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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, California

BRIEF

The effect of small quantities of oxygen (0 to 10%) on the
thermal decomposition of ethylbenzene in the ﬁeﬁperatﬁre_range
of 570-650° C was investigated utilizing a- flow reactor With
residence times on the-drder of 0.1 second.j The.runs madeuwith-
oxygen excluded fit a half ordef rate expressioh Withgan‘actifé—
tion energy of 69 kcal./g.mole; 'Smali quantiﬁies of oxygen |
increase the rate of thermal decomposition}but thie=effect tapers
off es the oxygen coﬁcentratioﬁ is increased. With an oxygen‘
concentration of around 3% the same level of conversion iS'achieved
at a temperature 10? C Toweér than that reqﬁired when oxygen 1s
- excluded. The styrene yield selectivity increases from 74 mole %.
without oxygen to 81 mole_% with 10%.Skygen. The presence of

¥
oxygen also lowers the apparent activation energy.
SHORT SUMMARY

Rates of thermal decomposition of ethylbenzene‘Werevmeasured- »'
in an C.1 second flow reactor at 570-650° C and iHterpreted via
a Rice-Herzfeld mechanism. The effect of .small quantities of

oxygen on rafte and product selectiVity was determined.
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- OXYGEN. INITIA'I‘ION R 5

~ The thermal decompos1tlon of hydrocarbons 1s of great;ff?% TR

1nterest. today. Slnce the thermal decompos1tlon reactlon occurs

at relatlvely hlgh temperatures, many catalysts and other promoters.%ffy_

have been 1nvest1gated w1th a view towards moderatlng the reactlon o

condltlons and alterlng the reactlon yleld pattern Vapors such

as azomethane, dlacetyl, d1ethyl ether, chloroform, dlchloromethane,*l"”

bromlne, mercury, ethylene ox1de, dlmethylmercury, and oxygen
have been found to have a homogeneous acceleratlon effect (4 8,
_léjmlz, 20, gg). Economlcally and theoretlcally oxygen 1s of |
. greatest interest. Oxygen is readlly available at low cost and a’
knowledge of the mode of attack of - oxygen upon hydrocarbons is L
hvfundamental to the understandlng of hydrocarbon ox1datlon |
Although thermal decompos1tlon 1s often carrled out aslahlfrv‘:
des1rable reactlon,_there are also s1tuatlons where thermal .
.decompos1tlon is undes1rable such as 1n nuclear reactor coolants
and moderators, and hlgh temperature reb01lerS' Traces of oxygen
from ‘the atmosphere w1ll be found 1n alllsubstances 1n Wthh
thermal decompos1tlon would be undes1rable _ |
A rev1ew of 1nvest1gatlons of oxygen 1n1t1ated pyroly81s :
vprlor to 1956 has been glven by Letort vwho states that one part B
.of oxygen in lOO 000 doubles the initial decomposition rate of vﬂ_
facetaldehyde at 477° C (13) Nlclause,'Combe-and Letort have |
'shown that the pyrolys1s threshold of acetaldehyde is lowered
- from 450° 'C to 150° C by the addltlon of one. part oxygen in ',f

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

X
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the thermal decomposition.of~hydrocarbons. vMaizﬁs,vMarkovigh
and Neiman showed that the décbmposition of n;buténe is sensitizéd _
by the addition of small amdunts of oxygeh (lg). They found thét
thé chain length in the oxygen-sensitized reactién fell off
rapidly, from 223 at ah oxygen concéntrdtion of 0.0lS%vto 3 at
a concentration 2.51%, and.concluded that,oxygén acté as both a
sensitizer and an inhibitor. Sbeaéie_(gl) and Engel, et al (5)
prefer to attribute the drop in chain length to inhibition by
olefinic products. | o

" A detailed study of the reactioh of n—butane'and oxygen at

low oxygen concentrations was reportéd by Appleby, et al'(;).

“With O,S% oxygen the rate of decomposition for longer residence

times increased by a"factor ofVIOO. .Engel, Combe, Letort, and

. Niclause confirmed that trace quantities of.oxygen accelerate

the initlal rate and lower the threshold temperature of the
pyroiysis of n-butane (g)f They also found the same effect with
propane, isobutane, and.néopentane. With propane the pyrolysis
threshold temperéture was iowered from 562° C without oxygeﬁ to
475° C with 0.28% oxygen and 425° C with 1.1% oxygen. MNost
previous workers have concluded that oxygen 1s a homogeneous

accelerator; however Poltorak and Voevédskii Suggést that oxygen

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

results for oxygen sensitized decomposition of propane to ektend
a theory of heterogeneous initiation of thefmal decomposition
reactions. In the presentvstudy a Quartz reactdf éhd a(high
rartial pressufe (abouf l,étm.) of nitfogen dilﬁeht_wefe employed

to minimize surface effects.
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The hydrocarbon 1nvest1gated 1n thls work was ethylbenzenetlf;??ﬁr‘
The thermal decomp031t10n rates of alkylated aromatlcs have not_g; 'f‘J

'.been extens1ve1y studled under controlled condltlons, ahd the:jiéfu-”” B

’ feffect of small amounts of added oxygen has not been reported

for such‘compounds | Tn- the case of ethylbenzene the ‘stability ofH:*V
. 'the aromatlc rlng llmlts the slgnlflcant thermal decompos1tlon,-“f'ﬂf
'.products to benzene, toluene,’styrene, hydrogen, methane, ethane,iju
'h_and ethylene at normal pyrolys1s temperatures, thereby 51mpllfy—'v;jff
Tlng the product analys1s ' | ‘ - :. )
Most previous studles of the thermal decompos1tlon of ethyl—wey’
'vbenzene have glven only qualltatlve rate data - The reactlon was f
flrst 1nvest1gated by Berthelot who, in 1869, passed gaseous'_ f
ethylbenzene through an empty porcelaln tube at a moderate red
heat (3) A fTew experlments on the. decompos1tion of ethylbenzene,ifi
were made by Jost and Mufflng us1ng a: statlc system (ll) Webb |
: and Corson determlned the condltlons at Wthh the max1mum yleld
of styrene. could be obtalned by pyrolytlc dehydrogenatlon (24)
Szwarc (22) and Esteban,_et al (6) report quantltatlve measure— fi.;T

'ments of the rate- of the 1n1t1al decompositlon step, Wlth the

”_reactlon chaln suppressed by a carrier of toluene or anlllne

. Szwarc also gives qualltatlve results for the pyrolys1s of pure L
a'ethylbenzene (22) Recent 1nvest1gatlons of the pyrolys1s of '

: ethylbenzene have been reported by Lee and Oliver (12) and by -

Badger and Spotswood (2) The latter study is concerned prlmarily

| _w1th trace ylelds of heavy products o ',’- v;' e ."X:;w:-'* g;_
The only apparent prev1ous study of the partlal ox1datlon E
.vof ethylbenzene was. carrled out at relatlvely hlgh oxygen concene

tratlons Jones, et al s employed a ralnlng SOlldS reactor at
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415-590° C with a res1dence time of 5 seconds and an oxygen—

ethylbenzene mole ratlo of 0.7-1. O (lg). They found that styrene
forms essentlally all the non—oxygenated aromatic'product.' For.
example with 35% 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 simultaneouS‘appearance
of oxygenated aromatics which present a separation problemn. |
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 ofloxygen 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 partlally 1mmersed in a heated oil bath

kept at a constant temperature. Adjustment of this temperature

-allowed achlevement of any desired concentration of ethylbenzene o
‘1n the nitrogen stream. The reactant stream was preheated in

‘a quartz-chip packed; quartz tube heated by heatlng tape and

two electric tubular furnaces. A metered stream of oxXygen then
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.entered v1a a mlx1ng.tee "Theithermalidecomposltionjoccurred,s
in the quartz reactor which was heated 1n a pot cru01ble ;-‘
furnace The reactor tube volume was 50 cm3 After leav1ng
the reactor the product stream was cooled by a cold—water

condenser and the condensed llquld product was collected in: a ,"

~ flask. The remalnder of the condens1ble products was collected

et i,

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

. The remalnlng vapors were exhausted to the hood The temperatures_rff

of the reactant stream were measured in the preheat sectlon and
T_reactor by nine chromel alumel thermocouples placed at strateglc
: fp01nts as shown in Flgures 1 and 2 Further detalls of the

apparatus and accessory equlpment may be found elsewhere (g).__

Experlmental Procedure’/

At least 24 hours before a run was to begln the pot cru01ble'.;'

furnace was set for the des1red temperature and the “two tubular

furnaces were set sllghtly below the des1red temperature :_At

'

.least one hour before the run the heatlng bath was set at the:fp:fl[:-e

predetermlned temperature At thls tlme the heatlng tape wasvf |

vSWltChed on and an 01l-pumped nltrogen stream was passed through fr

the system by-passing the sparger—bottles The electrlc ;nput

to the heaters in the preheat’section_was.setgat'values which L

would assure that no. pyrolySis'occurred before the'reactants”_f -

‘entered the reaotor f One hour after the nitrogen stream was

'_:turned on, 1t was - dlverted so that nltrogen would flow through

the Spal”ger—bottles ' In 20 mlnutes steady state temperatures'”d'7

- Were attalned and the nltrogen was replaced by prepurlfledv'

nitrogen. After 10 .more mlnutes the llquld product sample was.
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collected for 10 te 20 minutes-depending upoh the'flowvrates'

of that particular fun. The sparger-bottles were then'refilied

with ethylbenzene;<and the appafatus wasvready-fer the:next fun.:
_ After-the run,was.completed the liquid pfoduct chlected.

was weighed and a sample injeeted into a gas chromatogfaph "-

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

- of benzene, toluene, 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 ooncenﬁration of ethylbenzene in the nitrogen stream
after passing through the spargef—bottles averaged 55% of the
theoreticallconcentration calculaﬁed from vapor preesure.data.
This percentage varied between 60 and 75%bwith variation of tﬁe

nitrogen flow rate through the'sparger—bottles.i The.final preheat

temperature, as has been mentioned; was predetermined for each

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

in the preheat section. “For a flow rate of 600 cc/sec at
reactor conditions this tempefature was 440? C, while forva

lower flow rate such as 300 cc/sec the maximum preheat tempera-

~ ture was 400° C.

The maximum pressure in the system oecufred immediateiy
pfior to the sparger-bottles. This pressure‘varied 1inearlyv_
with.flow rate from 9601mm Hg at avflpw rate of 800 cc/sec to_ﬁﬁe’
860 mm at a flow rate.of 400 cc/see.‘ True_reeidenceitimes in/ ‘v
the feacﬁion zone varied from 0;06'te 0.17_Secoade. The temperea

atures at TWI and TW2 (Figure 2) differed by from 60 to 100° C.
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“An "isokinetic” temperature was computed for each run by a

modlflcatlon of the method of Fabuss,'et al (7) Thls 1ntroducesr

some uncertalnty 1nto the value. of the average absolute tempera—'f-‘:-f'

- ture, . but should have much less effect upon conSlderatlons

.

based on. the dlfferencebln temperature betweenvruns.-v'

Experlmental Program

The experimental. program involved flrst the determlnatlon B

of the kinetics of the thermal decompos1tlon.of ethylb?nzenef,ff'"

in the absence of oxygen;‘ A set'of'pyrolysis data‘was obtainedf“w'*'

by holdlng the nltrogen flow rate and furnace temperatures
onstant and varylng the concentratlon of ethylbenzene » Eachif'”
time the furnace temperature or- nitrogen flow rate was changed:a'

- new set of data was, obtalned in the prev1ously descrlbed manner.

Measurements were then made using small quantltles of oxygen»'””

The data from these runs were evaluated and. 1t was then de01ded

to make several runs at constant res1dence tlme, reactor“temperae_vi

"ture, and ethylbenzene concentratlonvwhlle the;oxygen.concentra— -

tion was varied from zero upWard. The oxygen—ethylbenzene'mole'f

ratio was held below O. lO‘to'avoid the formation of'oxygenated

i

products. In all 25 runs w1th varylng oxygen concentratlons and _

21 runs w1thout oxygen were made.
RESULTS AND DISCUSSION,

_yrolys1s in the Absence of Oxygen

The data for pyrolys1s w1thout oxygen cover a temperature
range from 590°'to 650° C with a three fold varlatlon of ethyl—

benzene concentratlon, and res1dence tlmes of between O 06 and

L
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0.17 seconds, The concentration of ethylbenzene was held belew
10% in the reactant stream and the reaction conditiens were
chosen to attain less than 10% total cOnvefsibn in order to . .
avold secondary reactions; The minimum eonversionjwas 0.50%

because of the difficulties in accurate analysis of smaller

concentrations. Data are tabulated elsewhere (g).

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 74 * 3 mole %
Benzene 23 + 3
Toluene '3 1

This yield pattern showed no apparent 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 (gg).

A qualitetive analysis of the gaseous pyrolysis products
wae made using the‘gas chromatogfaph.( derogen was found to
be present in the highest eoncentratiog. Methane, ethane énd
ethylene were alsovidentified as_predﬁets_of the pyrelysis."
Appfoximately 10 times as much ethylene aS”ethane was'produced;"
Exact quantitative analysee of the gaseous products were not
made because of ﬁhe large aﬁeuht of nitrogen diluent. ‘Webbvand-

Corson found approximately equal yields of ethylene and para-

-finnic hydrocarbons; however they employed much higher conversion

levels where secondary reactions wouid'be more important (gg).
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The data were fit to a "1awvofvmass;actionwltype equat;on

of the form,

"Rate of,conversion to styrene.=_Avexp(FE/RT)(EB)n e,»_:'(l)

with a multlple regress1on utlllzlng the IBM 7094 computer

The values of the parameters thus obtalned and thelr standard

errors of estlmate are, .
A= 4.04x 1012 '(sec) (mole/cc)o_ _59
E = 68,600 * 3,700 cal/g-mole
n=0.41 % o 12 S

‘The . standard error of the resultlng correlatlon is 257. -
Flgure 3 is a typlcal Arrhenlus plot of the 1/2 order

rate constant

o L - 1 U
_ k1/2 = rate to styrene/(EB) /2 ] B (22

plOtted agalnst the inverse of -the absolute temperature v As,.t

can be seen the slope of thls 11ne is 35, OOO° K whlch corresponds S

to an apparent actlvatlon energy, B, of 70 OOO cal/g-mole and a
frequency factor, A, of 3 x 1O13 (g mole/cc)l/2 (sec) 1v. The
scatter of the data is due in part to the low conversion of the
reactant at the lower temperatures which caused the_product_
ana1y31s to be less pre01se | | |

Figure 4 is a plot of the rate of styrene fromatlon vs.Jtheﬁ
ethylbenzene concentration for nine selected runs.- Slnce no . |
‘more than two runs without oxygen had the same 1sok1net1c temper-~
vature; it was necessary to correct the rates of formatlon of |

ethylbenzene to a uniform temperature of 6OO°JC;' As can be seen,

.Flgure 4 substantlates the 1/2 order with respect to ethylbenzene
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as was determined with the use of'the,multiplevregreseion
analysis. Lee and Oliver (1l2) reported that the conversion of
ethylbenzene to styrene appeared to be first order With feepect
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 in the present work.

Rates of'hydrocarbon pyrolysis have usually been interpreted

11

through chalin reactlon mechanlsms, following the original sugges- .

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

is a logical possibility;-it i1s in accord with thefobseryed 1/2

order of the pyrolysis reaction with respect to ethylbenzene and

the apparent activation energy of approximately 70,000 cal/@-mqle:

HZCH ~CH,, -
I\J + CH,-
| VOCH.ZCH_B OOHCH |
\ ~4v
bHCH, k, CH=C :
O 3>©-H2+'H°
| _ o
propagation )
CHZCH —CHCI—I
L oH o+ —4
\ ' .

initiation

ﬁ L £ HCH HCH : ¥
- termination -——> varlous products

The‘benzylvradlcal 1s known to be unreactiVe (gg); hence a -

benzyl radical initiation step similar to Reaction 4 has not

. been included;‘

(4)

(5)

(8)

(7)



o

CIf all the toluene produced 1s assumed to come from .
1n1t1atlon by Reactlon 3 the yleld pattern analysls 1ndlcates

chaln lengths of 25 for the productlon of styrene Even hlgher Lf'ha'

chaln lengths result 1f toluene is also produced 1n a propagatlony_;;f"}fp

'reactlon Szwarc reported chain lengths of from 15-25 1n the _
, pyrolys1s of ethylbenzene Wlthout chain suppress1on (22) ’-Wlth _ff.
the long chaln assumptlon, thls mechanlsm results 1n the follow—'p
ing express1on for the rate of formatlon of styrene | |
| P ) k1k3 1/2 1/2<”fftfji”4'? i5';'5f.v’»f”
rate to styrene 2k5 _(EB)L‘ f'yfl;}“.,,f g“w‘f-(a)_
The - termination reactlon chosen 1s loglcal since the extreme o
stability of the phenylethyl radlcals prov1ded by the several
possible resonance forms afforded by the aromatlc rlng should
allow these radlcals to accumulate to a. larger concentratlon v
than any of the other radlcals Whlch may be formed 1n the’ reactlon
The termlnatlon represented by Reactlon 7 1mparts the reactlon
order of 1/2. | o |
These five reaction,steps are not offered asjthe"onlyp;3ﬁ,c_fﬁ
reactions which occur during the pyrolysis'of ethylbenzene.‘_’f
For example this sequence does not explaln the formatlon of
'benzene, Benzene may be formed by a varlatlon of the flrst

- propagation step such as

B + CHa CHz S (9)
which’ would follow the abstractlon of a prlmary hydrogen from

fyethylbenzene,
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(T n o (J%% s, o

instead of the secOndary.abstraction shown in Reaction 6.
Benzene could also be formed by a variation of the second

propagatlon step, ‘such.as that suggested by Szwarc (22)

O —Qeere

A small amount of toluene may be forﬁed.by a modification ofi

" Reaction ll.._A greater Yield of ethylene than ethenevwas‘ebserved,

but the ethyl radical from Reactien 11 could decompose fo ethylene

and e‘hydrogen etom ineteed of forming ethane through abstraction.
Benzene weuld be produced in Reaction»9 since B—sciesion'

occurs 1f this primaﬁy radical is formed and then decomposes.;

In Reaction 5 B-scission cannof occur since no B aliphatic

C-C bond is avallable to break. if ﬁhe benzene 1is formed.largely

by Reaction 9 the resultlng phenyl radlcal will probably abstract

-hydrogen from ethylbenzene by a process 51m11ar to Reactlons 4,

)
Cor.

Similarly Reaction 4 could 1ead to either of the- two phenyl—

6 and 10:

ethyl radlcals If Reactlons 6. and 12 both produce the same'>

ratio of the two phenylethyl radlcals the rate expre331on for

i’

styrene formation, Eq. (8), Wlll be'unchanged._'81mllar reasonlﬁg
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'applles 1f benzene 1s produced by Reactlon ll

The above’ mechanlsm represents a. comblnatlon of the f;,f
- dominant reactlon steps Wthh explalns the observed order.and'w
actlvatlon energy Approx1mate values of actlvatlon energy and
frequency factors as determlned from Stea01e (21) may be taken

for the 1nd1v1dua1 steps in: the mechanlsm For kl,'Ei = 63 OOO

cal/g-mole and Al ;biOiS sé¢f? from Szwarc . (22) ~ For kS’ E3-= '

40,000 cal/g-mole by analogy to slmllar reactlons for other

hydrocarbonsv(Ref, 21,‘p. 509); 3-;-1013 seéfl, assumlngvavtypicalivv

unimolecular type reaction} For k5, E5_= O since 1t 1s a radical
recombination reaction; Ag = 107 cc/g-mole se¢ for a "t%r’pi’éal”___'._f |
bimolecular reaction._ Substltutlon of these quantltles into

the rate express1on, Eq (8), ylelds for an apparent actlvatlon -

3

':energy, E = 71 500 cal/g—mole, and for the frequency factor,

A =2 x 1018 (cc/g- mole) (sec) lf Thls actlvatlon energy agrees
well with the experlmental value of 7O OOO cal/g-mole  The
frequency factor is a factorvof 10‘1ess than observed but the
agreement is.adequate if.one considers-that;the,values_taken-for ;fa

A, and A5,arevonlyvapproximations.

3

_Oxygen Inltlated Pyrolysis .

Flgure 5 presents data obtalned for pyrolys1s of ethyl—vv

: benzene with small amounts of added oxygen Thls flgure _
111ustrates how,small quant;ties of oxygen 1ncrease.the rateiof.d
'pyrolysis, and also_how this“increase‘tapers off.as the'oxygen'.*‘

concentration'is increased. The data represented by each curve -

jwere obtained. by keeplng all varlables constant except for oxygen _'_'

- concentration, . thereby mln;mlzlng posslble errors. It may be
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observed that the temperature for a given éonversionvlevél may

be lowered about 10° C by adding abdut 0.03 moles of oxygen per
mole of ethylbenzehe; A détailed_tabulation of runs made with
added oxygen may be found elsewhere (9).

The results obtaiﬁed'in these studies correspond to the
resuitS’obtained in ﬁhelinvestigations of the oxygen initiated
pyrolysis of n-butane, sﬁmmarized by Fig. 6. Note that fhe
same type of initial increase in the rate of pyrolysis is foﬁnd,
with a gradual tépering off of thilis effect. vThe data in which
~a 1l00-fold increase in the rate of pyroiysis was obgerved were
taken at a lower temperature (1). |

No oxygeﬁated hydrocarboﬁé weré‘detéctéd in'the,analyéis~
of ﬁhe products from %he runs With'oxygen present, sovit.is
assunmed that the oxygen'conéumed Was.converted to water.  Appleby,
et al., did n@t observe fbrmation'of oxygenated products from
n—butané at okygen concentraﬁions of‘less than 12%'(;); Not
all of the oxygen which Wasiadded Wasvconsumed'in the reaction;
in fact very 1ittle of the oxygen which is added appears to
have been consumed.. Fof each mole of added oxygén between 0.06
and 0.35 moleé of styréne were formed in addition to the conversion
) foundiiﬂ the ébsence.of oxygen. A chéin reaction based ﬁpon:
oxygen iniﬁiabidn suggests_the formation of many molecules'pfv
styrene forfevery-molecule of oxygen reactihgi |

‘The increasé in reaction'ratezdue to the introduction of
oXygen was cOrrelated to equétion'of'the form'of the law of massv

i

actiony,

raté(with 02:) - rate (without 02) = A exp(-E/RT) (EB)n‘(.Oz)m (13)
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by a multlple regress1on analy31s where the rate due to stralght
pyrolys1s was calculated. from the prev1ous correlatlon (Eo l);

The values of the parameters obtained are -

‘A= 7.7 x 107 (sec) l(moles/cc)O 28

i

48,500 * 1, 500 cal/g-mole o
n=0.02 *0.59 -

m=-0.70 £.0.18

|

The activatioh_energy.of 48, 500 cal/g mole for the oxygen 1n1t1ated
portion of'the pyrolysis 1s much lower thah that for the pyrolys1s
without oxygen. Ahother lnterestlng p01nt 1s the near zero order-
. W1th respect to ethylbenzene, although the probable error in .
this value is extremely large. ‘The order of 0.7 with respect to -
oxygen compares with an order of 1/2 found by Appleby, et al. (l)
for the oxygen 1n1t1ated pyrolys1s of n—butane

The application of thls type of expresslon heoeSSitates‘the_pp
assumption that the pyrolysisvdue-to oXygen occurslindepehdently
of that due to thermal decomposition. vIt is:more,likely,'hOWever;l
that the thermal pyrolysis'and that due to oxygen‘share the same - »
propagation chain. The ohain initiating reactions WOuld include
- both the_thermal ihitiation given by Reactions 3 and_4 and an |

initiation step which includes  oxygen, such as

A (NCH,CH, ko o o (7 .HCHS"T'l R
02 LN I — HOpr A T (14)
If Reactlon 14 is 1ncorporated as ahother 1n1t1atlon stepiﬂ

into the mechanlsm prev1ously dlscussed for the formatlon of
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styrene, the following expression for the rate of formation of

styrene results:

' k 1. 1 ,
rate to-styrene = ———é—I (EB)2[k (0,) + k.]2 - (15)
. (21{5)2 o' 2 1 . :

Combining Egs. (8) and (15) yields

rate with oxygen = _ L o (n % . o
rate without oxygen (1 + (02)] (16)

Figure 7vpresents a plot of the square'of the ratio of the rate
with oxygén to the rate wifhout oxygen vs. the oxygen concentra-
tion. Following Eq. (16) this shouldylead to straight lines

with slope k_ /k,. There is considerable scatter to the data, but

straight lines appear to provide a plauéible it 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 éensitive to erfors
in the measured rates without oxygen. Figures 8a and 8b present
a plot of the square of the rate vs. the oxygen concentration,

as suggested by Eq. (15)§ In this.case'fhe relationship is less

" dependent on the rates in the absence'éf oxygen. Once again the

data appear to fitlstréight lines‘at low oxygen levels, but
taper off at the higher oxygen 1e§els. |

It 1s interesting to note in Fig. 7 that the slopes are
lower for the higher temperatures. This behavibf suggests that
ko/kl decreases with increasing temperature, or that Reaction 14

has a lower activation energy fhan Reaction 3. The scatter of the
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Adata precludes an exect calculatlon, but to a crude approx1metlon .
_1t may be sald that the slope in Flg 7 1ncreases by a factorj:~t | o
of 2 every 15-25° Cl ThlS leads to a dlfference of 13—21 kcal/g—mole’
between Reactlons 3 and 14 If»E for React;on;S_ls 63 kcal/g-mole :
as given by Szwarc (22), E for Reaction 14 is’ 42'-50’kc‘a1/g'-moie L
An actlvatlon energy of 40 kcal/g mole for oxygen attack of

- this sort is 1nd1cated by Medley and Cooley (15) An'actlvatiOn
energy of 45 kcal/g mole for Reactlon 14 ylelds a frequency

’factor for the same reactlon of 3 x lO13

g-mole/cc sec, Wthh is:
w1th1n the range normally encountered for blmolecular reactlons

A lower actlvatlon energy for the oxygen 1n1t1atlon step
explains Why the effect of oxygen 1s so much more pronounced
at relatlvely low. temperatures for n-butane and suggests a s1mllar'
behav1or for ethylbenzene | |

Oxygen may enter the reactlon sequence as a. chaln 1nh1b1tor ;‘ -

1f 1t reacts llke S
' H

O O em o

 7_('_1'8>__

or .

o G T M

Hydroperoxy radlcals may be formed as 1ntermedlates in Reactlon l7
:Inltlally these reactions Would have llttle effect but as larger
‘concentratlons of oxygen are used these reactlons could assume’
greater 1mportance _ Such 1nh1b1tlon reactlons could causevthe :"*
'taperlng off of the curves in Flgs 7 and 8. 'Because‘of the low
conversion levels the present results indicate that the 1nh1b1tlon

is due to oxygen 1tself rather than to the glefinic 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“éeen from Table I, the yield of styrene with
respect to the total conversion iﬁcreases With increasing oxygen
éohcentrations from about 74% at an oxygen concentration of zero
to about 81% at an oxygen concentration of 10% relativé to the -
ethylbenzene concentration. This is the genéral prévailing~
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 thé étyrené yield be-~
comes elevated at oxygen contents below the points where curvature
begins in Figs. 7 and 8. Alternative factofs which could give
an increased styrene yield include a higher selectivity for |
secondary hydrogén absfraction in Réacﬁion 14 than‘in Reactiéns
4 and 6 or a significant contributidﬁ’of-dispréportionation
reactions as terminations. The chain lengths should decrease
as oxygen 1s increased, thereby increasing the styrene yield
from disproportionation.. - |

Thé change in yield paﬁtern confirmé the observation of
Appleby, et al., that oxygen-incféases the yiéld_of olefins with
same carbon number (1) although the increase in seleétivity is
not as striking as found for n-bubane.

If Reactions 14 and 17 are added to the reaction sequence
postulated for the pyrolysis of-ethylbenzene in the absence of
oxygen, a compléx 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 respect to oxygen and between one and one—:g’.
' half w1th respect to ethylbenzene Since the rate expreSSion is'
vinvolved it would be very difficult to confirm agreement even |
With more . data and more preCiSion among the data obtained |
5 CONCLUSIONS'
| Oxygen does initiate the thermal decompOSition of ethyl-v*d“
’benzene, although the effect noted is not as great as that
_pobserved for other hydrocarbons such as. n- butane The accelerei
'ating effect of oxygen tapers off rapidly 80 that oxygen cannot B
h.be used to accelerate the rate of thermal decompos1tion of a
'hydrocarbon more. that 1007 at very low converSion levels\ iThehv%'
decrease in the accelerating effect appears to be due to. inhibitionf
of the reaction by oxygen rather than product lnhlbltlonlbb "x;"
‘-Oxygen increases the yield of styrene and decreases the yield of
benzene but the increase is not great |
A 1/2 order with respect to ethylbenzene is indicated for;dvcl”'
the pyrolysis of ethylbenzene in the" absence of oxygen, with an f;'LT
activation energy. of apprOXimately 70 OOO cal/g—mole ‘ |
In the evaluation of these results the warning of Steacie
’should be remembered (21) "It should be emphaSized that
'eXperimentally, complex reactions rarely have orders that are 5v~<'
'exactly integral or.half integral Further, ‘the order in almost o
2ll cases varies with experimental conditions It is a common f'
fault to attach far t00 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 baSlS are often grossly oversimplified "La
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Table I._.Efféct of oxXygen in the product yield pattern.k

0, /EB

-~ Product distribution (mole % of total conv. )

100 T, oo
(moles/mole) (°c)  Styrene - Toluene Benzene
0 593 73 3 24
0.9 593 76 2 22
4 593 76 2 22
0 596 72 Tr. 28
1.0 596 74 Tr. 26
1.9 596 80 Tr. 20
4.1 596 81 Tr. 19
9.1 596 81 Tr. 19
0.4 597 © 73 Tr. 27
1.6 597 74 Tr.. 26
3.3 599 77 Tr.. 23
6.7 600 80 Tr. 20
0 606 72 4 24
0.4 605 75 . 3 22
0.7 605 76 3 21
1.5 606 80 2 18
3.4 606 80 2 18
0 630 81 3 16
1.0 629 78 3 19
3.7 - 630 81 2 17
7.5 830 80 3

17
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Fig. 4. Determination of order of reaction (the rate of
' styrene formation is-qorrectéd to 600°.C).
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