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THE PYROLYSIS OF ETHYLBENZENE WITH AND WITHOUT 

OXYGEN INITIATION 

Edwin D. Hausmann and C. Judson King 

Lawrence Radiation Laboratory and 
Department of Chemical Engineering .. 

University of California 
Berkeley, Californi~ 

BRIEF 

The effect of small quantities of oxygen (0 to 10%) on the 

thermal decomposition of ethylbenzene in the temperature range 

of 570-650° c was investigated utilizing a flow reactor with 

residence times on the order of 0.1 second. The runs made,with 

oxygen excluded fit a half order rate expression with an activa-

tion energy of 69 kcal.jg.mole. Small quantities of oxygen 

increase the rate of thermal decomposition but this· effect tapers 

off as the oxygen concentration is increased. With an oxygen . 

concentration of around 3% the same level of conversion is achieved 

at a temperature 10° C :t:ow~r than that required when oxygen is 

excluded. The styrene yield selectivity increases from 74 mole % 
'I· 

without oxygen to 81 mole %with 10% oxygen. The presence of 

"' oxygen also lowers the apparent activation energy. 

SHORT SUMMARY 

Rates of thermal decomposition of ethylbenzene. were measured· 
~-· .< 

in an C.l second flow reactor at 570-650° c and interpreted via 

a Rice-Herzfeld mechanism. The effect of small quantities of 

oxygen on rate and product selectivity was determined. 

, .. 

\ -.. 
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THE PYROLYSIS OF ETHYLBENZENE WITH. AND WITHOUT 

. , OXYGEN INITIATION 
/· · .. 

. ' .... 
·· . . : 

The thermal .decomposition of hydrocarbons.· is of great . 
. ·. ; ' . . . 

interest today. Since the thermal·decomposition reaction occurs 

at relatively high tempera tur~s, many ca tal:ys ts . and . other.· promoters 

have been investigated with a view towards moderating the reaction 

conditions and altering the reaction yield. pattern. Vapors such 

as azomethane, diacetyl, diethyl ether, chloroform, ·dichloromethane, 

bromine, mercury, ethylene oxide, dimethylmercury, ··and: oxygen 

have been found to.have a homogeneous acceleration effect (4, ~' 
. ' . . ·.-~ 

13, 17, 20, 23). Economically and theoretically oxygen i.s of 
. '· 

greatest interes_t. Oxygen is readily available ·at low c~st and a 
/ 

knowledge of the mode of attack of oxygen up_on hydrocarbons is 

fundamental to the understanding of hydrocarbon oxidation. 

Although thermal decomposition·is often carried out as. a 

desirable reaction, there are also situations wher~ thermal 

decomposition is undesirable such as in nuclear reactor coolants 

and moderators, and high temperature reboilers .. Traces of oxygen 

from·· the atmosphere will be found in all substances in whic.h 

thermal decomposition would be undesirable. 

A reviewof investigations of oxygen-initiated pyrolysis 

prior to 1956 has been given by Letort, who states that one part 

of oxygen in 100,000 doubles the initial deqomposition rate of 

· acetaldehyde at 4 77° c ( 13). Niclause, .Combe; and .Letort· ·have ·-
• ; ~ • '· ' • > • ~ , • 

·shown that the pyrolysis threshold· of acetaldehyde. is lowered·. 

from 450° C to 150° C by the addition of one part oxygen in 

10,000 (16). Oxygen does not have quite as great an effect in 

... 
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the thermal decomposition of. hydrocarbons. Maizus, Markovich 

and Neiman showed that the decomposition of n-butane is sensitized 

by the addition of small amounts of oxygen (14). They found that 

the chain length in the oxygen-sensitized reaction fell off 

rapidly, from 223 at an oxygen concentration of 0.015% to 3 .at 

a concentration 2.51%, and concluded that oxygen acts as both a 

sensitizer and an inhibitor. Steacie (21) and Engel, et al (~) 

prefer to attribute the drop in chain length to inhibition by 

olefinic products. 

A detailed study of the reaction of n~butane and oxygen at 

low oxygen concentrations was reported by Appleby, et al· OJ. 
With 0.5% oxygen the rate of decomposition for longer residence 

times increased by a factor of 100. Engel, Combe, Letort, and 

Niclause confirmed that trace quantities of oxygen accelerate 

the initial rate and lower the threshold temperature of the 

pyrolysis of n-butane (~). They also found the same effect with 

propane, isobutane, and .neopentane. With propane the pyrolysis 

threshold temperature was lowered from 562° C without oxygen to 

475° C with 0.28% oxygen and 425° C with 1.1% oxygen. Most 

previous workers have concluded that oxygen is a homogeneous 
.· 

accelerator; however Poltorak and Voevodsk.ii suggest that oxygen 

initiation occurs as a surface reaction (18). They use their 

results for oxygen sensitized decomposition of propane to extend 

a theory of heterogeneous initiation of thermal decomposition 

... ( reactions. In the present study a quartz reactor and a high 

partial pressure (about 1 atm.) of nitrogen diluent were employed 

to minimize surface effects. 
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. ', .:·· .,.· .'• •.'· ... ·.·.·. 
The. hydrocarbon investigated· in this ·work ·was ethylbenzene .. ··· 

. . ~ ,. ·. ! • • ' ' -- . '· ~~;. ' 

The tnermal decomposition rates of alkylated aromatics have not · 
• • • ' • .. ·• ·. • • .• •. • ' .. •·•• -i-- .• · •. •;•:.· ' •. ::·' • .·;~ . ·; __ _. ~- ' • ~~ • .~ ' :···' t_. 

been extensively Studied Url.der controlled .CQndit:ions, and the 
. - . ·.' ' . . .· 

•effect of small amounts of added oxygen has not .been·re:ported· 

for such compounds. In· the .case of ethylbenzene the stabili ty'·.of 
.: ·. .· 

the aromatic ring limits the significant thermal decomposition . 

products to benzene, toluene, styrene, hydrogen, methane, ethane, 

B;nd ethylene at normal pyrolysis temperatures, thereby simplify

ing the product analysis. 

Most previous studies of the thermal decomposition of ethyl

benzene have given only qualitative rate data.. The reac:Cion was 

first investigated by Berthelot, who, in 1869, passed gaseous 
• .'. < • ' • 

ethylbenzene through ~n empty porcelain.tube.at a moderate red 

heat (.~). A few experiments on the decomposition of ethy1benzene. 

were made by Jost and Muffing using .a static system (11); Webb. 

and Corson determined the conditions. at which the rriaximum yield 

of styrene. could be obtained by pyrolytic dehydrogenation (24) .. 

Szwarc (22) and Esteban,. et a1 (.§_) report quantitative measure

ments of the rate of the initial decomposition step, with the 

reaction chain suppressed by a carrier of toluene or aniline. 

Szwarc also gives qualitative results for the. pyrolysis of pure 
" 

ethylbenzene (22). Recent investigations of the pyrolysis of 
. . . . . . 

ethylbenzene pave been reported by Lee and Oliver (12) and.by 

Badger and Spotswood (£_). .The latter study, is concerned primarily 

with trace yields of heavy products. 

The only apparent previous study of the partial oxidation 

of ethylbenzene was carried out atrelativel:y high oxyge!l concen

trations. Jones, et al., employed a raining solids reactor at 

:'' . 
.. ... 

" . r;J 
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415-590° C with a residence time of 5 seconds and an oxygen-

ethylbenzene mole ratio of 0.7-1.0 (10). They found that. styrene 

forms essentially all the non-oxygenated aromatic product. For 

example with 33% conversion of ethylbenzene at 530° C a carbon 

balance gives a selectivity of 65% to styrene, 15% to benz

aldehyde~ 8% to acetophenone, 3%. to other aromatics and the 

remainder to gaseous products. This raises the possibility 

that at a much lower oxygen content the selectivity.of styrene 

formation might remain high without the simultan~ous appearance 

of oxygenated aromatics which present a separation problem. 

Appleby~ et al., reported a marked_increase in the yield of ole.-

fins with the same carbon number from the pyrolysis of n-butane 

when a small amount of oxygen was added (!). A similar result 

for ethylbenzene could be of value commercially as an alternative 

to catalytic dehydrogenation. 

ACQUISITION OF DATA 

Equipment 

The thermal decomposition studies were made using the 

apparatus shown schematically in Fig. 1., The ethylbenzene was 

vaporized by passing a metered stream of prepurified nitrogen .. -

through two sparger-bottles filled with ethylbenzene. These 

sparger-bottles were partially immersed in a heated oil bath 

kept at a constant temperature. Adjustment of this temperature 

allowed achievement of any desired concentration of ethylbenzene 

in the nitrogen stream. The reactant stream was preheated in 

a quartz-chip packed, quartz tube heated by heating tape and 

two electric tubular furnaces. A metered stz>eam of oxygen then 
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entered via a mixing -tee. The . thermal decomposition occurred -
:·' . ' ·. _·. .. : ·,. ',. ,: \ ' ' . . .. · . . : 

in the quartz reactor which was he a ted in a pot crucible 
,. : •. . .• c ' ' 

furnace. ·The reactor tube volume was 50 cm3 • After 1eaying -

the reactor the product- stream was cooled by a cold-water 

condenser and the condensed liquid product was collected in.a 

flask. The remainder of the condensible. products was collected 
_. ·- I .. : .• ---· ... , 

in a trap cooled by a dry-,ice-acetone bath in a Dewar flask; - - - -; -

The remaining vapors were exhausted to the hood. The temperatures 
. . . " 

of the reactant stream were measured in the preheat sectiori.and 

reactor by nine chromel-alumel thermocouples placed. at s~rategic 

·. points as shown in Figure~ 1 and 2_. .Further details of the 

apparatus and accessory equipment may be found elsewh~re'(9). 
/ 

Experimental Procedure 

At least 24 hours before a run was to begin the pot crucible 

furnace was set for the desired temperature _and the -'two -tubular 

furnaces were set slightly below the desired temperature.· At 

_least one hour before the r:un the heating bath was set at the 

predetermined temperature. At this time the heating tape was 

. switched on and an oil-pumped nitrogen.stream was passed through 
I 

the system by-passing the sparger-botties. The electric input 

to the heaters in the preheat section was set at values which 

would assure that no.pyrolysis occurred before the reactants 

enter€d the r@'aoto!'.: One hour after the. ni tro~en stream was· 
. . ·, 

·turned on_, it was diverted so that nitrogen would_f1<?W through 

the sparger-bottles. In 2.0 minutes steady state temperatures 

were attained and the nitrogen' was replaced by prepurified 

nitrogen. After 10 more minutes the liquid. product sample was · ~·· 

· .... 

.• - :,1 

-" 

-·-
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collected for 10 to 20 minutes depending upon the flow rates 

of that particular run. The sparger-bottles were then refilled 

with ethylbenzene,- and the apparatus was ready for the next run. 

After the run was completed the liquid product collected 

was weighed and a sample injected into a gas chromatograph 

equipped with a M-phenylether column at 95° C. The percentages 

of benzeneJ .tolueneJ ethylbenzene, and styrene in the product 

were calculated from the resulting chromatogram. Oxygen and 

ethylbenzene concentrations in the reacting gas stream were 

calculated from rotameter readings and weight of product collected. 

The concentration of ethylbenzene in the nitrogen stream 

after passing through the sparger-bottles averaged 65% of the 

theoretical concentration calculated from vapor pressure data. 

This percentage varied between 60 and 75% with variation of the 

nitrogen flow rate through the sparger-bottles. The final preheat 

temperature, as has been mentioned, was predetermined for each 

flow rate so that a measurable amount of pyrolysis did not occur 

in the preheat section. For a flow rate of 600 ccjsec at 

reactor conditions this temperature was 440° C, while for a 

lower flow rate such as 300 ccjsec the maximum preheat tempera

ture was 400° c. 

The maximum pressure in the system occurred immediately 

prior to the sparger-bottles. This pressure varied linearly 

with flow rate from 960 mm Hg at a flow rate of 800 ccjsec to ::u,\ 

860 mm at a flow rate of 400 ccjsec. True residence times in 

the reaction zone varied from 0.06 to O.l7.seconds. The temper

atures at TWI and TW2 (Figure 2) differed by from 60 to 100° c. 
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· An 11 isokinetic 11 temperature was computed for each run by a· 

modification of the method of Fabuss, et al (l)- · This introduces 

some uncertainty into the value of the average absolute tempera-

ture, but should have much less effect upon considerations 

based on the difference in temperature between runs. 

Experimental Program 

The experimental program involved first the .determination 
. . : . ·, 

of the kinetics of the thermal decomposition of ethylbenzer1e -·-

in the absence of oxygen. A set of pyrolysis data-was obtained 

by holding the nitrogen flow rate and furna.ce temperatures· 

constant and varying the concentration of ethy1benzene. Each 

time the furnace temperature or nitrogen flow rate.was changed a 

new set of data was. obtained in the previously described manner. 
1 

Measurements were then made using small quanti ties 'or oxygen.:· 

The data from these runs were evaluated and it was then decided 

to make several runs ·at constant residence time, reactor tempera-·· 

ture, and ethylbenzene concentration ·'While the. oxygen concentra

tion was varied from zero upward. The oxygen-ethy'lbenzene mole 

rati.o was held below 0.10 to ·avoid the formation of oxygenated 

products. In all .25 runs with-varying oxygen concentrations and 

21 runs without oxygen were made. 

RESULTS AND DISCUSSION 

Pyrolysis in the Absence of Oxygen 
. . 

The data for pyrolysis without oxygen cover a .temperature· 

range from 590° to 650° C, with a three~fold variation of ~thyl~ 

benzene concentration, and residence times of between.0.06 and , 
. ; 
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0.17 seconds. The concentration of ethylbenzene was held below 

10% in the reactant stream and the reaction conditions were 

chosen to attain less than 10% total conversion in order to 

avoid secondary reactions. The minimum conversion was 0.50% 

because of the difficulties in accurate analysis of smaller 

concentrations. Data are tabulated elsewhere (~). 

As expected, the chromatographic analysis showed that the 

primary liquid pyrolysis products consisted of styrene, benzene, 

and toluene. The distribution of these products and the calculated 

standard deviations were as follows: 

Selectivity 

Styrene 

Benzene 

Toluene 

74 

23 

3 

± 

± 

± 

3 mole % 
3 

1 

This yield pattern showed no app,arent trend with respect to 

reaction temperature or ethylbenzene concentration. Szwarc 

found these products in the approximate proportions 100:30-40:10-5 

when the reaction chain was not suppressed (22). 

A qualitative analysis of the gaseous pyrolysis products 

was made using the gas chromatograph. Hydrogen was found to 
I • 

be present in the highest concentration. Methane, ethane and 

ethylene were also identl.fied as products of the pyrolysis. 

Approximately 10 times as much ethylene as ethane was produced. 

Exact quantitative analyses of the gaseous products were not 

made because of the large amount of nitrogen diluent. Webb and 

Corson found approximately equal yields of ethylene and para-

finnic hydrocarbons; however they employed much higher conversion 

levels where secondary reactions would be more important (24). 
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The data were fit to a "law of mass action". type equation 

of the form, 
. . . . ' . . 

· Rate of conversion to styrene A exp (-EjRT) (EB)n 

with a multiple.regression utilizing the IBM 7094 computer. 

The values of the p{lrameters thus obtained and their standard 

errors of ~stimate are, 

A 4.04 X 1012 .( )-1 ( 1 ;· )0.59 = . se.q mo e cc _· _ _ 

E = 68,600 ± 3,700 caljg~mole 

n = 0.41 ± 0.12 

The.standard error of the resulting correlation is 23%. 

Figure 3 is a typical Arrhenius plot of the lj2 order 
·-

rate constant, 

k1 j2 = rate to styrenej(EB) 1f2 , 

plotted against the inverse.of the absolute temperature~ As 

I. 

(1) 

(2) 

can be seen the slope of this line is 35,000° K, which corresponds 
! 

to an apparent activation energy, E, of 70,000 caljg-mole 
' 

and a 

frequency factor, A, :of 3 x 10 1 ~ ( g-mole j~c) 1/ 2 . (sec) -l . The 

scatter of the data is due in part to the low conversion of the 

reactant at the lower temperatures which·caused the product 

analysis to be less precise. 

Figure 4 is a plot of the rate of sty~ene fromation vi~ :the 

ethylbenzene concentration for nine selected runs. Since no. 

more than two runs without oxygen had the same isokinetic temper-

ature, it was necessary to correct the rates of formation of 

ethylbenzene to a uniform temperature of 600°. ·c. As can be seen, 

Figure 4 substantiates the lj2 order with respect to ethylbenzerie 
... 
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as was determined with the use of the.multiple regression 

analysis. Lee and Oliver (12) reported that the conversion of 

ethylbenzene to styrene appeared to oe first order with respect 

to ethylbenzene at lower temperatures and appeared to approach 

zero order at higher temperatures. No trend of reaction order 

with respect to temperature was observed iri the present work. 

Rates of hydrocarbon pyrolysis have usually been interpreted 

through chain reaction mechanisms~ following the original sugges

tion of Rice and Herzfeld (19). The following reaction mechanism 

is a logical possibility; it is in accord with the observ;ed 1/2 

order of the pyrolysis reaction with respect to ethylbenzene and 

the apparent activation energy of approximately 70~000 caljg-mQle: 

initiation 

\ 

( 
propagation ! 

I 
!\ 

termination 

OC~CH3 

kl > OCH2 . + CH . 
3 . 

+ CH
3 . 

. oC~CH3 H· + 

k . 
5 

> various products 

The benzyl radical is known to be unreactive (22); hence a 

benzyl radical initiation step similar to Reaction 4 has not 

been included~ 

(3) 

(4) 

(5) 

(6) 

(7) 



If all the tolueneproducedis assumed to come from . :,·. 

initiation by Reaction 3 the yield pattern a!J.alysis -indicate~S" · 
. • •' ~ "•< ';'~ -,, 

chain lengths of 2 5 · for the production of styrene!. · Even higher 
.. -· .·· 

chain lengths result if toluene is also produced in. a propagation. . 

reaction. Szwarc reported chain lengths.of from 15-25 in the 

pyrolysis of. ethylbenzene without chain suppression (22). With 

the long chain assumption, this mechanism results in the follow

ing expression for the· rate of formation of styrf$ne: 

.... ,.,_.., ... _ 

rate to styrene 

.. -.. 

The.termination reaction chosen is logical since the extreme 

stability of the phenylethyl radicals provided by the several. 

possible resop.ance forms afforded by the aromatic. ring should 

allow these radicals to accumulate to a larger concentration 

(8) 

than any of the other radicals which may ·.be .formed in· the· reaction. 

The termination represented by Reaction 7 imparts the reaction 

order of lj2 . 

These five reaction steps are not offered as the ·only 

reactions which occur during the pyrolysis of ethylbenzene. 

For example this sequence does not explain the formation of 

benzene. Benzene .may be formed by a ·variation of the first 

propagation step such as 

o· + CH-=;pHJ ..... ·. .. ~ --~-z ," 
~ ;. .. 

-;: .. • 

- ,_:, ' 

which would follow the abstraction of· a primary hydrogen froin. 

ethylbenzene, 

(9) 

. ·- · .. 

\·- . 

,. 
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("j-cH-CH · 
~_,) --c 3 + H· 

instead of the secondary abstraction shown in Reaction 6. 

Benzene could also be formed by a variation of the second 

propagation step~ such as that suggested by Szwarc (22): 

A small amount of toluene may be formed by a modification of 

(10) 

(11) 

· Reaction ll. A greater yield of ethylene than ethane was observed~ 

but the ethyl radical from Reaction 11 could decompose to ethylene 

and a hydrogen atom instead of formingethane through abstr,action. 

Benzene would be produced in Reaction 9 since ~-scission -

occurs if this primary radical is formed and then decomposes .. 

In Reaction 5 ~-scission cannot occur since no ~ aliphatic 

C-C bond is available to break. If the benzene ~s formed largely 

by Reaction 9 the resulting phenyl radical will probably abstract 

hydrogen from ethylbenzene by a process similar to Reactions 4~ 

6 and 10: 

Similarly Reaction 4 could lead to either of the two phenyl-

(12) 

• ethyl radicals. If Reactions 6 and 12 both produce the same 

:ratio of the two phenylethyl radicals the rate expression for 

styr_ene formation~ Eq. (8)~ will be'unchanged. Similar reasoning 

- ----·~-----------"--
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applies if benzene is produced by Reaction .11. 

The above· mechanism represents a combination: of the 

dominant reaction steps which explains the observed order and 

activation energy. Approximate values of activati.on energy and 

frequency facto:r-s as determined from Stl$acie (21) may be taken 

for the individual steps in the m~chanism. For k1 ~ E
1 

= 63~000 

caljg-mole and A1 = 1013 sec -l from Szwarc . (22). For: k3 ~ E3 · = 

40~000 caljg-mole by analogy to similar reactions for other 
13 '-1 . hydrocarbons (Ref. 21~ p. 509); A3 = 10 sec ~ assumlng a typical· 

unimolecular type reaction. For k5 ~ E5 = 0 since it is a radical 
14 '• ' . ' '' '.,,· '. . ' . 

recpmbination reaction; A5 = 10 ccjg-mole se·c ~or_a typica_l_ . 

bimolecular reaction. Substitution of these quantities into 

the rate expression~ Eq. (8), yields for an apparent activation 

energy, E = 71,500 caljg-mole, and_for the frequency factor, 
12 ' 1 1' 

A = 2 X 10 (ccjg-mole) 2 (sec)- 0 This activation energy agrees 

well with the experimental value of 70,000 caljg-:-mole. The 

:frequency factor is. a factor of 10 less than observed but the 

agreement is adequate if one considers that the values.taken for 

A3 and A5 are only approximations. 

Oxygen Initiated Pyrolysis 

Figur~ 5 presents data obtained for pyrolysis of ethyl

benzene with small amounts of added oxygen. This figure 

illustrates how .sma]_l quantities of oxygen increase the rate of 

pyrolysis, and also how this increase tapers off as the oxygen 

con~entration is incre~sed. The data represented by each curve 

were obtainedby keeping all variables constant except for oxygen 

concentration, thereby minimi~ing possible errors. It may be 

·. 
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observed that the temperature for a given conversion level may 

be lowered about 10° C by adding about 0.03 moles of oxygen per 

mole of ethyl benzene'· A de tailed tabulation of runs made with 

added oxygen may be found elsewhere (..§.). 

The results obtained in these studies correspond to the 

results obtained in the investigations of the oxygen initiated 

pyrolysis of n-butane, summarized by Fig. 6. Note that the 

same type of initial increase in the rate of pyrolysis is found, 

with a gradual tapering off of this effect. The data in which 

a 100-fold increase in the rate of pyrolysis was observed were 

taken at a lower temperature (l). 

No oxygenated hydrocarbons were detected in the analysis -

of the products from the runs with oxygen present, so it is 

assumed that the oxygen consumed was converted to water. Appleby, 

et al., did not observe formation of oxygenated products from 

n-butane at oxygen concentrations of less than 12% (l). Not 

all of the oxygen which was added was consumed in the reaction; 

in fact very little of the oxygen which is added appears to 

have been consumed. For each mole of added oxygen between 0.06 

and 0.35 moles of styrene were formed in addition to the conversion 

found in the absenceof oxygen. A chain reaction based upon 

oxygen initiation suggests the formation of many molecules of 

styrene for every molecule of oxygen reacting~ 

The increase in reaction rate due to the introduction of 

'"' oxygen was correlated to equation of the form of the law of mass 

action, 

--· -.........- --- ~~ ·--.- -~ 
. ___ ---~--· --·-~-- ----~ -- - -



by a multiple.regression·analysis where the rate due. to straight 

pyrolysis was calculated from the previous correlation (Eq. 1). 

The values of the parameters obtained are 

.A = 7.7 X .10 9 ( )-1( . I )o~28 sec moles cc 

E = 48·, 500 ± 1,600 caljg;...mole 

n = 0 .. 02 ± 0.59 

m - 0.70 ± 0.18 

The activation energy of 48,500 caljg-mole for the oxygen initiated 

portion of the pyrolysis is much lower than that for the pyrolysis 

without oxygen. Another interesting point is the near zero order 

with respect to ethylbenzene, althou~h th~ probable error,in 

this value is extremely large. The order of 0.7 with res~ebt to 

oxygen compares with an order of 1/2 found by Appleby, et' al. (.~) 

for the oxygen initiated pyrolysis of n-butane. 

The application of this type of expression necessitates the 

assumption that the pyrolysis due to oxygen occurs independently 

of that due to thermal decomposition. It is more likely, however, 

that the thermal pyrolysis and that due to oxygen share the same·· 

propagation chain. The chain initiating reactions would include 

·both the thermal initiation given by Reactions 3 and 4 and an 

·initiation step which includes oxygen, such as 

, . ~.HCH3 · · 
H02· + v ... 

If Reaction 14 is incorporated as another initiation step 
I. 

into the mechanism previousl;v discussed for the formation of 

(14) ' 
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styrene, the following expression for the rate of formation of 

styrene results: 

rate to styrene = 

Combining Eqs. (8) and (15) yields 

rate with oxygen 
rate without oxygen 

Figure 7 presents a plot of the square of the ratio of the rate 

with oxygen to the rate without oxygen vs.· the oxygen concentra

tion. Following Eq. (16) this should le~d to straight lines 

with slope k
0
jk

1
. There is considerable scatter to the data, but 

straight lines appear to provide a plausible fit at low oxygen 

concentrations.· At higher oxygen concentrations the rate is 

lower than that predicted by an extrapolation of the low oxygen 

data. 

The form of plotting in Fig. 7 is highly sensitive to errors 

in the measured rates without oxygen. Figures Sa and 8b present 

a plot of the square of the rate vs. the oxygen concentration, 

as suggested by Eq. (15). In this. case the relationship is less 

dependent on the rates in the absence of oxygen. Once again the 

data appear to fit straight lines at low oxygen levels, but 

taper off at the higher oxygen levels. 

It is interesting to note in Fig. 7 that the slopes are 

(15) 

(16) 

lower for the higher temperatures. This behavior suggests that 

k0 /k1 decreases with increasing temperature, or that Reaction 14 

has a lower activation energy than Reaction 3. The scatter of the 

-~- - - -
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data precludes an exact calculation, but to a crude approximation 
. . 

it may be said that the slope in Fig. 7 increases by a factor 

of 2 every 15-25° ·c. This 'leads to a difference· of 13-21 kcaljg-mole 

between Reactions 3 and 14.· If E·for Reaction 3 is 63 kcaljg-mole 

as given by Szwarc (22), E for Reaction 14 is 42-50 kcaljg-mole~ 

An activation energy of 40 kcaljg-mole for oxygen attack of 

this sort is indicated by Medley and.Cooley (15). An activation 

energy of 45 kcaljg-mole for Reaction 14 yields a frequency 

factor for the same reaction of 3 x 1013 g-molejcc· sec, which is 

within the range normally encountered. for bimolecular reactions. 

A lower activation energy for the oxygen initiation step· 

explains why the effect of oxygen is so much more pronounced _ 
' at relatively low temperatures for n.:..butane and suggests a similar 

behavior for ethylbenzene. 

Oxygen may enter the reaction sequence as a chain inhibitor· 

if it reacts like 

or 

H 

0' . C=CH
2 

· · + H02 •. (17) 

(18) 

Hydroperoxy-radica1s may .be forme·d as intermediates in Reaction 17. 

Initially.these reactions would have lit·tle effect, but as 1arge_r· 

concentrations of o.xYgen are used these reactions·. could assume· 
... 

greater importance. Such inhibition reactions could cause the 

tapering off of the curves in Figs. 7 and 8. Because of the low 

conversion levels the present results indicate that the inhibition 

is due to oxygen itself rather than to the olefinic. styrene product. 
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At 596° C the conversion of ethylbenzene is only 2% at the 

highest oxygen level .. Product inhibition is not indicated at 

2% conversion in the absence of oxygen. 

As can be seen from Table I, the ·yield of styrene with 

respect to the total conversion increases with increasing oxygen 

concentrations from about 74% at an oxygen concentration of zero 

to about 81% at an oxygen concentration of 10% relative to the 

ethylbenzene concentration. This is the general prevailing · 

trend, since the few points which deviate can be excused as 

random errors. This increase in styrene yield could result 

from Reaction 17, but it does appear that the styrene yield be

comes elevated at oxygen contents below the 'points where· curvature 

begins in Figs. 7 and 8. Alternative factors which could give 

an increased styrene yield include a higher selectivity for 

secondary hydrogen abstraction in Reaction 14 than in Reactions 

4 and 6 or a significant contributidri of disproportionation 

reactions as terminations. The chain lengths should decrease 

as oxygen is increased, thereby increasing the styrene yield 

from disproportionation. 

The change in yield pattern confirms the observation of 

Appleby, et al., that oxygen incleases the yield of olefins with 

same carbon number (!) although the increase in selectivity is 

not as striking as found for n-butane. 

If Reactions 14 and 17 are added to the reaction sequence 

postulated for the pyrolysis of ethylbenzene in the absence of 

oxygen, a complex expression for the rate of formation of styrene 

results.· This expression involves a reaction order between zero 

- ------~--------

. - -- - - ----- ··- -~ -- -
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and one-half with re~pect .to oxygen and between one and one

half with respect to ethylbenzene. Since th~rate expression is 

involved, it would. be very.~difficu1t to confirm agreement even 

with more .data and more yrecision among. the data obtained. 

CONCLUSIONS 

Oxygen does initiate the thermal decomposition of ethyl

benzene, although the effect noted is not as great as that 

observed for other hydrocarbons. such as n-butane. · The acceler-

ating effect of oxygen tapers offrapidly so that oxygen c9-nnot 

be used to accelerate the rate of thermal decomposition of a 

hydrocarbon more. that 100% at very low conversion levels .. The 
" 

decrease in the accelerating effect appears to be due to-inhibition. 
,• 

of the reaction by oxygen rather :than product inhibition. ' 
. ~ . . ., ~-- ' ' . . . 

Oxygen increases the yield of styrene and decreases the yield of 

benzene but the increase is not gre~t. 

A 1/2 order with respect to ethylbenzene is indicated for 

the pyrolysis of ethylbenzene in the absence of oxygen, with an 

activation energy of approximately 70_;000 caljg-mole. 

In the evaluation of these results the warning of Steacie 
J 

·should be remembered (21) : "It should .. be emphasized that, 

·experimentally, complex reactions rarely have orders that are · 

exactly integral or half integral. Further, the or.der in almost. 

all cases varies with experimental conditions. It is a common 

fault to attach far too much importance to the exact value of. 

the order of a complex reaction which happens to hold over a 

narrow range of experimental conditions. Mechanisms derived on 

SUCh a baSiS are Often gr0
1

SS ly OVersimplified. II 

.. 
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Table I. Effect 

02 jEB 100 Tiso '• 

(molesjmole) ( 0 c) 

0 593 

0.9 593 

2.4 593 

0 596 

1.0 596 

1.9 596 

4.1 596 

9.1 596 

0.4 597 

1.6 597 

·3.3 599 

6.7 600 

0 606 

0.4 605 

0.7 605 

1.5 606 

3.4 606 

0 630 
1.0 629 

3.7 630 

.7. 5 630. 

" 

-- - -- ----- - ·- - --- - - - - ,- -·-- -· ~-
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of oxygen in the product yield pattern. 

Product distribution (mole % of total conv.) 
Styrene _Toluene Benzene 

73 3 24 

76 2 22 

76 2 22 

72 Tr. 28 

74 Tr. 26 

80 Tr. 20 

81 Tr. 19 

81 Tr. 19 

73 Tr. 27 ' 

74 Tr. 26" 

-77 Tr. 23 

80 Tr. 20 

72 4 24 

75 3 22 

76 3 21 

80 ,2 18 

80 2 18 ... 

81 3 16 

78 3 19 

81 2 -17 

80 3 17 

---- -~-~-----~- -~L------ -- ---------- ·---~~---
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Fig. 2. Pyrolysis reacto~ 
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Fig. 6. Oxygen initiated pyroiys"is 'or n...:butane. 
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7. Inc~eMe of r~te d.ue 
.: ' ~ ·, 

t_o ·oxygen, 
4
accord.ing to 

Temp. Res; Time 
(sec) , 

(EB) X 10 . __ - · . ·• 
• :. , ( (!JJJ./cc) _·.· · :~< ,' __ ., 

0.08. 
0.12 
0.17 
0.12 
0.17 

o. 7: 
1.1 

. 0.8 
1.3 
0.5 

. ~· . 

Eq. (35). 
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2 4 6 8 

. Oxygen concentration x 10 3 

(cm3 0 2 /cm3 total flow) 

Fig. 8b. Increase of rate due 
Temp. Res. Time 

(sec) 

w 6oo0 c · o.o8 
o 596°C 0.12 
® 593°C 0.17 

MU-35354 

to oxygen) according to Eq. · (34). 
(EB) X 104 .. . 
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