CHAPTER 2

THE THEORY OF STYRENE SYNTHESIS

2.1 Choice of reaction
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phenyl ethanol and propylene oxide. The alcohol is

dehydrated to styrene.

At present, all of the styrene are commercially
manufacturediby the dehydrogenation of ethylbenzene. The

oxidation precess (process#2) has been practices for a



number of years but has been abandoned on favor of dehydro-
genation. ‘Process (3) and (4) involving chlorine have
generally suffered from the high cost of raw materials and
the chlorinated contaminante in the monomer. Manufacture

of styrene directly from petroleum stream (process #5) is

the Halcon process (process#6)

is a recent innovatien ir «;;;-i} technology (10).
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ndustrial, the dehydrog-

enation of ethylpk \ Here we will
study this proée ; oF \_orlzed into 3 steps as
follows. \\
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2.2.1 Ethylbenzene production step

When ethylene and benzene react in the presence of
aluminium chloride and hydrogen chloride in anhydrous system,
alkylation of benzene ring occurs to produce ethylbenzene

and higher ethylated benzenes. Ethylene purity is not

critical on this system as J4as impurities are hydrogen,

light parafin hyd ﬁ inert materials.
o —

Acetylene is to increases catalyst

consumption. ed as "Styrene Grade’.
This term defi ling range of 1°C and
is corresponds to a
Lfur should be below 0.1%

and aluminium chlgri hia, purity of 97.5%

In order to operate with high catalyst efficiencies

hydrogen chlorigde be adc pfomoter. This is accom-

plished by fur ‘nd - ?‘IT!Wlth ethylchloride

which in turn pmv1des the desired HC@ as well as ethylene.
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FIG 2.2 EQUILIBRIUM RELATIONS IN THE ETHYLATION OF BENZENE




Obviously, satisfactory ethylbenzene can be obtained
only when the quantity of polyethyl is cut down. This is
accomplished in two ways: firstly, by reducing the ratio of
ethyl groups to benzene rings in the mixture, thus creates

a more favorable equlibrium, and secondly, by recycling the

polyethyls formed. We ma) L," consider two simultaneous

reactions, the forward atlon and the backward

one of dealkylatioz Bet 1€ lkylated product is

recycled and pol?ggg-1rt}f ‘q;;;#gt back to the reactor

for dealkylation. 4 xf g glele on substantiates the
optimun operating theory that

Al

. 58C H4+C6 6 F zene+.08Polyethylbenzene
The alkylétf,_:&f{'.f 3 sts of the following
steps.
1. Feed Jpreparation
2. React:

1l

of heat of reaction

3. Remove

- Py Anendnens

yst preparatlon
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Separation

8. Washing

The alkylation process is shown in figure 2.3
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The last unit of this step is the purification of
ethylbenzene. The operation is carried out conventionally
in three separation towers, toping the benzene out rirst,
then the ethylbenzene and finally the polyethylbenzene.

The ethylbenzene purification process is shown in figure 2.4
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FIG 2.4 ETHYLBENZENE DISTILLATION
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2.2.2 Ethylbenzene dehydrogenation step

CHZCH3 = C6H

CHCH2 + H

Cptt 2

3 5

Ethylbenzene Styrene Hydrogen

The dehydrogenation of ethylbenzene is an endo-

- l’ the increase in volume en-
(e} %ence, according to Le
| —

will decrease while the

thermic reaction. Co

courages the dehyd
Chateliers princi
temperature rise this high tempera-
ture reaction u steam is used as di-
luent to reduce the reactants. At

the total operatimfig arel the )cess, whose theoretical

the liquid product. e c,h n of steam shifts the equi-
librium point along‘ Press axis and makes possible a
theoretical sé‘-m co. .- rat : 4 .80%. Although
the equilibrium Lats t this temperature,
the reaction rate is too slow for practical application.

e B AN TG e e

rate is adefuate and the equilibrium is more favorable,

¢ o o
simulﬁnﬁ!&] aﬁlﬂ\%mcﬁ%’]ﬁ}ﬂﬁqﬁﬁh So_, there
will bél large amount of by products ( benzene,toluene 3
The need for a selective dehydrogenation catalyst is appa-
rent. The catalyst is chosen to specifically catalyze the
dehydrogenation reaction, reduce the side reaction and per-
mit a high reaction rate at a temperature low enough that
the cracking Peaétions are minimized. Nowaday, many indus-

tries try to improve the activities of the catalyst for
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higher conversion and selectivity.

The dehydrogenation process is shown in figure 2.5
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2.2.3 Purification of styrene monomer

The final step is the purification of the
crude dehydrogenater material which contains ( styrene,
ethylbenzene,benzene and toluene ). The fractionation

requirements are rather strict. Not only the styrene pro-
#”h toluene must be of very
wroblems that encounter

idly when it is

liquid and, finally,

{1ymerization increases

in figure 2.6

remarkably with
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FIG 2.6 STYRENE POLYMERIZATION RATE AT VARYING TEMPERATURE
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2. The boiling points of ethylbenzene ( 136°C )
and styrene ( 145°C ) are very close to one another. This
necessitates a large number of theoretical plates for the

desired separation.

At 30 mm Hg olute, the boiling point of

styrene is 54°“°C and tion rate has dropped to

less than 0.1% pe process under vacuum,
then, appears to r, the ethylbenzene-
styrene separati plates with the pres-
sure drop of 4 shout such a column,
the bottom temp 1 cause excessive
polymer formatio \i distillation tempera-
ture is achieved, rities of operation
still necessitates As very small

quantities of certai ials_catalyze the poly-

T fﬁinst such possibi-

merization rea o™
Wi
ties, elemental E}x d iiﬂstyrene to act as

a polymerization inhibitor. Qnly by a combination of vac-

o oerss i L1 ARUNITHEINS, e oo

column de51gn make styren€& be distdlled sucesgsfully.

stypenQ ﬂﬁﬁﬁﬂimumq&ﬂﬂqa g7 isi7.m
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2.3 Catalyst for dehydrogenation

Various catalysts have been used, but in most case,
the main constituent is iron oxide to which a promoter and
an inert support may be added. One of the most inportant

catalyst was Standard 0il 1707 ( 18.4per cent of ferric

oxide, 4.6 per cent p0‘  S i 4.6 per cent cupric
oxide and the rest as been superceded by
Shell 105 and 205 argely iron oxide
containing varyi ium carbonate and
chromium oxide p on-regenerative
catalyst, such a en used, thié type of
catalyst has norm .?‘:‘ e wo years. As mentioned
eérlier, one reaso
trace quantities of “ethylbenzene react with
the potassium of the ing potassium chloride which

volatilizes -‘t‘+~t;aij§;a.=mm= the hot gases. As

Y )

the gas stream ciﬂl oride is deposited,

eventually forming_,restriction whlch must be cleared u
‘ p-.

o AL ANENI WA AL e e so0c
L QENIIRTY RN (A1)

understandably, poor, and it was found that by using an iron
oxide catalyst, the rate of reaction to styrene could be selec-
tiv§ly increased ( using temperature at which the by-product
reactions were comparatively slow ). Table 2.1 show some of

the dehydrogenation of tehylbenzene to styrene catalysts.



Principal catalyst using in the dehydrogenation of ethylbenzene to styrene

Table 2.1

Composition Name or company Year

A1203 1973
A1,0,, Cry0, 1 | 1973
‘ g 1946

A1,0,(85), Cr,0,(15) f =3 x 1972
A1,0,(15), Cr,0,(70), Cu(15) N 1947
A1203(83),‘Cr203(15), K,0(2) . \\\\\\. 1974
A1203(90), M003(10) 4 HARSHAW 1201 1972
A1,0,4,U0, . ; 1974
A1,0,,V,0, 1973
A1203(60), Cu0(22), Cr203(18) ---- ——Ez\:; T &xl 1972
A1203,Mg0,V205 ﬂTISTILLERS 1971
Bi,U0,U0, : Stgam v 1974
Sb203(40),U03(20), K2C03(20) musg‘;aﬂﬂijaﬂﬂi 1972
Snoz,(80), K,C0,(20) y Stgam I o 1972
Ti0,(80), K,C0,(20) Q‘IW ]aﬁﬂﬁm NM']?V]EI']Q E] 1972
Ti0,(60), Cu0(20), K2C03(20) Steam 1972
Tio,(60), X Zn0(20) Steam 1972

2C03(20),

g1
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The catalyst that use in this study is chromium

alumina CR-0211. It specification is in table 2.2

Table 2.2

Specification of chromiun alumina CR-0211

mz/gm
%

Surface area
Lose due to ignitew

% Cr'ZO3 at 700

. .‘
Average crush sﬁ’ﬂ"ﬂfﬂ R 4 . 1lbs

Average bulk d gm/cc
Average bulk d gm/cc
Average length inch
Average diameter “inch
2.4 Effect of variabls~o Fg senation of ethylbenzene

&4 on the yield of

1
lﬁ@l—lﬁﬁﬂﬁﬂiﬂ ali)
ARIFID S0 a

5. €atalyst particle size

The v —

.'l
i
L

styrene are

6. Ethylbenzene feed purity
2.4.1 Reactor pressure

From the equilibrium constant, it is obvious

that lower pressure favours higher equilibrium conversions
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to styrene. Over the normal operating range, we found that
an increasing in the reaction pressure of 1 psi will decrease
in conversion of styrene to 0.5%(10) while all other condi-
tions are kept constant. The by-product reactions are con-

sidered to be independent of pressure in the reactor and,

hence, the result of incr%

temperature will inc

=4
which reduce the u eld. In the commercial

-
plant, we also f{

of 1 psi will decr

reactor pressure at constant
%o of by-product to styrene

g in reaction pressure

xT®ld by 0.3 - 0.5%(10)-
n y

ene reaction is limited

by a chemical equilibriufm w iy \K ide reaction are not.

Now consider the foll ng equadion.

rate of fermation for the by-prod nets due to the

_.

g o
e JULANINTUIINT i ercinis
A iinsoliiiifenay

catalytic reac

L — :
d(BSTE = &k P_AV
>

where B,S,T,H = ©benzene,styrene monomer,toluene,hydrogen
respectively
kB T = velocity co-efficient for production of
>

by product ( benzene,toluene )
k = velocity co-efficient for production of

styrene monomer
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Kp - equilibrium constant

Pi - partial pressure of component i

AV - small volume of catalyst
d(B,T) = ko P (3)
G g )
a(s) B, T E

2
kS(PE—PHPS/Kp)

T/kS and Kp are increase temperature, while the
partiél pressures of tyrene monomer and hy-

that there is a uni-

_ \gm:"Of by-product per
.‘\gi?\;(7).
: eased, P PHPS/Kp is

N\

chemical equilibrium is

drogen are constant. i i e..f ound
que temperature

unit production

At low

approach. The rati f - ‘ B\ o styrene production
the temperature increases,
i

the value of uses the value of

PS/Kp approagh: ‘o' jof by-product to

styrene production is approached to ri}io kB T/ks. Using

the reasoni s éat above tégether with experimentally
derived vaﬁuﬂ(’a Z‘]lﬂ Y.I‘j. w El)’lflllj to calculate

the o tor any cémcentratidn’ of ethylben-
zene imﬁqﬂ i\mmmqaginﬂqﬁ:ﬂlf the ratio
of steam to ethylbenzene and reaction pressure are assumed.

Ethylbenzene is relatively easily cracked to give
benzene, toluene, styrene and tar and the rate of the var--
jous reaction increase rapidly with increasing temperature.‘
The highest temperature occurs in the adiabatic reactor,

and thus the yield loss due to cracking will be greatest
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in this case. In fact, loss due to cracking at around
660 °C is too high, thus, reactors are normally operated at

below 650°C.

2.4.3 Steam to ethylbenzene ratio

The quant yeam added to the ethylben-

zene feed to the reaet sartial pressure of the

%the temperature at

which the reactigas & “\;\ . Low partial pressure fa-

reactants, while

vours high conve 1 Jang . yrene kds, thus indication

N

that the ratio of ne used should be high.

How€ve sted ﬁ' S - material and a ba-
lance must be atthi ene yield and excessive
steam cost. In additas g; reasing in steam to ethyl-

benzene ratio i ume_of gas to be handled

and condenseds Ew"quipment for @&.econ-

stant producticﬂ of 'er‘@ore, increased by in-

creasing this ratio.

ﬂﬂﬂ’J‘ﬂB'ﬂﬁWﬂ\’]ﬂ‘ﬁ

W o8 4 Catalyst to ethylbenzene ratio

A ANAIAUNAVING V8 Bhsscson o

the main reaction is in the equilibrium state. At the same
time, the catalytic side reactions are still proceeding
and, therefore, the ratio of by-product to styrene produc-
tion is approaching to infinity. This will occur it the
great amount of catalyst in reiative to ethylbenzene is

used. On the other hand if a little amount is used, the
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equilibrium condition will not be attained and either con-
version to styrene will below with consequently high dis-
tillation c;st or reactor temperature will be increased and
gives the desired conversion at a lower yield. The opti—
mum quantity of catalyst will depend on the conversion

level required, reactor re, the age and type of cat-

alyst.
2.4.5 Catal

The barticle size the

’~~sed to the reactants

N

greater will be t
and thereforeb Increasing number
of commercial pla size down to 1.5
mm diameter, altho W : atalyst pellets meas-

uring 5 x 5 mm are proi

most commonly used at pre-
‘:Jﬂfﬁﬁ

sgent (7).

-
LN

2.4.6 E tgﬂl
t be
. . P m
;jy n €He feed stream has a slightly
effect of @ﬂﬂ ﬁ EL?I jnwrﬂ:)] ftl:ityt‘ene while
benz uents. ®bme of the di-
ethy;qtqewﬁ] ﬁgnjmﬁw:lih cﬁﬂlvnlybenzene

which even in trace quantities can cause serious problem
due to the formation of insoluble cross-linked polymer.
Cumene is partially dehydrogenated to x-methylstyrene and
its subsequent removal from styrene product is difficult.
Chloride, if" the concentration is high ( 100 ppm )5 ean

poison the dehydrogenation catalyst. The level is normally
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about 1-5 ppm, and at this level, chloride appears to cause
few problem except that potassium salt used as promoters

in the catalyst tend to be converted to pottassium chlorides,
volatised and deposited in the heat exchanger down stream

of the catalyst bed(7).

2.5 Role of diluent

From the thylbenzene to styrene

HSCZH '\.H‘:' s o H2

“\i\{; ciple, an increasing

npany the decrease

Accordi
in volume of th
in pressure whi rature will favour
the reaction. Ho e disadvantages in op-
erating the proces ric pressure, such as
if there any leaks ”nggg,ié ow through the system

and cause the*® i--:ﬂ:_"-—‘—-'-----w-v--;h; is to reduce

the partial preﬂru

luent while malnq?lnlng the tg}al pressure slightly above

ore senonfl U YN NTH AN T ve use he

appropriate dlluent thepge are many advanta as follows

ARINA FUNBIIAH W roensee

without the need to operate at sub-atmospheric

e ﬂ&hylbenzene with di-

pressure.

2. It provides an internal heat source for the en-
dothermic heat of reaction making adiabatic op-
eration possible.

3. It prevents the deactivation of the catalyst.



4.
5
6.

It controls the temperature.

It reduces the undesirable side reactions.

It increases the yield(14).

2.6 By-product of the reaction

H
4 f !
r“; -
ot 2 ‘ﬁ:‘%ﬂ' -’«

:jﬂ‘

z-li
i

H CH

“"’O‘ﬂum ﬁﬂw%mn‘ﬁ

y

(

a%mﬂmuﬁn@wﬁ" ]

.oH,—= O+

Colg oHy 2

- (CH,-CH4
O) i RO S JBR

8c

+ 16”20 e 8CO2 + 16H2

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12}
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When we use only ethylbenzene, equation (1), (2)
and (3) can be used to describe the dehydrogenation of
ethylbenzene to styrene. 1In the case that ew use steam
as diluent, equations (1) to (5) can be used to describe
the dehydrogenation of ethylbenzene to styrene. Equations

(7) to (12) can. be igno 4,9)

2.7 Kinetic of rej

Catalyt ctions may be inter-

preted employing is assumed that sur-
face reaction 1s '{r- e-: that is the adsorp-

f‘"‘? \\\ quilibrium and mass tran-

Application of Lang-

tion and desorpti
sfer is not the
the complex system

muir's model to

can be derived as fo

(4)

!
By app;ulng this equatlon to the dehydrogenation

of ethylbﬂzuﬂ ?%Wﬁﬂﬂﬁrﬂsﬂ?hown below.

= kigp (P (5)

ama\mmﬁwvﬁmﬂ

rate of dehydrogenation of ethylbenzene to

where r

. Styrene
k = rate constant of ethylbenzene dehydrogenation
Kl = equilibrium constant for styrene monomer reaction
b. = adsorption constant of component i

P. = partial pressure of component i
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subscript E = ethylbenzene
H = hydrogen
S = styrene

I = inert ..

The detail has shown in appendix D

Because of the high opéndtion temperature, the

equilibrium adsorp&ien.constant.efhydrogen should have

a considerably lowes orresponding constant

—

for hydrocarbons. can be eliminated

from the rate equ

[
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