Pyrolytic Dehydrogenation of
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The efficiency of the pyrolytic dehvdrogenation of ethyl-
benzene to styrene was determined at 700°, 730°, and
800° C. at atmospheric pressure in the absence and presence
of steam a= diluent. Operating with a 209 per pass vield
of styrene, an ultimate yield of 35-60¢; wus obtained,
both in the absence and presence of steam.

N 1864 Berthelot (1) reported that ethvlbenzene vielded sty-

renc uponpyrolyvsis.  Hepassedgascous ethylbenzene through
an emptly porcelain tube maintained at modervate red heat, and
the conditions were such that the ethylbenzene was practically
all decompo=cd.  From the fraction boiling up to 250° C., heiso-
lated benzens, toluene, styvrene, and a xyvlene-cthvlbenzene frac-
tion which wu= mainly p-xvlene.  Although Berthelot gave no
actual figures, he stated that the vield of benzene was slightly
less than that of styrene, that the vield of toluene was about one
third that of sivrene, and that the vield of the xylene-cthylben-
zene fraction was about one third that of toluene.

Numerous patents have been issucd on the pyrolysis of ethyl-
benzene (5,6, 7, 11-15). Among the various means claimed for
increasing the vield of styvrene are pyrolyvsis under reduced pres-
sure (157 and in the prescnce of inert diluents (12, 13), disturbing
the equilibrium by the use of hydrogen acceptors (7, 11, 14), and
operation in the presence of undesirable by-products in order to
suppress their tormation (1.4), in the presence of steam at high
temperature and short contact time {5, 6), and in the presence of
organic chlorides and nitrogen bases (£/3).  In this last case part
of the styrene vield is due
to chlorination followed by

inxide diameter, 15-mm. outside diameter, 105 em. long, and
packed with 4~-mesh quartz chips) was connected 1o the recovery
svstem by a meral-to-quartz adapter (Figure 3) developed by
Robhert Johnson of this laboratory. Ithylbenzene and water
were pumped by bellows pumps (2) from graduated cyvlinders
to a wvaporizer-preheater, from which the gasecous misture
passed to the pyrolysis tube. The temperature of the pyrolyxis
was given by a thermocouple wired to the outside of the quartz
tube at the experimentally determined point of average tems-
perature. The pyrolvzate passed through a gas =eparator (a
brass conden=cr with internal cooling coil), which retained the
greater portion of the liquid product. The exit gas from the
separator passed through two wet ice traps, a sampling manifold,
a bubbler for visual observation of rate, and, finally, a gas meter.
All runs were made at essentially atmospherie pressure.

ANALYSIS OF PYROLYZATE

The styrene content of the liquid pyrolyzate was calculated
from its bromine number. This method was checked against
othylbenzene-styrene mistures of known composition and was
found to be reliable. The amount of high boiling residue in the
pyrolyzate was determined by topping a 23-gram sample under
an absolute pressure of 2 mm. with the distilling tube at 30° C.
and the condensing tube at —78° C'.  For the few cases in which
the crude pyrolyzate was too darkly golored to permit bromo-
metric titration, the bromine numbers were determined on the
distillates from the vacuum topping. Benzene and toluene in

distillation at ordinary pressure

dehydrochlorination.
Relatively tew studies
have been mede on the non-
catalytic dehydrogenation
of ethvlbenzene to styrene.
There are a iew papers on
the thermodynamies and
mechanism of the reaction
(8, 9), but most of the in-
formation ix tound in the
claims of the patent litera- '
ture. Berthelot's data (1)
are only gualitative with
respect to temperaturc and
vield, and the two reports
by Dobryanskil and co-
workers (3, .{) cover onlv
the relatively low pyrolyvtic temperatures of 600° and 650° .
This paper presents data on the relation of styrene vield to con-
tact time and temperature in the absence and presence of steam.
These noncatalytic data were obtained in order to have a measure
for evaluating catalvsis in the conversion of ethvlbenzene to
styrene. .
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APPARATUS AND PROCEDURE

Figure 11 the flow diagram, and Tigure 2 shows the details of
the furnace and preheater.  The quartz pyrolysis tube (12-min.
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through a microcolumn, and the frac-

the pyrolvzate were determined by
I B] tions boiling up to 85° C. and from

857 to 125° C. were assumed 1o be
benzene and  toluene, respectively.
Vacuum fractionation of a 2300-cc.
composite sample of pyrolyzate had

Vaporizer

Pyrolyses

Furnoce previously shown that these two

distillation  fractions  were  cssen-
tially (954 9%) benzene and toluene,

Figure 1. Flow Diagram
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bottoms obtained in the vacuum distilla-

800° C. the experimental data show a

A tion and the amount of residue obtained
j % in vacuum topping.
= f This method of analysis was employed
| ’ %_———‘ rather than that of Mavity, Zetterholm,
Preheater ———|77 A g e and Hervert (10), who assumed the ben-
g == T/ e / // // zene andhtoluene Productions to be stoi-
LA T M _\__‘ A chiometrically equivalent to the ethylene
RN P PN S TE B and methane contents, respectively, of
Ther mocouple Well / J . f - “): g /// . the gas. ’Ijhis assum}?tion is satisfactory
’ AN AN AL e e for evaluating catalytic dehydrogenation
h | N g ;» \/j e 2y of ethylbenzene where the ultimate yicld
=L;\° < NEH of styrene is 909% and better, but it was
Copper Coil t 5 | 1R Ul e S found to be quite inadequate for evaluat-
’ S —— e Tj B / ing the pyrolytic dehydrogenation of
%::D - \[7. ////' . ﬁ// ethylbenzene where the ultimate yield is
A q:t:o : \“; (v relatively low. In other words, if the re-
% N /; S action is not cleancut, as is the case with
\ : ] /a , / . pyrolytic dehydrogenation, the stoichio-
C S & e W metric relation fails.
/ E/L// e The contact time in seconds at the
i Ny HINE A temperature of pyrolysis was calculated
PyroLysis Tube in Furnace par il INC A as free space (41 ce.) divided by gasrate
gl 1 r /// g per second. The gas volume was arbi-
Stee! Block ey X P trarily taken as the gas volume of the
MHEATING ELEMENT AND - ; o . total feed.
PACKED TUBE SHOWING THERMOCOUPLE L 7:/ 1IN
e S N o
gﬁé%ﬁ ///,f/ g i J e /// DISCUSSION OF RESULTS
2es s g s S
}Eﬁ ///// <1 ; /)'/ , /2 s Gas CoMPOSITION AND PRrODUCTION.
fé’ﬁ S -4 // / The gas consisted of hydrogen, paraffins,
ffa oy .’ : ; P f// and ethylene (Table I). The paraffin
%‘t‘fA . 9 s N %“://////// 7 index was 1.3-1.4 for operation in the ab-
i;‘% L7 // P ’>_ ; /y/"//;/ s sence of steam and 1.2 for operation in
2 e SN the presence of steam. The presence of
/ﬁg" o Py Ml steam favored the production of ethylene
‘gg - == | at the expense of paraffin. The total
afgqg Asbestos Tape [ weight of gas produced at 700° C. was
ap0 ' essentially independent of the presence or
ZAg :; absence of steam (Figure 5). At 750°C.
Al ‘the presence of steam increased the
f’gn E:H gas production slightly (Figure 6); at

Figure 2. Details of Furnace and Preheater

respectively. The recovery of styrene from this fractionation
agreed with that calculated from the bromine number of the orig-
inal pyrolyzate, and the purity of the styrene fraction was 98.1%
by freezing point. Gas samples were collected continuously dur-
ing the pyrolyses and were analyzed by conventional absorption
and combustion methods.

CALCULATION OF YIELD AND CONTACT TIME

The styrene percentage vield per pass was defined as the grams
of styrene produced per 100 grams of ethylbenzene pyrolvzed;
the ultimate percentage yield of styrene, as the grams of styrene
produced per 100 grams of ethylbenzene consumed. The amount
of nonconsumed ethylbenzene was obtained by subtracting from
the liquid hydrocarbon pyrolyzate the sum of the benzene, tolu-
ene, styrene, and residue produced; this method assumed the
absence of xylenes and of materials boiling between styrene and
the residue. The assumption of a negligible amount of material
boiling between styrene and the residue from vacuum topping
was confirmed by the close agreement hetween the amount of

v

minimum in gas production at a steam-
ethylbenzene ratio of 5 (Figure 7). At
0.2-second contact time the gas produc-
tion ranged approximately from 2% at
700° C. to 9% at 800° C.

PyroLys1s 1N AB<ENCE or Steaar.  Ixploratory experiments
established the fact that the temperature of pyrolysis must be
above 600° C. in order to produce styrenc at a commercially prac-
tical rate. A 129 yield per pass of styrene was obtained at
650° C. with a contact tinme of 2.3 sceonds.  The yields of styrene,
per pass and ultimate, arve plotted in Figure 4, The plots of the
per pass vields show muxima at 700° C. (1-second contact time)

Taere I. Errect oF OpERATING CONDITIONS ON Gas
CoyposiTIoxN AT 0.2-Sgcoxp Contact TIME

Temp., AMole Ratio, Gas Compn., Mole % Paraffin
°C. HO/EB¢ H: CyHa CnHonso Index
700 0 67 .8 14.0 18.2 1.4
750 0 60.6 18.6 20.8 1.3
800 0 58.0 21.1 20.9 1.3
700 5 66,8 20.1 13.1 1.2
750 3 60.5 26.1 13.4 1.2
800 3 36.3 28 1 15.6 1.2
2 EB = ethylbenzene.
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Figure 3. Metal-to-

T =_’“ Quartz Adapter

and at 750 ° C. (0.7-second contact time), but not at 800°C.  The
maximum at 800° C. presumably oceurs at a shorter contact time
than the one experimentally employed. The ultimate yield in-
creased with decrease in contact time and with increase in tem-
perature. The following table lists the required contact times at
700°, 750°, and 800° C. for maximum styrene yields per passin
the absence of steam:

Contact = -
Temp., Time, Styrene Yield, %
°C. Rec. Per pass Tltimate
700 1.0 21 35
750 0.7 28 48
800 0.1 30 48

According to Ostromislensky and Shepard (12, 13) the ultimate
percentage yicld of styrene obtainable by the pyrolysis of ethyl-
benzene in the absence of steam is dependent on K in the equation

064 V/E + T _

633 K
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where V volume, ce. of hot tube

ethylbenzene rate, g./min.

intericr temperature of tube at longitudinal center
parameter varying between 0.8 and 1.2, optimum

efficiency being attained at K = 1

[

NN

The maximum yield of styrene should therefore be obtained at a
temperature below 633° C., which is completely in disagrecment
with our data.

PyroLYsIs IN PRESENCE OF STEAM. Pyrolysis at 700° C. in the
presence of steam was studied at contact timesranging from 0.1 to
0.6 second and pyrolysis at 750° and 800° C. was studied at con-
tact times ranging from 0.1 to 0.4 second. Figures 5, 6, and 7
compare data for pyrolysis in the absence and presence of
steam at these three temperatures. These plots include per pass
weight yields of gas, benzene, toluene, styrene, and residue,

.

Tasre II. ErrecT OF STEAM-ETHYLBENZENE RaTio ON
STYRENE YIELD AT 750° C.

Contact .

Time, Mole Ratio, Styrene Yield, %
Sec. H.,O0/EB Per pass Ultimate
0.2 10 23 53
0.2 7.5 25 52
0.2 ) 29 55
0.2 2.5 17 60
0.2 0 20 55
0.1 50 21 52
0.1 10 21 49
0.1 7.5 16 59
0.1 5 20 60
0.1 2.5 14 63
0.1 0 12 58

TasLe III. OreraTING CoNDITIONS AND ULTIMATE YIELDS OF
STYRENE AT 209, YiELD PER Pass

Contact Tltimate
Mole Ratio, Temp., Time, Styrene Yield,
H.0/EB °C, Sec. %
0 700 0.8 38
0 750 0.2 55
5 700 0.8 52
5 750 0.1 60
e« T
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NO STEAM ﬁ% - -% MOLES m%‘”m =-‘12 MOLES based on the ethylbenzene charged.

100 ‘ : ‘ ‘ : Th(’l ultimate  yield of styrene s

%N | ‘ - i . | o ! 1‘(;&%111.}' caleulated from these data by

W % <1¥\'1dm;v: the once-through pcrccn‘f&‘xgc

80L~ ‘ ~ ENg ! RESIED . vield of styvrene by the corresponding

a b TALUENE percentage consumption of ethylben-

G [ [mmom s e e e zene.  Steam-ethylbenzene ratios  as

; P R N R N o B ] " high ax 30 were tested, but there was no

= : advantage in raising the ratio above

2 osol e ] e 10, Table 1I presents data for pyrol-

)3_ . vsisoat 750° C. with several steam-

2 40 : T T e cthylbenzene ratios and at contact

é 2 ETHYLBENZENE | ETHYLBENZENE |  ETHTLBENZENE | times of 0.2 and 0.1 sccond.  The ma-
a : terial balances for all the pyrolvs

& 20b— b S averaged 98%,. The duplicability of
O . . the ultimate vield values was =29,

1 ; /__—-4 L/;;; C'OMPARISON OF PYROLYSIS IN PRES-

LGAS ‘ KT ‘ GAS ENCE AND ABRENCE OF STeEaM. The

] |
8T 62 03 04 05 0% 07 b8 o1 02 03 04 o5 o6 01 07 07 04 05 06 : . py
04 05 data in Table IT show little if any ad-

vantage for steam. However, Table
Figure 5. Pyrolysis of Ethylbenzene at 700° (. 111, which lixts the operating conditions
and ultimate yields obrained at a fixed
per pass vield of 2095, shows that steam
is beneficial.  For example, operation

N3 sTEAm _STEAM 5 .o STEAM _ 10 o ar 7007 Cland 0.8 second gave an ultimate vield of
ETHYLBENZENE ~ | - ETHYLBENZENE = 1 3807

CONTACT TIME IN SECONDS

R0z in the absence of steam and a 529 ultimate

; vield in the presence of steam.  Operation at
1 ; ; 1 : 750° (. and 0.1 sccond in the presence of steam
! ! ! | . . . .
i o | 1 ave exzentially the same vield as obtained with
@ | o | 1 ~Srrp twice the contact time in the absence of steam.
E S i 3 ;jfw NSy ] i
‘ $Tag ‘ <2z
g "‘h \ . X ’:’% GENERAL CONCLUSIONS
60 Shis ) A . R . X
z ; | . e | | %L( Within the experimental range studied, steam
2 5 ! T ! was beneficial at 700° and 750°, but not at 800°
3 , ; % ‘ (!, Ingeneral, the presence of steam repressed the
5 " : : production of toluene. The formation of high
- boiling residue was favored by increase in tem-
z ” perature and contact time. Carbon formation
5 . i i : i0.01 to 0.05% of the hvdrocarbon feed) was too
¢ % ETHYLBENTEINE [ETHYLBENTENS ETHTLBENIENE small under all conditions 1o be correlated with
. : the effect of steam.
‘ i |
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