1 
	[CH3CHO] 

from which 	(—
k
1) 2 

[CH
3
]
2 2 	2 [CH3

COCH
3
]2  

(
[CH

3
]
1)
2 	[CH3CHO]2 

	

[CH
3
]
2 
	2[CH3COCH3 

The steady state concentrations of CH3CHO and CH3COCH3  are 3.76 x 10-2 

moles/cc and 2.2 x 10-2 moles/cc respectively. The ratio of the methyl 

radicals is 2.6 x 10-12/0.44 x 10-12  = 5.9 

Hence 
(5.9)2 	1 	(3.76)2 x 10

4 
= 	— 

2 2.2 x 10  

= 1.10 

In other words, the bond strength in acetone is 1.10 times stronger 

than that in acetaldehyde. This compares favourably with the ratio of 
a22.  

1.03 reported by Benson et al . 
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CHAPTER VI  

OXIDATIVE PYROLYSIS OF PROPANE  

6.1 INTRODUCTION 

The mechanism and kinetics of the high temperat.1.re pyrolysis 

of propane was discussed in Chapter IV. Chapter V dealt with the effect 

of acetone (a source of methyl radicals) and acetaldehyde(a degenerate 

branching intermediate as well as a source of methyl and formyl radi- 

cals at high temperatures) on the mechanism of propane pyrolysis. Both 

acetone and acetaldehyde reduced the induction period and accelerated the de- 

composition rate, and favoured the higher yield of saturates, methane 

and ethane while effecting a reduction in the percentage composition 

of propylene. It is evident therefore that sources of methyl radicals 

favour the production of saturated hydrocarbons while the opposite 

effect is observed for olefins. In this chpter, the effects of small 

amounts of oxygen on the rate of reaction and the changes in products 

spectrum relative to unperturbed propane, between 600 - 700°C and one 

atmospheres pressure are analysed. 

Knowledge of the branching chain mechanism and behaviour of the 

relatively stable intermediate products during the slow combustion of 

many organic fuels, implicates such compounds as playing a degenerate 

branching role in the oxidation of hydrocarbons. At high temperatures, 

the mechanism of combustion differs markedly from that responsible for 

low-temperature oxidation. Combustion can be described as 'fast' 

with reaction paths being changed orhinderedby the decomposition of 

radicals into stable moecules and other active species. Both acetalde-

hyde and formaldehyde are not formed in appreciable amounts. The 

usual route for the formation of acetaldehyde is by the decompositon 

of alkoxyl radical C
3
H
7
0 

+ M 	CH
3 	

+ CH
3
CHO + M 
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But the alkoxyl radical is formed from alkyl radicals reactions 

R0
2 
+ RO

2 	
2R0 + 02 

 

At high temperatures, the alkyl peroxyl radicals are preferentially 

decomposed into olefins and hydroperoxyl radical. 

RO
2 	

+ HO
2 

where R' is an olefin. 

Similarly the concentration of formaldehyde will be extremely small, 

suggesting that its removal by radical attack is efficient. 

.OH + CH
2
0 ---t3.H

2
0 + CHO 

.OH + CHO-1,-H
2° 

+ CO 

CHO + 0
2 
----sp. CO 	+ H02. 

It is important to note then that CH2O need not now lead to branching 

instead chain branching is believed to occur by the decompostion of 

hydroperoxides particularly hydrogen peroxide. 

H
2
0
2 	

20H 

Thus, at high temperatures, hydroxyl and hydroperoxy radicals are the 

important propagating species. Knox and Trotman -Dickenson 123, 124, 125 

have suggested that the hydroperoxide chain applies in oxidation of 

paraffins at temperatures as low as 318°C. On the other hand, their 

work on competitive oxidations
126

showed that the radical which attacks 

the paraffins displays, like .0H radicals, little discrimination 

between C-H bonds of varying strength. Hence hydroxyl radicals .OH 

is the most important radical at high temperatures. 

The region of investigation is that corresponding to true ignition . 

where the majority of the enthalpy of reaction is released rapidly in a 

narrow reaction zone leading to the production of very high temperatures 

These high temperatures produce. steep temperature gradients and the 

transport of active centres makes the system self-propagating. The 
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characteristic variation of reaction rate with time observed in hydro- 
127 

carbon oxidation is as shown in Fig. 6-1. 

a) 	(Exponential 
cc Induction 

.increase 	Recombination 
period 

Ti me 
Fig. 6-1 VARIATION OF REACTION RATE IN HYDROCARBON OXIDATION 

Three distinct zones - a preheat zone, a true reaction zone, and a re-

combination zone, may be distinguished. The nature of the reactions 

in the preheat zone depends on the fuel involved. For a very stable 

molecule like methane, little or no pyrolysis can occur within the 

short residence time. With the majority of hydrocarbons however, some 

degradation occurs and fuel fragments leaving this zone will comprise 

mainly lower hydrocarbons, olefins and hydrogen. One major effect of 

this is that the composition in the reaction zone proper is very 

similar, irrespective of the nature of the fuel, thus explaining why 

flame temperature and burning velocities vary by only a small amount for 

a wide range of fuels. In this preheat zone, the oxygen plays only a 

catalytic role and is itself little consumed. The processes occurring 

in the reaction zone are mainly propagation and decomposition while in 

the recombination zone, which is a more extended region, slower recombin,?, 
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ation reactions occur. In oxygen-rich fuels, the final composition of the 

burnt gas is largely determined by the water gas reaction. 

H
2 

+ CO
2  H

2O 	CO 

However, when oxygen is present in small amounts, this reaction does 

not take place. 

6.2 ANALYSIS OF THE RESULTS  

The flow system was the same as that employed in Chapter IV. The valve 

on the preheater was not as widely opened as before. The tap that permits 

entry into the reactor was similarly not widely opened to prevent any explo-

sion. In addition a nitrogen cylinder was connected to the propane line to 

quench any ignition that might ensue if propane feed ceased. The Air 

(from Air Products) was free of water and carbon dioxide. Air was used 

instead of pure oxygen so that the nitrogen contained could act as a diluent. 

It was passed into the propane stream at such flow rates that the oxygen to 

propane ratio was between two and three per cent. With the continuous sampling 

technique, the mass peak heights were obtained for the products of the 

reactions of propane containing 2% and 3% of oxygen at 600°, 650°  and 700°: 

respectively. The products spectrum was solved using the deconvolution 

programme described in Chapter III, and the results compared with computer 

predictions as shown in Table 6-1. This shows very good agreement. All 

the peaks normally obtained for pure propane pyrolysis appeared, but in 

addition, peaks 17 and 18 appeared which indicated the formation of water. 

No oxygen peak appeared showing that it was almost spontaneously consumed. 

Similarly there was no indication of the formation of carbon monoxide or 

of carbon dioxide. 
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H
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4 

H
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69.00 
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0.10 
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6.40 

5.30 

.3.26 
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8.83 

0.073 

6.38 

6.44 

5.39 

3.39 
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51.20 	50.09 
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TABLE 6-1 COMPARISON OF CALCULATED TO COMPUTER PREDICTED VALUES 
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6.2.1 COMPOSITION PROFILES  

At 600°C, propylene was the predominant product with a concentration 

almost twice that of methane at 0.1 secs reaction time. Even water was 

formed at a faster rate than methane, ethylene or hydrogen at this small 

reaction time. There was just a trace of ethane. But as the residence 

time increased, the concentrations of all the other major products; methane, 

ethylene, hydrogen and ethane were rising much faster than that of propylene. 

Water quickly attained its maximum concentration and then decreased grad- 

' ually as space time increased. This is shown in Fig. 6-2. A similar 

trend was shown at 650°C, but the gap between the propylene yield and that 

• of each of the other products was beginning to close and it can be seen that 

- at a space time of 0.75 seconds methane had almost overtaken propylene while 

ethylene caught up with propylene at 1.1 seconds reaction time. Fig. 6-3 

illustrated this trend. It is worthy of note that the concentration of 

water at 0.1 second is now lower than the corresponding time at 600°C. 

The same course of reaction continued at 700°C as illustrated in 

Fig. 6-4. It can be seen that methane and ethylene had now overtaken 

propylene at the shorter 'reaction times of 0.2 secs. and 0.32 seconds 

respectively. In addition, the initial yield of water (at 0.1 secs) was 

lower than at 650°C. Relative to unperturbed propane, all the products 

increased in concentration at the early stages of the reaction which is an 

indication of the accelerating effect of oxygen on the rate of pyrolysis 

of propane. This is well illustrated in Fig. 6-8 and Fig. 6-9. 

6.2.2 EFFECT OF OXYGEN CONCENTRATION  

The explanation of the observed product spectrum as illustrated by 

the composition profiles is that the role of oxygen is catalytic at the 

onset of reaction and that pyrolysis takes over as reaction time increases 
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and oxygen consumed. By increasing the concentration of oxygen from 

two to three per cent the rate of formation of propylene increased at a 

particular temperature for small reaction times. This is illustrated in 

Fig. 6-5. Two major facts are clearly illustrated: (1) at a particular 

concentration of oxygen, propylene increases with rising temperature 

at 0.1 second reaction time. (2) at a particular temperature, increase 

in oxygen leads to a more rapid formation of propylene. 

In contrast to propylene, the formation of water at 0.1 seconds 

reaction time decreased with rising temperature, but like propylene, at a 

constant temperature, increase in oxygen concontration leads to an increase 

in the percentage yield of water. This is summarised in Fig. 6-6. 

The overall effect of all this is a rapid decomposition of propane, 

initially by the catalytic role of oxygen and then by straight pyrolysis of 

the depleted propane after the exhaustion of oxygen. This accelerating 

effect of oxygen on propane pyrolysis is illustrated in Fig. 6-7. The 

following points are well illustrated: (1) The induction period usually 

observed before the onset of the exponential reaction stage is virtually 

wiped off. (2) Increase in the oxygen concentration at a particular 

temperature leads to a faster decay of propane. (3) For small reaction 

times, the accelerating effect of oxygen (at such small concentrations) 

decreases as the temperature is increased, i.e., at small extents of reaction. 

The accelerating effect of oxygen declines as the temperature is raised 

from 600°C to 700°C. 

6.3 MECHANISM OF REACTION  

A general mechanistic scheme can be proposed for the oxidation of 

alkanes as a sequence of reaction steps. The initiation reaction of the • 

• • oxidation process probably involves the abstraction of a hydrogen atom 



CH3 
- CH - CH - CH 	- CH 	- CH 

2 	2 	2 	3 
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from the fuel molecule by a chain carrier x(x = 02,  HO2., 
OH., RO

2
.); 

RH + X --e• R. + XH 

54, 128 
The next step would be the formation of alkyl peroxy radicals R02. 

R. + O 	R00. 	 (1) 

This radical is an intermediate product, reactions of which, depending 

upon the experimental conditions and molecular structure, lead to 

many intermediate, minor and major products. Its reactions include such 

steps as: 

(a) Isomerization (for C4 - C7 hydrocarbons): 

RO 	*OOH 
	

(2) 

R02. 74:F=Et ABOOH 
	

(2a) 

The hydrogen atom is transferred from the -CH
2 groups in the a, (3 and 

129,131,132 
position to the peroxidized carbon atom 	. For instance in 

2-pentylperoxy radicals, a transfer is predominant and in 2-hexylperoxy 

radicals, )7  transfer is predominant. 

13  

CH
3 
- CH - CH2 

- CH2 
- CH3 

0 -O. 

Cl-!
3 
- CH - CH2 

- CH 	- CH 	CH3 
- CH - CH2 

- CH - CH3 

1 	

2 	3 
I 

OOH 	 OOH 

a - transfer 

	

	 13 - transfer 
13  

4 	 

O - • 

CH3 
- CH - CH

2 
- H - CH

2
- CH

3 
. 	CH3 

	1 
- CH - CH

2
- CH2- CH - CH3 

OOH 	 00H 

P - transfer - transfer 
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The ROOH radicals produced are isomeric with ALOOH radicals which are formed 

by the reaction of the conjugate olefin AB with HO2. radicals. 

(b) Internal abstraction followed by decomposition 

At lower temperatures the internal abstraction products decompose 

to form aldehyde, Ketone or epoxide. 

R02* ----ttl/iaragcliote -7.411. Ft' CHO 	Ru0. 	(3) 

But at higher temperatures the alkyl peroxy radicals decompose easily 

to give conjugate olefins (AB) and an hydroperoxy radical H02. 

R02* --4Intermediate 	 HO2. 
	 (4) 

(c) External abstraction  

At low temperatures they give an alkyl hydroperoxide: 

RO2 + H02 ---3ROOH + 02 

R02* + + 02 12 ,02* 

To understand fully the types of reactions taking place at high 

temperatures, it is pertinent to summarize what goes on at low temperatures 

and interprete the difference in the products spectrum of between low and 

high temperatures in terms of the changes in reactivities of certain inter-

mediates and radicals. Thus at low temperatures, the following scheme would 

explain the gas-phase oxidation of alkanes. 

(1)  RH + XH + 	X 

(2)  R 0 	RO + 	2°-- 	2 

(3)  R02. 4  

(3ai R02. .74,17====± Ai:00H 

Initiation (abstraction) 

addition 

1;5 or 1;6 hydrogen atom 

transfer. 

1;4 hydrogen atom transfer. 

(4) R. + 02 	40-AB + HO2 	 internal abstraction 



• (9) -  ROOH 

ABOOH 
--------0. products + OH 

1 
 carbonyl compounds or 
epoxides 

+ 0
2 	

00ABOOH 
ABOOH 

(11) O0ABOOH + XH 	 HOOABOOH + X 

(12) HOOABOOH 

 

	11. AB + BO + 20H 

 

(aldehydes) 

(10) ROOH 

(14) R'CHO + 0
2 

(15) 2R02.  

(16) 2R. 

+ HO
2 

	w. products 

	 products 
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(5) R02* 	RH 	ROOH + R. 

HO2
..767.7_:±ROOH + 0

2 

R02 
	R'CHO + R8 

(8) AB + HO2 
A 	 ABOOH  

abstraction 

disproportion 

decomposition 

addition. 

decomposition 

(6) R02. 

(7)  

oxidation 

mainly at lower temp. 

polyperoxidation 

heterogeneous 

decomposition 

(branching) 

homogeneous 

decomposition (branching) 

aldehyde oxidation 

recombustion of radicals 

(13) ROOH 

 

	is Rd + bH 

 

(termination) 

(17) R. + R02 

 

	-0. products. 

 

At high temperatures reactions (8), the addition of hydroperoxy 

radical to an olefin, is not favoured, hence reactions (10), (11) and (12) 

can only occur; if at all, to a very small extent; and even then the 

products will decompose very rapidly. The rearrangement reactions of 

132 
prOpylperoxy radicals are probably as follows 

• 



a 
n C3H7 + 02 --I...CH - CH - CH 	CH - CH - CH vi,3 	2 	2 

- o 	H - 	- 0 

2 2 	2 
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CH - 0 
r, 

CH2  - 0 

n - C3H7 + 02 	'0  CH2  0 .• -p CH2  - 0 

CH3 	 CH3 

ISO - C H + 0 3 7 	2 	CH - 0 	.CH - 0 

r\` CH3 \O. 	CH3 - 0 

At low temperatures the scission of the 0 - 0 link gives formaldehyde, 

acetaldehyde or epoxide. 

CH
2
- 0 

 

H 

	 C = 0 

H 

 

 

+ CH3CH20 

 

CH2  - 0  

CH3 

 

CH3 
C = 0 	+ CH30 

•CH - 0 	- 

CH3- 0 

CH - CH - 2 ----4.CH3  - CH - CH \ /2 + OH 

OOH 	 0 

At high temperatures however, isomerization occurs by hydrogen atom trans-

fer. 

CH3 	 CH3 

3 	I 

al 	a 
i - C3H7 + 02...__4.,CH

3 
 - CH - CH

3 
 ____-0. CH3 	1  - CH - CH 

I 	1. 
	2 

0 - O. 	0 - 0 - H 
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These isomers decompose to give olefins and free radicals; 

CH - CH 1 CH  	4° *9>CH
2 
. CH

2 
+ H-C-H + OH. 2 	2 1 	12 

H - 0 - 0 

CH
3 
 - CH - CH

2 	
CH
3 
- CH = CH 	+ 	HO2  

2  

0 - 0 - H 

133 
The work of Cullis et al 	provides additional evidence that 

peroxy radical rearrangements are essentially high temperature phenomena. 

They reported the formation of methyl ethyl ketone in cool flames where 

the carbon atom of the carbonyl group was originally tertiary in the 

alkane. 

6.4 HIGH TEMPERATURE REACTIONS OF ALKYL RADICALS WITH OXYGEN 

For alkyl radicals larger than ethyl there is competition between 

decomposition and reaction with oxygen. As shown above various products 

can result from the rearrangements and decompositions of the peroxy radicals. 

There is much evidence that CH3. reacts with oxygen to produce formaldehyde 

and hydroxyl radicals above 400
o0 134 	The initial reaction is; 

CH
3 
+ 0

2 
+ M

3
0
2 

+ M 

The reverse reaction proceeeds with an activation energy of about 

107 KJoules per mole and a pre-exponential factor of about 10
15.8 M-1 

sec-1 135  

CH
3
0
2 
+ M----h CH2O + HO + M 	 (i) 

The rate data for this reaction (i) are summarized by McMillan and 

Calvert 136 	The results are greatly scattered, but a number of 

investigations report a rate constant of 6 x 10
7 M-1 sec

-1. This is 

135 
surely an upper limit, and Benson and Spokes 	suggest an upper limit 
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one tenth as large at temperatures from 600°  to 1450°K. 

Another possible reaction of 
CH302 

is 

CH
3
0
2 

+ M------WCH
3
0 + 0 + M 

But this reaction is endothermic by 221 KJoules per mole, so it can not 

be important. 

For alkylperoxy radicals larger than 
CH302' the decomposition reactions 

are first-order. Two important reactions are: 

R0
2 	

.+ 0
2 	 (6) 

R0
2
-holefin + HO2. 	 (7) 

of which reaction (7) is probably the more important, either to decompose 

into ethylene and hydrogen atom or react with oxygen to give ethylene and 

hydroperoxy radical. 

C
2
H
5 -4.---- 
--""C

2
H
4 
 + H. 	 (8) 

	

C
2
H
5 
+ 0

2
C2H4  + HO

2 
	 (9) 

Thus competition sets in between decomposition of the radical and its 

reaction with oxygen. As the molecular weight of the radical increases 

the decomposition reaction becomes more prominent; and in the case of 

propyl radical C3H7,, the decomposition rate becomes faster than the lower 

alkyl radicals. 

n - C3
H
7
---.1■C

2
H
4 	

+ CH 3. 

i - C3  H7 
 - --41.0

3  H6 	
+ 	H. 

C
3  H7 2  

+ 0 --*C
3
H
6 

+ HO
2
. 

For higher alkyl radicals decomposition will predominate over oxidation, 

but the radicals generated as a result of their decomposition will react 

with oxygen  to form a stable or intermediate product and hydroperoxy 

radical. 
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6.5 DISCUSSION 

Since oxygen is added in very small amounts, its role lies mainly 

in the preheat zone (the induction phase) of fig. 6.1, where propylene is 

the major product. In agreement with Knox
125

no plausible step leading 

to its formation other than the following reaction (10) can be envisaged. 

C3H7  + 0
2
-+C

3  H6 
 + HO

2 
	 (10) 

The radical H02. is evidently the successor of the alkyl radicals. It 

is therefore reasonable to suggest that the mechanism which operates in 

oxidation of paraffins involves attack of H02. on the paraffin at least in 

the early stages before the concentration of primary products has become 

large enought for attack on them to be appreciable. This situation is 

described by reaction (11). 

HO
2 

+ C
3
H
8
---3H

2
0
2 

+ C3H7 
	

(11) 

The amounts of hydrogen peroxide have invariably been considerably lower 

than those which should be formed if reactions (10) and (11) represent 

the main chain-carrying steps. This small yield must be attributed to 

decomposition of hydrogen peroxide (especially on the walls) rather than to 

its non-formation. The conditions of the present experiment are such that 
137 

homogeneous decomposition will occur leading to degenerate branching. 

H
2
0
2 	

+ 2H0. 	(12) 

The hydroxy radicals will then react with the parent molecule to give 

water. 

.OH + C
3
H

2
0 + C

3
H
7 
	(13) 

Another possible fate of HO2. is dispropornation. 

HO
2 

+ HO
2
---0•H

2
0
2 	

+ 0
2 
	(14 ) 

This is a termination step, 'removing two chain carriers, but it is 

potentially a source of two further carriers through reaction (12). The 

observed main products at the induction phase, propylene and water, are 
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explicable if a high proportion of H02. radicals undergo reaction (14) 

which would be followed by (12). 

There is the possibility of surface destruction of the hydroperoxy 

radical H02., which would also lead to the observed products 

2H0 . 

 

wall  H2O + 3/2 0
2 (15) 

 

The alternative fate of HO
2. i.. its decomposition to hydroperoxy radical 

and oxygen atom.; 

HO
2
. + M 	HO. + 0 + M 	 (16) 

138 
But this is endothermic by 262 KJoules per mole, and if it occurred as 

the major fate of HO2., would lead to a very rapid branching and 

isothermal explosion. This effect has not been observed. 

The temperature being very high, there will be competition between 

decomposition of propyl radicals and their reactions with oxygen. Propyl 

radicals easily decompose to ethylene and methyl radicals. 

C
3
H
72

H
4 

+ CH3 

The methyl radical can then react with oxygen to give a molecule of 

formaldehyde and an hydroxy radical: 

CH
3 
 + 0

2 
 ----■CE2 
	2 
0 + HO 	 (17) 

The formaldehyde will be rapidly removed by radical attack of, most 

probably, hydroxy radical 

OH. 	+ CH2O --ka-H
2
0 	+ CHO 

HCO 	H 	+ CO 

CHO + o
2 

_ 	CO + HO
2 

As oxygen becomes exhausted, the formations of HO
2. and hydrogen peroxide 

will cease and pyrolysis reactions of propane and other molecules in the 

system will becomes uninhibited. 

In the light of the above considerations, the basic features of the 
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initial reactions are compatible with the following equations: 

R. 	+ 0
2 -0o-olefin 	

+ H02" 

	

R. ----Igoolefin 	+ R. 

HO 
2 

RH -11.. R. + H202 • 

H202 
	

+ M --tom .0H 	+ OH + 

A .0H 	+ RH ---4.H 	+ 	R 
2 

H02' 	+ H02. ---13.H202 	+ 	0
2 

where R'. is a methyl radical when R. is a propyl radical. 

The following kinetic scheme was integrated and found to describe 

very well the observed product distribution as a function of time and temp-

erature. 

1.  

2.  

3.  

4.  

5.  

6.  

7.  

8.  

9.  

10.  

11.  

REACTION 

+ 

+ 

+ 

+ 

CH3 

H0
2 

C
3
H
7 

CH3 

OH. 

0
2 

C3H7 

HO2 

C3
H
7 

A(SEC-1) E(KJ/mole) 

CH 6 x 1014 

1 x,106 

1.5 x 1012 

4 x 1010 

6 x 105 

1 x 1011  

1 x 107 

1 x 106 

2 x 1010  

3 x 1011  

7.5 x 1011 

326.0 

0.0 

20.5 

133.7 

0.0 

0.0 

50.0 

0.0 

25.0 

146.3 

22.5 

158  

150 

4 

158 

150 

61 

67 

150 

158 

159 

158 

C3H8  25 

C3H7  + 02 	----0.-C3H6  

C3H8 + CH3 
--4•CH4 

HH C3 7 
---.02 4 

0 CH3 
+ 0

2 
---4.CH

2

H02 + HO2 
---4.H

2
0
2 

H02 + C3H
8 
--f.H

2
02 

CH0CH 
2 
----a 

25 
+ 	24 

C
2
H
5 
+ C

3
H
8
--t.0 

2  H6  

H C C
2
H
5 	2 4_ 

H 	+ C
2
1-1
4 
-ftaC H 

2 5 



12.  

13.  

14.  

15.  

16.  

17.  

18.  

19.  

20.  

21 

22.  

23.  

24.  

25.  

26.  

27.  

28.  

H. 

CH
3 

C2
H
5 

C2
H
5 

H. 

CH
3 

CH3 

H2 

C2H6 
 

CH3 

H. 

OH 

H202 

HCOH 

HCO 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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CHH. 	+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

C3
H
6 

C
2
H4 

C
2
H
5 

C
3
H
7 

CH4 

CH3 

C
2
H
5 

C2H5 

C3H7 

OH 	+ M 

HO
2 

CO 

3.6 x 1010  

1.8 x 1011  

4.2 x 1012 

011 1 x 

1 x 1010  

8.7 x 109 

1.8 x 1012 

1 x 1012 

1 x 1011  

5.6 x 107 

1.2 x 1012 

8.x 108 

1.3 x 1011 

6 1 x 10 

1 x 106 

1 x 1012 

- 7 x 108  

158 
.133.7 

4.8
158  

158 
0.0 

163 
0.0 

161 
0.0 

162 
167.00 

160 
19.2 

158 
0.0 

0.0
158 
 

83.6
158 
 

284.2
4 

4 
50.0 

161 
37.6 

165 
40.0 

46.0 

140 
62.7 

140 
0.0 

37 

C H --ttoC3H7 3 6 

C
2
H
5 
---IrpC3H8 

CH ---to C
2
H
5 410 

C2H5 	C2H6 
	
+ 

4H102H
5 

C
3
H
8 
---ArH

2 

C3H7  - C3H6 + 

C
3
H7 	

C4H10 

CH
73

H8 

40. CH3 

---3. CH4  C2H6  

C2H6 	H2 --PI'.  

C3
H
8 	

H2O 

M 	OH 

02 	HCO 

HO 
2 

TABLE 6-2 KINETIC SCHEME FOR THE PYROLYSIS OF PROPANE IN THE PRESENCE 

- OF 2-3% OXYGEN BETWEEN 600 AND 700°C. 



OX HOO I 

abs 

C
2
H
5 

CH 
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The following scheme thus describes the behaviour of the alkyl 

radicals involved in the autocatalytic reaction of propane, 

OX 

abs 

where: abs = abstraction of hydrogen atom from propane 

ox = oxidation (reaction with oxygen) 

pyr = pyrolysis. 

In addition, after the primary initiation, presumably RH + 02 	
R. + H02., 

a chain reaction of the types. 

HO2. 4-J RH 	H202  + R.) and 

R. + 0
2 
	 olefin+ HO

2' 

would ensue.  effectively as an induction period. But as reaction proceeds 

and more radicals become available in the system, the combination reactions 

of HO
2. 

competes more and more effectively with its abstraction of 

hydrogen atoms to form hydrogen peroxide, until ultimately its abstraction 

reactions take over to constitute the main source of hydrogen peroxide 

which, in turn, generates the hydroxy radicals. It is also clear that 
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those fuels which give largely methyl radicals will less frequently lead 

to the dispropomation of H02. radicals as an important feature of their 

oxidation, because the reaction R. + 02---4.olefin + H02., will be largely 

replaced by the reaction; 

CH3. 
	

+ 0
2 
	vs CH

2
0 + OH, 

leading to the reactive .OH radical rather than to hydroperoxy radical. 
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