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ABSTRACT 

The kmetlcs and mechamsm of the thermal decomposltlon of pure n-heptane at high 
conversions were investigated at temperatures of 660-780 o C and reaction times of 0 40-l 02 
s The conversion data were well represented by a first-order kmetlc law with a pre-exponen- 
teal factor of 5 88 x 10” s-l and an actlvatlon energy of 206 1 kJ mol-’ The madequacy of 
the &ce-Kosslakoff theory m accounting satlsfactonly for the formation of the products of 
n-heptane pyrolysis has been ratlonahzed m terms of the secondary reactions of lugher 
alpha-olefms 

INTRODUCTION 

Hydrocarbon pyrolysis IS the key process for modern petrochenustry and 
will remam so m the future Production of ethylene has been a global 
busmess for about four decades [l] Many new pyrolysis plants have been 
constructed the world over and there IS a wide range of feedstock flexlblhty 
[2,3] Presently, ethylene IS quantitatively the most important chen-ucal 
substance based on crude 011, and it IS the base stock for 30% of all 
petrochermcals produced [4] Though technological and constructional lm- 
provements of hydrocarbon pyrolysis plants are Hugh, knowledge of the 
mechamsm of hydrocarbon pyrolysis IS low Tlus IS due to the complex 
nature of pyrolysis reactions Research studies of the pyrolysis reactions of 
hydrocarbons, particularly alkanes, still continue, ths IS because mmor 
technologcal improvements due, for example, to a better understanding of 
the mechamsms of hydrocarbon pyrolysis would be of great econonuc 
importance Most studies of hydrocarbon pyrolyses have been performed at 
low conversions (less than 600 o C) and hrmted to light hydrocarbons [S-10] 
There are relatively few studies on the pyrolyses of Hugh molecular weight 
hydrocarbons, some of these are on nonane [ll], n-octane, lso-octane and C, 
branched alkanes [12], and n-heptane [18] The pyrolysis reactions of heavy 
hydrocarbons are so complex that the formation of the products cannot be 
explamed satlsfactonly by the fice-Kosslakoff (R-K) free radical theory 
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[14,15] On the other hand, the R-K theory accounts satlsfactonly for the 
formation of products of the pyrolyses of light hydrocarbons at relatively 
rmld condltlons (500-650” C) Pure n-heptane has been chosen as the 
reactant as it gves the highest conversion and yield of ethylene at 780 o C m 
the group C,--C,, alkanes [13] 

In ths paper, we report on the kmetlcs and mechanism of the thermal 
decomposltlon of pure n-heptane at high conversions Detalled analysis of 
the pyrolysis products 1s necessary for the elucldatlon of the complex 
mechanism of n-heptane pyrolysis The adequacy of the R-K theory m 
explaining the formatlon of the products of n-heptane pyrolysis 1s also 
exammed 

EXPERIMENTAL 

Materials 

Pure n-heptane (99 7% punty, Hopkms and Wllhams, Essex, U K ) was 
used as the pyrolysis feed Its punty was determmed by the gas chromato- 
graph (GC) High-punty nitrogen and hydrogen gases purchased from 
Industrial Gases Llrmted, Lagos, were used without further purlflcatlon 
Liquid nitrogen was used for trapping products of coke-burnout 

Instrumentation and procedure 

The pyrolysis of n-heptane was carried out m an annular stamless steel 
reactor (S/V= 16 3 cm-‘) with excessive nitrogen dllutlon at 1 atm pres- 
sure A detailed descrlptlon of the experlmental procedure has been given 
elsewhere [16] 

Pulses of pure n-heptane (size, 2 0 ~1) were injected mto the system for a 
crackmg run after the operatmg condltlons have stabilized Experimental 
data were obtamed over a wide range of conversions at temperatures of 
660-780 o C and residence times of 0 40-l 02 s Detalled analysis of the 
products of n-heptane pyrolysis was carried out usmg three GCs on lme, 
details of ths analysis are shown m Table 1 

RESULTS AND DISCUSSION 

In presentmg the results of this work the defmltlons of residence time, 
yield and selectivity used m previous studies [16,17] are adopted 

Kmetlc analysis 

Pyrolyses of hydrocarbons may be represented fanly well by first-order 
kmetlcs [24] Besides, a first-order rate law was reported m earher studies on 
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TABLE 1 

Analysis of the products of n-heptane pyrolysis 

Products analysed 

Column 

Carner gas 
Column temp (O C) 

Carle GC Carle GC 

TCD FID 

H,, CO and C,-C, 

CO, Hydrocarbons 

5 A Molecular Modified 

sieve alumma 

N* N, 
60 60-70 

Hltachl GC 
FID 

Lumped gas 

(C,-C,) peak 
and C, + 

Squalane-on- 
chromosorb P 
SO/l00 Mesh 

N, 
100 

n-heptane pyrolysis [18,25] Consequently, first-order kmetlcs was assumed 
m ths work 

-ln(l -X) =k7 

Figures 1 and 2 show the first-order plots of n-heptane pyrolysis, rate 
constants were estimated graphcally from these plots and used m makmg 
the Arrhemus plots (Fig 3) The apparent kmetlc rate parameters estimated 
for thermal decomposltlon of n-heptane are activation energy = 206 1 kJ 
mol-l and pre-exponential factor = 5 88 X 10” s-l Table 2 shows the 
comparison of kmetlc rate parameters derived m ths work with those 
reported previously m the literature 

O-l 
0 

*I 0 

0 E 02 04 06 DB IO 

Fig 1 First-order plots of heptane pyrolysis 
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Fig 2 First-order plots of heptane pyrolysis 

Whereas the activation energy denved m the present work compared 
reasonably urlth that reported by BaJus et al. [18], it was slgmflcantly lower 
than that obtained by Appleby et al. [27]. The good agreement shown by the 
E values denved m this work and by BaJus et al [18] 1s not unexpected as 
stainless steel reactors were employed m both studies The htgher E value 

Fig 3 Arrhemus plot of the pyrolysis of heptane 
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TABLE 2 

Companson of kmetlc rate parameters of n-heptane pyrolysis 

Temp range ( o C) 
Activation energy 

(kJ mol-‘) 

Pre-exponential 
factor (s-l) 

Reactor 
matenal 

a Not gven 

ThlS BaJus et Appleby et 
work al [18] al [27] 

660-780 680-760 550-630 

206 1 195 5 268 0 

5 88 x 10” 134x10” - a 
Stamless Stamless Brass 
steel steel 

Pease and 
Morton [25] 

530-560 

1946 

708X10’ 
Pyrex 
tube 

reported by Appleby et al [27] using a brass reactor may be due to the lower 
surface effects of brass compared to stamless steel The actlvatlon energy 
reported by Pease and Morton [25] IS unexpectedly low, the Pyrex tube 
reactor used by them has relatively low surface effects [28] Furthermore, the 
pre-exponential factor derived m this work IS comparable with that reported 
by Badus et al [18] 

Product dlstrlbutlons 

The thermal crackmg of n-heptane at 660-780 o C resulted m the forma- 
tion of hydrogen, methane, ethylene, propylene, 1,3-butadlene and 1-butene 
as the major products, the mmor products included ethane, propane, 3- 
methylbutene, 1-pentene as well as 1-hexene and benzene The composltlon 
of the product rmxture IS evidence of the complexity of the pyrolysis 
reactions of n-heptane Furthermore, the presence of benzene m the product 
nuxture confirms the occurrence of dehydrogenatlon and dehydrocychzatlon 
steps m the complex mechamsm The plots of product selectlvltles versus 
conversion (Fig 4a-c) show that the primary products of n-heptane pyroly- 
SIS were ethylene, propylene, methane, 1,3-butadlene and the higher a-olefms 
(1-butene, 1-pentene and 1-hexene), benzene was a secondary product 
Selectlvltles of ethylene and methane mcreased with n-heptane conversion, 
while that of propylene passed through a broad maximum On the other 
hand, selectlvltles of 1-butene, 1-pentene and l-hexene decreased from their 
maxlma Thus, the higher cr-olefms undergo secondary reactlons leadmg 
eventually to the formatlon of mono- and polynuclear aromatlcs, methane, 
hydrogen, ethylene and propylene [19] Thus 1s supported by the presence of 
benzene as a secondary product, the monotomc increase of methane selectlv- 
lty with conversion and the substantial quantltles of hydrogen formed m this 
work 

Furthermore, the total gas yield (weight per cent of feed) increased with 
n-heptane conversion (Fig 5) ths plot showed a near linear relatlonshlp It 
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Fig 4 Product selectlvltles versus conversion m the pyrolysis of n-heptane 

IS charactenstlc of liquid hydrocarbon pyrolysis [16,18] It may be inferred 
from ths plot that the total gas yield could be a good measure of conversion 
m the pyrolyses of liquid hydrocarbons The comparison of Fig 6 (product 
selectlvltles versus total gas yield) with Fig 4a clearly supports tks conclu- 
sion 
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Fig 5 Gas production as a function of the conversion of heptane (D) 660 o C, (8) 680 o C, 
(#) 700 o C. (+) 720 o C, (0) 740 o C, (+) 760’ C, (W) 780 ’ C 
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Fig 6 Product selectlvltles of n-heptane pyrolysis agamst total gas we&t yield 

TEMP C 

Fig 7 Product yields of the pyrolysis of heptane versus temperature, 7 = 0 68 s 

Fig 8 Product selectlvltles of the pyrolysis of heptane versus V/F at 720 o C 
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Fig 9 Product selectlvmes of the 

~-C,HII 

pyrolysis of heptane versus V/F (#) l-C,H,,, (8) 

Figure 7 shows the typlcal variations of the product yields of n-heptane 

Ii 

pyrolysis with cracking temperature Whereas yields of ethylene and methane 
increased monotonically with temperature, 1,3-butadlene yield increased 
slightly at all the residence times investigated Also, propylene yield tended 
to go through a maximum at temperatures greater than 760” C, while 
l-butene yield generally passed through a broad maxlmum Also, selectlvl- 
ties of ethylene and methane increased with residence time, wble those of 
1,3-butadlene, l-butene, l-pentene and l-hexene decreased (Figs 8 and 9) 
On the other hand, propylene selectlvlty passed through a broad maxlmum 
with increasing residence time 

Reactlon mechamsm 

A reaction mechamsm that accounts quahtatlvely for the product dlstn- 
butlons of n-heptane pyrolysis 1s described below It 1s based partly on the 
free radical theory of &ce and Kosslakoff [14,15] The bond dlssoclatlon 
energy (BDE) of C-C bonds m C,-C, hydrocarbons 1s 325-350 kJ mol-‘, 
whereas those for C-H bonds are 410-427, 393 and 381 kJ mol-‘, respec- 
tively, for the primary, secondary and tertiary posltlons [20] Consequently, 
under normal pyrolytic condltlons primary mltlatlon reactlons of n-heptane 
pyrolysis are hkely to be the ummolecular sclsslon of primary and secondary 
C-C bonds 

A CH3 + f’f’d (1) 

AhI- / + M (2) 

IVA- A + bI (3) 

The experimental part of ths work was conducted at hgh temperatures 
where the cleavage of C-H bonds to form heptyl radicals will also be 



TABLE 3 

Companson of expenmental and predlcted product dlstnbutlons of n-heptane pyrolysis at 
7oo”c 

Product selectlvltles 
(moI(lO0 ml decomposed 
n-heptane)-‘) 

Expenment 

This BaJus et 
work al [18] 

Murata 
and 
Salt0 [21] 

Predlctlon 

kce-Kosslakoff 
theory 
(E=836kJ) 

Hz 52 43 5106 43 _ 

CH, 17 43 49 52 47 53 84 

GE, 135 08 116 65 125 115 38 

C,H, 3 37 6 18 17 46 15 

C,H, 53 48 3190 44 30 76 
l-C,H, 24 16 2130 27 15 38 

l-C,H,, 9 72 1303 15 15 38 

1-C,H,, 3 96 600 7 15 38 

299 27 295 64 326 292 26 

slgmflcant. Furthermore, smaller radicals (hydrogen, methyl, ethyl and 
1-propyl) will undergo hydrogen abstractions with n-heptane molecules to 
form heptyl radicals The higher alkyl radicals (butyl, pentyl, hexyl and 
heptyl) will undergo fast lsomerlzatlon reactlons followed by mumolecular 
decomposltlons to form ethylene, propylene and C,-C, a-olefms and some 
smaller alkyl radicals The substantially higher yield of ethylene 1s due not 
only to the ummolecular decomposltlon of ethyl radicals, but also to the 
/.%sclsslons of the higher alkyl radicals 

To have further mslght mto the reaction mechanism of n-heptane pyroly- 
sls, experimental product dlstnbutlons were compared with those predicted 
usmg the R-K theory (Table 3), part of ths table was adapted from the 
literature [ 181 

The selectlvltles of ethylene, propylene and l-butene observed m this 
work were higher than those predicted by R-K theory, while methane, 
ethane, l-pentene and 1-hexene were lower The selectlvltles of some prod- 
ucts observed by BaJus et al [18] and Murata and Salto [21] were also not m 
good agreement with the R-K theory Thus, the R-K theory 1s not com- 
pletely sufficient m accounting for the product dlstnbutlons of hydrocarbon 
pyrolysis In explammg the low selectlvlty of l-hexene observed m then 
work, BaJUS et al [18] suggested that it may decompose via an allyhc radical 
to butadlene 

ftyv - 13-C4H, + C2H5 (4) 

They attributed the relatively low selectlvltles of ethane to the scavenging 
role of ethyl radicals and the catalytic actlvlty of the reactor wall They 
explained further that the ethane-formmg step (reaction 5) 1s m direct 



256 

competltlon with reaction 6 which IS thermodynarmcally more favorable at 
normal pyrolytic condltlons (high temperatures and low pressure) 

C,H, + RH --+ C,H, + R (5) 

C,H, -+ C,H, + H (6) 

However, ths explanation IS not comprehensive enough, it does not account 
for the lower selectlvltles of other higher alpha-olefms (1-butene and l- 
pentene) and higher selectlvltles of ethylene and propylene relative to 
predlctlons by the R-K theory 

The disparities between the product dlstrlbutlons of n-heptane pyrolysis 
m this work and those predicted on the basis of the R-K theory may be 
ratlonahzed m terms of the secondary decomposltlon reactions of the hgher 
a-olefms Whereas the R-K theory predicts the formation of the higher 
a-olefms, it does not explam the secondary decomposltlons they undergo to 
form hghter products mcludmg hydrogen, methane, ethylene and propylene 
One set of these secondary reactions IS the hydrogen-abstractlons of the 
c-w-olefms (1-butene, 1-pentene and 1-hexene) with small radicals (most likely 
methyl and ethyl, and less likely hydrogen and ally1 radicals [22]) Such 
hydrogen-abstractlons form smaller parent radicals wbch may decompose 
to olefms or dlolefms, they may also undergo dehydrocychzatlon reactions, 
to form cycle-olefms 

R’ + C,H,,%R’H + CNHZN_l 

C Ha _ 0, Dlolefms N 2rv 7 

i 

Olefms 
+ R” (7) 

Cycle-olefms 

where R’ = H, CH,, C,H, and C,H;, and R” = H: C,H;, C,H, and C,H; 
Under our experimental condltlons, further dehydrogenatlon of the 

cycle-olefms to form aromatlcs IS important The presence of benzene as a 
secondary product m the present work supports ths assertion (Fig 4c) 

-c HZ 
Cycb-OktIns 

Cycle- dioletln 
HZ 

Aromatlc 

(8) 

The second set of the secondary reactions of the cY-olefms mvolves the 
addition of light free radicals (such as H and CH;) to a-olefms to form 
larger alkyl parent radicals, which, subsequently, decompose via /?-sclsslon 
to hghter olefms [22] Such reactions have been found to be slgmflcant m 
hydrocarbon pyrolysis reactions [23] 
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Another significant pathway 1s the concerted molecular mechamsm (retro-ene 
reaction) whch splits the hgher a-olefm C,H,, mto C,H, and C,_,H2fi_6 
[22], Thus, for one mole of l-hexene two moles of propylene are formed 
However, the relative Importance of the retro-ene reaction decreases with 
increasing temperature, and hence conversion TUB fact coupled with the 
secondary reactions of propylene account for the maximum exhlblted by Its 
selectivity with increasing converslon (Fig 4a) Furthermore, 1-butene de- 
composes at hgher conversions to methane and ethylene [29] It 1s also 
slgmflcant to mention that concentrations of reactive light radicals (mclud- 
mg H: CH, and C,H;) are relatively higher m paraffmlc pyrolysis This 
assures that mechanisms proposed for the secondary decomposltlons of 
higher a-olefms are reasonably plausible Finally, the substantially high 
selectlvltles of ethylene and propylene may be attributed not only to the 
ummolecular decomposltlons of the alkyl radicals, but also to the secondary 
crackmg reactions of 1-butene, 1-pentene and 1-hexene 

CONCLUSIONS 

It has been shown m ths work that the R-K theory cannot adequately 
account for the formatlon of the products of n-heptane pyrolysis, partlcu- 
larly at hgh conversions The excesses and deflclts of the products observed 
m Gus work compared with predictions by R-K theory have been ratlonal- 
lzed m terms of the secondary decomposltlons of higher a-olefms Finally, 
the comparable product dlstnbutlons and the good agreement between the 
kmetlc rate parameters derived m this work and those m the literature 
confirm once more the adequacy of the pulse techmque m studymg the 
pyrolyses of hydrocarbons [ 161 

NOMENCLATURE 

A pre-exponential factor (s-l) 
E actlvatlon energy (kJ mol- ‘) 
k first-order rate constant (s-l) 
T temperature ( o C or K) 
X conversion of n-heptane 
7 residence time (s) 
V reactor volume (ml) 
F volumetric flowrate of reactor effluent (ml se’) 
S annular surface of reactor available for reaction (cm2) 
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