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Abstract

Five kinetic models, which included three from the
literature, were tested by using them to correlate 21 sets
of catalyst manufacturers' isothermal tubular reactor data
tor Shell 105 catalyst. The bést model contained an inhibi-
tion term dominated by the partial pressure of styrene
squared and predicted the manufacturers' styrene conversion
within an average of 5%. This model was used to predict the
conversion in an industrial fixed-bed reactor. The measurec
and predicted styrene conversions were within an average of
108 and their ratio was between 1.1 and 0.75 with 85% of the
conversion ratios below 1.0 (probably due to catalyst
deactivation with age). The importance of diffusion, along
with a quantitative model, is briefly discusscd. An optimi-
zation of recactor conditions for a single~-stage and a two-
stage reactor contirmed the merits of high-selectivity
catalysts such as Shell 015. A general plug flow reactor
model which can simulate either an isothermal or adiabatic

reactor and can correlate the kinetics from isothermal data

was developed and is included.




Introduction

Thesis Objective

The purpose of this work is the development, evolution,
and application of a computer model cimulating an industrial
ethylbenzene dehydrcgenation reactor. The reactor mode led
is ean adiabatic fixed-bed reactor packed with Shell 105
catalyst. The model developed includes differential compo-
nent, energy, and momentum balances used to predict the
conversion, temperature, and pressure protiles.

Since no kinetic experiments were performed, the form
ot the kinctic equations was limited to the few available in
the literature. The parameters were adjusted to fit the
bench-scale data provided by the catalyst manufacturers.

The model was then compared to available plant data and
was used to determine the optimum operating conditions for
an existing reactor and a proposed two-stage reactor with

interstage heating.

Overview of the Process

The dehydrogenation of ethylbenzene is an endothernmic
reaction usually run over an iron oxide catalyst. The
reactor feed is usually preheated using the reactor effluent
and then taken up to temperature (~630°C) by injecting
superheated steam. The steam provides addi;ional heat

capacity to the mixture as well as reducing the coking of

the catalyst. Since the reactiorn is improved by low

N
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pressure, a shallow reactor is used to minimize the pressure

drop.

As previcusly mentioned, the reactor effluent is cooled

in the feed preheat heat exchanger and also other heat

exchangers. The effluent is then condensed. It separates

into three phases:

the gas phase ccntains hydrogen, carbon

dioxide, methane, and other by-products; the aqueous phase

is primarily water; and the organic phase contains styrene,

ethylbenzene, toluene, benzene, and other hvdrocarbonc.

The organic phase is decanted off and sent to a dis-

tillation column where the ethvlbenzene, toluene, and

benzene go overhead and¢ are recvcled. The bottoms, which is

lmpure styrene, 1s sent to the finishing section. In this

part of the plant, the styrene is purified.

Low-pressure

distillation columns with an inhibitor added to the crude

styrene are used so that the stvrene does not polymerize. A

schematic representation ot the process is given in

Figure 1.
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Figure 1 A SCHEMATIC REPRESENTATION OF THE ETHYLBENZENE DEHYDROGENATION PROCESS




Literature Review

Reaction Kinetics

e three important reactions in an ethylbenzene

dehydrogenaticn reactor are:

¢-CH,-CH, =——= 6-CH=CH, + HL (1)

——————— S,

EB <——— STY + H

¢—C112—CH3 + }1'2——>¢—CH3 + CH4 (2)

EB + H?_> TOL + CIi4

0=CH,=CHy ———— ¢l + CH,=CH, (3)

> + !
EB BEN C2I4

Under reactor conditions, the main reaction is revers-

ible and the two side reactions are essentially irrevers-

ible. The main reaction is favored by high temperatures and

low pressures because it is endothermic and produces two

moles or gas for every one consumed. Note also that as

equilibrium is approached, the rate of the main reaction

approaches zero whereas the side reactions continue.

Other organics in the reactor feed may also be de-

alkylated. If the reactor feed is obtained by distilling

the eight-member aromatic stream in a refinery, xylenes may

be present in the feed due to imperfect separation. Thus,

the fourth reaction in this model is




CH3-¢-CH3 + HZ ———>-¢-CH3 + CH4 (4)

XYL + HZ-——> TOL + CH4
Gas phase oxidation and water shift reactions also occur.

They adequately complete the picture of what happens 1n the

reactor:

CH4 + HZO = CO0 + 3H2 (5)
%C2}14 + 1120 — CO + 2112 (6)
Co + HZO = CO2 + H2 (7)

One of the inherent limitations of this reaction model
is that it assumce none of the aromatic rings are broken.
Another limitation is that other organic species may be
present in the feed or gencrated in the reactor 1n smail
concentrations. Those speciles are not considered.

Kinetics are available for Reactions 5 and 7 1in the
literature (1-3)*, and a kinetic expression similar to that
of Reaction 5 was used for Reaction 6 (see Appendix A).
Kinetics were also available from several sources for
Reactions 1 through 3 on iron oxide catalysts. A summary or
the data available is given in Appendix B, and a discussion
of these literature kinetics follows. Reaction 4Konly
occurs to a small extent so the kinetics were approximated.

jWenner and Dybdal (4) were among the f{irst (1948) to

fnvestigate the catalytic dehydrogenation of ethylbenzene.

* See References. *
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One of the catalysts they used was self-regenerating in the
presence cof steam; presumably this was either Shell 105 or
an earlier-generation catalyst. Their experiment involved
preheating an ethylbenzene/water mixture and then reacting
the mixture in a 3/4-inch ID (1.91 cm) by 4-foot (1.22 m)
iong tube packed with whole catalyst pellets. The reactor
was a non-isothermal heated reactor with temperature around
600°C.

Their simple kinetic model ([which was used in an
optimization study by Sheel (5) and a control study by

Clough (6) with modified kinetic constants] is given below.

- - 1
o=k [PEB - Pory PHZ:, (8)
eq
Yo T Ko Pep Py, (9)
ry = k3 PEB (10)
where
rj = rate of reaction i, kg mol/kg catalyst
kj = rate constant of reaction j, kgmol/kg catalyst
hr atm” (n = the total power of the pressure
term, 1 or 2)
Pi = partial pressure of component i, atm
Keq = equilibrium constant, atm

The reported kinetic constants are given in Appendix B.

In 1965, Carrd and Forni (7) proposed a kinetic model

that agreed with their experimental data for crushed Shell

-
/




105 catalyst. Their article states the composition of the

Shell 105 catalyst as 93% Fe203, 5% Cr203, and 2% KOH, which

is different than the composition Shell states (see

Table II,

"Catalyst Information" section). Perhaps the
compositions were determined using different techniques. By
crushing the catalyst to between 10 and 30 mesh (0.55 and

1.68 mm) they sought to remove the diffusional effects and

obtain intrinsic kinetics. They also investigated and
accounted for the chemisorption of styrene and ethylbenzene
on the catalyst surface. By varying the amount of styrene

feed with the ethylbenzene and using a linearized form of

the rate expression, a relative adsorption coefficient of

styrene to ethylbenzene was determined. The catalyst was

held in a small steinless-steel basket, and their reactors

operated isothermally within at least #3°C. The temperature
range of investigation was 495 to 630°C.

Their model, which will be known as Model 2, is

1
P
[PEB B Keq Py HZJ

Pegg + 2 Pgpy

(11)

— ko + 3 PEB (12)
2+ 3 PEB * Z Pgry

where z = the relative styrene adsorption coefficient



This model agrees with Carrd's observation that the initial
rate of styrene formation is independent of the partial

pressure ot ethylbenzene but very dependent on that of

styrene (see Figures 2 and 3). 1In deriving this model, they
assumed that hydrogen did not adsorb to a significant extent

and that the reaction was unimolecular on the catalyst

surface. In addition, they assumed the reaction was rate

controlling and most of the active catalyst sites were
occupied. This model differs from the first model not only
by the inclusion of an inhibition term (the denominator) but
the toluene generation reaction rate is proportional to the

partial pressure of ethylbenzene not ethylbenzene and

hydrogen (see Equations 12 and 9). The Langmuir-Hinshelwood

mechanism 1s included in Appendix C.

A third model was proposed in 1977 by Lebedev,

et al. (8). Again, crushed catalyst was used so that the

reaction would be kinetics controlled. This time, iron-

chromium catalyst (KMS-1) was ground to about 2-2.5 mm. The

experimentation was carried out in an isothermal ($2°C)

tubular reactor at three temperatures between 552 and 607°C.

Using a linearized form of the rate expression, the rate

constant for the main reaction and the adsorption coef-

ficient was fit at each temperature. Then the rate constant
and the adsorption coefficient were correlated with an

Arrhenius type relationship.



FIG., 2. Effect of ethylbenzene partial pressure
on reaction rate. (Ref. 7)
Temp., 495°C
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FIG. 3. Effect of styrene percentage in feed
mixture on reaction rate. (Ref. 7)
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Model 3 1s given below

1
ra— P
P - K__ P H
- EB eq ~STY 2
! Ky 5 (13)

( 1 + b Pgpy )

ky Ppg FHj

where b = the styrene adsorption coefficient

In deriving this model, it was assumed that the reaction is

bimolecular on the catalyst surface and the reaction 1is

rate-controlling. The inhibitors of both nodels contain a

styrene partial pressure term; however, this inhibitor is

squared rather than to the first power. This inhibitor also

differs from the one used in hodel 2 in that there 1s no
partial pressure of ethylbenzene term in the denominator.
The two-term adsorption coefficient 1s probably not justi-

fied. The kinetic constants are again given in Appendix B,

and the Langmuir-Hinshelwood mechanism 1s given 1in
Appendix D.
Thus, the literature contains three different forms for

the ethylbenzene dehydrogenation and side-reaction kinetics.



These are summarized in Table I. Of the three, only tor
Carrd's kinetics is it certain that Shell 105 catalyst was
used. The second and third models were derived for crushed
catalyst so, strictly speaking, if diffusion is important,
an effectiveness factor should be included in the form of

the kinetics.

Catalyst Information

A catalyst 1s usca both to accelerate the desired
reaction ana inhibit the undesirable side reactions.

Lee (9) states, "Alkali-promoted iron oxide is uniquely

better thar any other catalyst known for ethylbenzene

dehydrogenation in the presence of steam." 1In the reactor,
the iron oxide (FezO3) is reduced in the presence of steam
to black Fe304. In this torm, there are "thermally excited
electronic energy levels in the catalyst which probably

relate to the high catalytic activity" and selectivity (9).

Shell 105 catalyst was the workhorse of the industry but now

other high-selectivity catalysts are also being used. The

composition of six typical dehydrogenation catalysts is

given in Table II. The composition of the more recently
developed high-selectivity catalysts is a closely quarded
secret.,

Lee (9) demonstrated that the presence of potassium can

promote the catalyst activity tenfold (see Figure 4). It is

interesting to note that there is an optimum potassium



Table I

Summary of Three Literature Kinetic Models
Driving Force for the keaction Generation
Model Inhibitor Styrene Toluene Benzene Ref.
P
% P H
8 1 (Wenner) Norne PFB - STY 72

K

(819

(Lebedev)

r = X (Driving Force)
(Inhibitor)

rate of reaction j

rate constant of reaction i

the relative absorption coefficient between
styrene and ethylbenzene

the absorption coefficient of styrene

= b exp (A/T)
[e]

(See Appendix B for a summary of the kinetic constants.)




Table Il

Compositions of Typical Dehydrogenation Catalysts (Ref. 10 & 11)

_ Catalyst
Shell . . United Catalyst _
' Ge4C _Ge4D  C97-1-01

Weight Percent

- 88.6 84.4 60. 58,
Fey0

K 7.47  10.46  14.71  13.01

76.

11.32

2.4 2.4 2.5

Cr.0

<0.10
23 o

~

n,0 -- - <2.5 <2.5

* Shell adds the potassium as K 0 and United adds it as K_CO

27737
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MOLES STYRENE/SEC/GM CAT x 108

MOLES STYRENE /SEC./GM. CAT x jo®

g

styrene

1!

x-—__~k___________-—_~

benzene

- 10

L4

MOLES BZ OR TOL/SEC/GM CAT x 108

FIG. 4.

Catalytic activity of iron oxide with
increasing amounts of K,0 promoter.

Dotted line A is the amount of Kp0 to give an
equivalent monolayer of K on the catalyst
surface. (Ref. 9)

1 1 1

FIG. 5.

9 97 98 99
% SELECTIVITY TO STYRENE

Apparent relation between activity and
selectivity for iron oxide catalysts with
various promoters. (Ref. 9)




concentration range. Other promoters can be added to

improve selectivity, but usually there is a loss in catalyst

activity (9). In Figure 5 from Lee (9), the apparent

relationship between activity and selectivity for a family

of iron oxide catalysts (heving small amounts orf V,0

2751

KC1, K4P207, and others) 1is given. An idea or the promoters

KF,

used industrially can be obtained by consulting Table II.
Chromium oxide is added to the catalyst for stability.
Figure 6 shows the activity of two difterent catalysts

versus time. The one containing 5% Cr was and remalned

203

more active than the catalyst without chromium oxide. Lee

theorizes that the loss of activity 1s due to loss of sur-
face area by sintering of the catalyst (9).

Another effect of catalyst aging 1s that potassium

nigrates to the colder areas of the reactor. This 1s caused

by the slight shift in vapor pressure with temperature.

Since the reaction is endothermic, this means that potassium

migrates toward the catalyst particle centers and the

reactor exit. Evidence of this can be seen 1in Figures 7
and 8. From Figures 4 and 7, we see "that the active region
of this aged catalyst is in a rather narrow band between the

periphery and center." The potassium content also dropped

from 4.2% to 2.8% during the 20,000 hours of operation.

This loss of potassium would account for the gain 1n pore

volume (see Figure 8); and when the loss is coupled with
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the different potassium distribution in the older catalyst,
the loss of activity (see Figure 9) is understandable (9).
Besides losing surface area or promoter, the catalyst
can be poisoned by halides (9 & 12). It is interesting to
note that a small amount of chlorine improves the catalyst
selectivity (e.g., United Catalyst G64-D), but large amounts
greatly decrease the catalyst activity (see Figure 10).
This effect is especially detrimental for those plants that

produce the ethylbenzene feed over an aluminum chloride

catalyst.
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detectable in the product water layer. Feed B had
2 to 3 ppm organic chlorides in the feed and gave 0.5 ppm
chlorides in the product water layer. Feed C had an
unknown level of chlorides in the feed and gave 75 ppm
chlorides in the product water layer. (Ref. 9)
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Coking of the catalyst 1is a fourth way catalyst
activity 1s lost with age. A carbonaceous residue can form
that covers some of the active catalyst surface. Injecting
steam with the ethylbenzene feed reduces this problem.
There is a minimum steam-to-hydrocarbon ratio for the feed
for each catalyst above which catalyst coking is not a
problem. Since one of the biggest cnerqgy losses 1s the
condensing of the cooled effluent, it 1is desirable to
ninimize steam-to-hydrocarbon ratio. United Catalyst's 64-E
catalvst has ore of the lowest minimums available: 1n a
bench-scale reactor 1t has been operated with a molar ratio
of 3. The manufacturer ctates 1t could operate 1in a plant
rgactor at this ratio for at lecast a year (13). As dis-
cussed below, one sacrifice for lowering the steam-to-
hydrocarbon ratio is a lower equilibrium conversion.

There are two rcasons unrelated to the catalyst that
make 1t desirable tc run this reaction in the presence of
steam. The first 1s that the steam dilutes the gas and thus
shifts the equilibrium toward the production of styrene.
The second reason 1s that superheated steam 1s a convenient
way to introduce part of the heat required for this endo-
thermic reaction. (Typically, reactors operate with inlet
temperatures around 630°C, and direct heating of ethyl-

benzene to these temperatures would cause extensive

dealkylation.)
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Commercially, 1/8" diameter by 3/16" leong cylindrical

catalyst pellets are used in fixed-bed reactors (14). -This

catalyst is replaced after one to two years of use, depend-

ing upon the capacity and operating conditions of the

plant (9). Some ot the loss in catalyst activity with use

can be compensated for by raising the reactor inlet tempera-

ture (15).

Mass. Transfer Considerations

Mass transfer limitations, as discussed 1n the litera-

ture, appear to play an Important role in the reactiorn.

There are two. possible types of mass trancfer: external &nd

internal. External mass transfer limitaticrs are only

possible with irternal mass transter limitations (16).

Two 1indications of interral mass transfer limitations or

diffusion control are that ‘the reaction rate increases as

catalyst particle size is decreased and that the apparent

activation energy 1s approxinately half the intrinsic

activation encrgy (17).

Lee (9), in his paper, shows that the reaction rate

decreases with increasing peilet size (see Fiagure 11). He

also calculated an effectiveness factor (discussed later) of

1 for the 25 x 30 mesh particiecs. The apparent activation

enerqgy for the 3/16" particle, although not cut by a factor

of 2, is lower than for the 25 x 30 mesh (15 kcal/rcl

compared to 23 kcal/mol).
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Development of Reactor Model

Computer Reactor Model Capabilities

The program is a one dimensional, steady state, plug
flow reactor model. It cen be used to simulate an iso-
thermal or an adiabatic reactor.

Isothermal 1soboric reactors are approximated by the

experimental reactors used in kinetic studies aré can bé

simulated with this model. Thus, the literature kinetics

and the catalyst manufacturers' conditions can be used to
simulate the manufacturers' reactors and compare the conver-

sions. The program may also be used to extract the apparent

kinetic constants from 1isothermal conversion data. The

program 1s gilven the reactor conditicns, the measured

conversions to styrene, toluene, anc benzene, the férm of

the kinetic equations, and an epproximate set of kinetic

constants, the program then adjusts the kinetic constants

for the three main reactions until the conversions &agree.

This is done using tlie -Internation Hathematical and
Statistical Library subrcutine (18) which employs &
modified Leverberg-Marquart algorithm to minimize the sum of
the squares of the difference between the predicted. and

measured conversions (the styrene conversion 1s welghted by

a factor of 2). With isothermal data over a range of

temperatures and conditions, one can use the apparent

kinetic constants to fit the Arrhenius equation. With this



procedure, the kinetic constants for the main reactions can
be extracted for each proposed mechanism with 1ts

corresponding reaction rate expressions.
The program can calculate an ecffectiveness factor,

which is a quantitative measurc of diffusion impcrrances

(sce "Description of Diffusion Model" section). This
calculation will either be performed at the reactor inlet
and the results printed out, or it will be done throughout
the reactor and the results used -in the kinetlc expression.
Adiabatic one or two stage reactors are used industri-
ally and can be sinulated with this model. When simulating
a two stage reactor, either the inlet températUre and. amount
of stcam (1f any) injected into the sccond stage may be
specificed or the stceam temperature and amount of steam
injected into the sccond stagc mgy'bc specitied.  In adal-
ticn to simulating plant reactor operation, the program can
be used to compare the predicted and measured conversions.
As d13cu55ed in the "Comparison of the Model With Plant
Data" section,fdeactivation can be correlated with catalyst
age. Plant operating.COnditions_can be optimized by sinwu-
lating the reactor's behavior under different conditions and
having thc_prqgram calculate the objectlve function, proiit.
(see "Approximate Plant Economics" section for definition).
The differential component, energy, .and momentum

balances were integrated down the reactor height using




EPISODE (19), a published integration program. The program
was written tu be general, handlirg up tu 15 components and
15 reactions; later & library was caded containing component

names, molecular weights, and heat capacities.

The conponent balance has the form

with the reactions representea by

N
I oajy Cp =0 j=1,2 .. .M (18)
=1

the molar flow rate of component 1, kagnol/hr

the vertical distance rrown the top of the
recactor, m

the bulk density of the catalyst, kg/m3

the reactor cross-sectional area, m?

i the steichiometric coefficient of cornponent 1
J in reaction j (<0 for reactants)

the rate of reaction j, kgmol/kgcat-hr
component 1
the humber of reactions
8 = the number of components

For generality, the model uses irreversible mechanistic

rcactions,

. : . P
i.e., rj = kj g_ti 13 ey

where the rate constant is represented by the Arrhenius’

<0 (19)



relation

.oeo k- = A - ,

b ’ exp | 3 EaJ/RGT) (20)
where
the rate constant of reaction j, kgmol/kgcat-hr
the frequency factor of reaction j

Ea. = the activation energy of reaction j, kcal/mol

Thus, to sinulate a reversible reaction, one uses two

opposite irreversible reactions with the ratio of the rate
constants being in equilibrium constant. Similar maripula-
tion can be made to get the desired rate expressions. For
example, the toluenc tormation reaction can be represented
as

¢~-CH,-CH, — ¢-CH + CH r = k,P (21)

3 3 2

CH2 + }b i CH4 fast (22)

+

¢~CH.,-CH + H,, —» ¢-CH + CH r = k

2 3 2 (23)

p
3 4 3" EB
An inhibition term can also be included in the reaction rate

expression for the aromatic reactions. The program can

include one of the four different inhibitors discussed in

the "Calibration of the Model" section.

The energy balance has the form

XA I

Pbulk




the absolute temperature, °K

AH

rxnj the heat of reaction j, cal/kgmol

C i = the heat capacity of component 1,
P cal/kgmol °K

The heat of reaction data used are from American Petroleum

Institute Project 44 (20), and the ideal gas heat capacities

are from The Properties of Gases and Liquids (21) (see

Appendix E).

The momentum balance uses the Ergun (22) pressure drop

equation and has the form

QEB = 150 (1 -¢e)? Vu
dz ’ 3 D..2 (25)

P = the pressure at this point in the reactor, Pa

3 = the catalyst void fraction

\Y = the superficial gas velocity, m/sec
u = the gas viscosity, kg/m-sec

D = the catalyst pellet diameter, m

) = the gas density, kg/m’

The void fraction used is discussed in the "Comparison of

the Model With Plant Data" section. For more details about



the program, see Appendix L where the documented program 1s

listed along with samplc input date sets.

Evaluation ot Available Data

There are three different types ot data available:
catalyst manufacturer's bench-scale data, literature date,

ar.d plant data.

The procedure for obtaining these data and
sorie of the inherent limitations are discussed below. &lso,
the merits of the literature kinetics are discussed 1in light
of the manufacturer's data.
From Shell (10) &nd United CatalySt (11), 1sothermal

bench-scale reactor ata are availablie fgr whoule Shell 105

ana other catalyst pellets under various ‘conditicns. Both

nmanufacturers used tubular reactors with catalyst volumes of

around 100 cm?® that were heated electrically end operated

isothermally within a few ce¢ntigrade degrees (1.e., the top,

middle, and bottom temperatures were all within about
+2¢C) (23). The reactors were operated at fixed liquid
hourly space velocities. (LHSV) which were reported, along
with the reactor temperature, inlet pressurec, and exit
ethylbenzene conversions.

The Shell data are presented in the form of graphs
without any points shown. Some of the conversion correla-
tions are straight lines (presumably drawn through scattered

data). The points selected from the graphs are presented in

Table III. Also, the variable pressure data are reported




Table II1I

Manufacturers' Pérformance Test Data for Shell 105 (Ref. 10 & 11)

Data Tempera-— Pressure, Molar Steam- o Conversion, %
Set ture, °C. atm to-0il Ratio Styrene* Toluene ‘Benzene
1** 550
560
570
580
593

580
586.
600
606

Styrene
Selectivity, %

12.5 40.0
12.5 45:2
12.5 50.2
12.5 55.4
2.5 60.9

—

.87 1.52 92.0
.45 1.78 91.3
.16 2.11 90.5
.17 2.44 89.3
.90 3.15 87.0

.20 2.38 90.6
.04 2.73 89.1
.0 3.64 84.7
.4 4.2 82.0
.75 .95 93.8
.73 1.57 91.0

2.78 85.5

.15 .99 93.2
.92 .39 89.8
3.46 83.4
14.7 33.9 —- 96. 3

14.7 51.9 _ 93.3.
14.7 64.7 - 89.0

12.5 63.4
12.5 62.4
12.5 59.3
12.5 57.4

(o) B¢ ol

.

OCOJoO W& W |0
wWowWw OO 0O0

~
o

566
573
621

566
593
621

8.85 40.9
8.85 2.9
8.85 60.7
8 .85 43.1

8.85 55.6
8.85. 61.9

N b D WwN

@ bR

566
593
621

566 8.85 37.6 97.9
593 _ 8.85 56.1 _ . 95.4
621 .68 8.85. 68.3 = 92.3

O RiEKH HRM HEB RPHOO B R R

* Calculated from total conversion and styrene selectivity.
** Selected points from graphs.

t Toluene and benzene conversions calculated from benzene/tolucne (B/T) ratio.




only at total c