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CHAPTER 1

INTRODUCTION

1.1. STYRENE MANUFACTURE

Styrene (vinylbenzene, CGHSCH=CH2) is one of the
oldest and most important basic compounds for the prepara=-
tion of plastics, such as polystyrene, acrylonitrile-buta-
diene~styrene terpolymer (ABS), styrene-acrylonitrile co~
polymer (SAN) and for the production of styrene-butadiene
synthetic rubber.

In 1839, Simon (1) described the distillatiocn of a
natural balsamic material - storax — whereby the distillate
separated into water and an "essential o0il", for which he
proposed the name "Styrol". In 1867, Berthelot made styrene,
among other products, by passing benzene and ethylene
through a red hot tube (2,3) and thus showed the way to the
industrial process used today.

Although styrene was known to polymerize, no commer-
cial applications were attempted for many years because the
polymers were brittle and cracked easily. But about 1925,
when the I.G. Farbenindustrie discovered the useful
properties of butadiene-styrene copolymer, the development
of a styrene process became attractive. A process for the
manufacture of styrene by the dehydrogenation of ethylben=~
zene was developed simultaneously by the Dow Chemical
Company and the Badische Anilin- und Soda Fabrik A.G. and
in 1937 both companies were manufacturing a high purity
monomer. The demand for synthetic rubber during the Second
World War stimulated styrene production enormously.
Especially during the last twenty years the styrene produc-
tion has expanded rapidly; in the U.S. only the production
reached 5900 million pounds in 1972. Surveys of the '



development of the styrene manufacture have been given by
Ohlinger (4) and by Miller (5).

The most important commercial process at present is
the direct dehydrogenation of ethylbenzene. A survey of the
literature of dehydrogenation catalysts up till 1955 has
been given by Kearby (61. At present, catalysts on iron-
chromium oxide basis, l1ike for instance the Shell 105 cata-
lyst, containing 93% Fe203, 5% Cr203 and 2% KOH, are be-
lieved to be in general use.

The catalytic dehydrogenation of ethylbenzene

1

- o _ -
CGHSCQH5 by C6H5CH~CH2v+ H2 AHQOO = 29,8 kcal mol

is carried out at 600-650°C using large amounts of steam

as diluent. Another important role of the steam is keeping
the catalyst active because deposited coke is removed by

the water gas reaction:

1

¢ + 2H,0 -~ CO

2 , + 2H, pAHS = 23.8 kcal mol”

900

For the commercial process ethylbenzene conversions higher
than 40% are not allowed, since the selectivity for styrene,
usually about 92%, decreases rapidly with increasing con-
versions. The following side reactions take place:

24.3 kecal mol™ !

i /o)
CH5CoHy > Cglg  + CoHy AHg50

C6H5C2H5 + HZ - C6H5CH3 + CH4

lo}
+~ C H6 + C2H6 AHQOO

o _ -1
QH900 15.4 kcal mol

C_H.C.H. + H -10.0 kcal mol™?!

6757275 2

6

In addition to benzene and toluene, very small amounts 6f
cumene and o-methylstyrene are found in the product mixture.

-10



Recently a few remarkable oxidative dehydrogenation
processes have been described. For instance, the Halcon
International Company has started a process (7) in which
ethylbenzene is oxidized to ethylbenzene hydroperoxide:

C.HCH. + O

615C 05 2+ €

6HSCH(OOH)CH3

This product reacts with propylene to give propylene oxide
and l-phenylethancol, after which the alcohol is dehydrated
to styrene. Adams (8) describes a process in which ethyl~
benzene is oxidatively dehydrogenated on phosphate cata-
lysts with sulfurdioxide at 450-600°C. Conversions of
approximately 80-90% are reached with selectivities of the
same order of magnitude, but at present there are no com-
mercial styrene plants utilizing this process.

1.2. URANIUM OXIDE AS DEHYDROGENATION CATALYST

In 1972 Steenhof de Jong (9) described a reaction to
produce benzene by passing toluene over bismuth uranate,
BizUOG, at 400-500°C. Bismuth uranate acts as an oxidant in
this reaction and the toluene conversion stops when the
uranate is reduced. Attempts to dealkylate ethylbenzene
with this compound as well were successful under similar
reaction conditions, but the selectivity for benzene was
less than 50%; other reaction products were COZ’ HZO' Hz,
styrene and toluene. It turned out, however, that in this
‘case the reaction does not stop when bismuth uranate is
completely reduced to metallic bismuth and Uoz, but con~
siderable amounts of styrene and hydrogen were formed with
high selectivity (10).

Further investigations showed that pure uraniumdiox-

ide is an at least as active and more stable dehydrogenation
catalyst. Only in the older literature is uraniumtrioxide

11



mentioned as component of ethylbenzene dehydrogenation
catalysts (11) or as a promotor for these catalysts (12).
The activity and the mechanical strength of the catalyst

is highly increased when uranium oxide is brought on
alumina. This catalyst gave conversions of 80% with styrene
selectivities of over 95% at reaction temperatures of about
500°C. Because of these remarkable results we decided to
study the dehydrogenation of ethylbenzene over the uranium
oxide catalysts in the absence of steam.

1.3, DEHYDROGENATION KINETICS

In spite of the importance of the ethylbenzene
dehydrogenation process and the considerable number of
publications on the technical performance and on the dehy~-
drogenation catalysts, very little kinetic data have been
published so far.

Wenper (1948,13) described the results of industrial
catalytic dehydrogenation experiments with the simple
equation for eguilibrium reactionsﬁ

r = kEcEB - cStcH/keq} , : (1.1)
Balandin (1958,14) gave the rate equations for a
number of dehydrogenation reactions.
The ethylbenzene dehydrogenation rate was found to be:
. c
r= k—2=o8 (1.2)
K,
1 174

The denominator of equation 1.2 corresponds to Langmuir's
adsorption isotherm for mixtures; Ki represent the relative
adsorption coefficients.

12



Finally, Carrd (1965, 15) used for his experiments
with the Shell 105 catalyst an eguation combining the
features of 1.1 and 1.2:

klcgp = Cgt Oy /keq)

(1.3)

1 + KE Cgp + K8 Cg¢
No hydrogen adsorption term is present in the denominator
because at the reaction temperatures (about SOOOC) hydrogen
adsorption is thought to be negligible. With this equation
Carrd was able to describe the experimental data satisfacto~
rily, except at temperatures above 630°C, where by-product
formation becomes important.
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CHAPTER 2

APPARATUS AND ANALYSIS

2.1. INTRODUCTION

The study of the ethylbenzene dehydrogenation over
uranium oxide was started in a fixed bed tubular reactor.
In this reactor catalyst reduction, catalyst lifetime and
the influence of reaction conditions on conversion and se-
lectivity were investigated. Tests for diffusion limitation
and differential measurements were also carried out.

Experiments with a plug flow reactor, however, may be
less accurate, because mass and heat transport effects may
go unnoticed. High feed flow rates will alleviate these
problems, but the resulting low conversion will introduce
inaccuracies in the analysis. We therefore decided to build
a continuous stirred gas solid reactor (CSGSR), where high
internal flow rates can be combined with high conversion of
the outside feed. A survey of the different types of
stirred gas solid reactors developed has been given by
Choudhary (1). Instead of a spinning basket we decided to
apply in our CSGSR forced circulation of the gas phase
through a stationary bed, because this allows of easy
measurement of the bed temperature and of the pressure drop
over the bed. Especially the latter information is impor-
tant as this allows calculation of the flow rate through
the bed.

We were confident that the combined information from
plug flow reactor and CSGSR, as advocated by Kipérman (2),
would allow us to determine the dehydrogenation kinetics
more accurately. Experiments with our first CSGSR, reactor
A, showed that there were discrepancies between the per-
formance of this reactor and that of the tubular reactor

15



which could not be explained on theoretical grounds.

These differences have been ascribed, at least for a major
part, to the fact that the catalyst in both reactors had

a different history. To ascertain that the conditions in
the tubular reactor and the CSGSR were fully comparable,
we finally developed a new reactor, reactor B, in Which
reactions under both plug flow and CSGSR conditions could
be carried out on the same quantity of catalyst and which
could be switched over easily from the one mode of oper-
ation to the other. The final kinetic experiments were
carried out in this reactor.

All experiments were performed under continuous flow
conditions. The products were analyzed by an on-line gas-
chromatographic system., With this system all components of
the product gas were determined, except water which is
formed during the reduction of the catalyst and small
amounts of light hydrocarbons, formed together with the by~
products benzene and toluene. A

The reduction behaviour of the catalyst was determined
in a thermobalance. The degree of reduction was also calcu-
lated from the guantities of the oxygen containing products
formed during the reduction.

2.2 THE REACTION SYSTEM

In figure 2.1 a diagram of the apparatus is given.A
constant flow of carrier gas (nitrogen or carbondioxide),
carefully freed from oxygen by reduced BASF R3~11 catalyst,
passes through one of the vaporizers (V1 and Vz), filled
with ethylbenzene or a mixture of ethylbenzene and styrene
respectively. )

The desired ethylbenzene concentration in the feed gas
is established by adjusting the temperature of vaporizer V

1!
which is controlled within 0.2°C. The gas leaving the

16



GLLC Y GLC 2

ST

- 10°C

Fig. 2.1 Apparatus.

vaporizer is completely saturated as was confiimea by con=-
densing the ethylbenzene at -80°C. The amounts of styrene
.and ethylbenzene in the feed, when the carrier gas is led
through Vs were determined by comgar%ng peak areas with
those obtained from known concentrations of ethylbenzene,
The mixture of carrier gas and hydrocarbon passes
" either via preheater PH through reactor R to sample valve
S {3) or»ditectly via bypass B to that valve. The connect-
ing tubes between the vaporizer and 8, are heated to pre-
vent condensation of hydrocarbons. Feed or products are in-
troduced by means of the valves §,; and S, in an\analysis
system, consisting of two gaschromatographs, GLC1 and GLCz,
separated by cold traps to condense the hydrocarbons ana-
lyzed on GLC, .
Two identical systems, one with the tubular reactor
and the other with the CSGSR, were in operation.

17



The tubular reactor is shown
JZiE%wq in figure 2.2. Round the stainless
Nes steel reactor tube an aluminium
jacket has been cast to improve

|

iﬁ’; by ™ the temperature profile in the re-

':Y | g? actor. The reactor is heated e~

N N NI lectrically; the temperature is

Q:'qh ;: - measured and controlled within 1°C

N PN

NS by a Eurctherm PID controller.

N T T . Under the reaction conditions the
[ i‘ \} () maximum temperature difference

;‘ by R i between the four chromel-alumel

thermocouples was never more than

T4

P
.
, «
a6

2°c. The catalyst is supported by

] N a fine-meshed wire screen.

I :§~ ‘5\ Figure 2.3 shows the stainless
_~I_.:~\ ? steel CSGSR, reactor A, including

B ;S, ] » the stirrer drive unit, which has

been constructed similarly to the

unit described by Brisk (4). The

completely sealed, magnetically

Fig. 2.2 Tubular fixed coupled drive was capable of rotat-
bed reactor, ing at speeds up to 10,000 rpm.

This necessitated dynamical balancing of the fan and the
driving shaft. In reactor A the annular catalyst holder A
was used. Reactor B and catalyst holder B are shown in
figure 2.4. When the plug is in its lower position the gas
circulates through the reactor in the same way as in reac—
tor A. By turning the spindle the plug closes the central
hole of the catalyst holder and then no intermnal recircula-
tion is possible anymore . The gas feed passes once through
the catalyst bed in plug flow fashion. The bellows serve as
a flexible sealing. The reactor proper is placed in an oven,
kept at about 20°C below the desired reaction temperature.
This temperature is measured and controlled by a Eurotherm

18



apP

TiC

Fig. 2.3 Continuous stirred gas Fig. 2.4 Continuous stirred gas
solid reactor (A} and solid reactor (B) and
catalyst holder A catalyst holder B

1 pulley; 2 magnet; 3 air cooler; 4 drive shafr;
5 fan; 6 plug; 7 catalyst holder; 8 bellows;
9 spindle,

19



PID controller which governs the amperage of the auxiliary

heating coil round the reactor.

2.8 ANALYSIS

i

The hydrocarbons, benzene, toluene, ethylbenzene and

styrene in the reaction product were analyzed on GLCl, a

styrene

JU

Fig. 2.5 Chromatogram of

thytbenzene

ot
L4

{uene
enzene

1

?Eb

ethylbenzene

Pye series 104 gaschromatograph with
flame ionization detector. The sepa~-
ration column, 2 m long, internal
diameter 2 mm, was filled with 20 wt%
polyethylene glycol adipate on Gas-
chrom Q and kept at 120 °c. A chro-
matogram of a typical sample is shown
in figure 2.5, The analysis time is

3 minutes.

By injecting benzene, toluene,
ethylbenzene and styrene mixtures of
known composition,it was found that
the detector sensitivities (signal
per unit weight of hydrocarbon) were
equal. The following relation can be

dehydrogenation derived for the guantitative deter-

product mixture. mination of the reaction products:

in which:

20

i =Yy

it

i

L]

with Yy = MWi },MWEB

mole fraction of component i
molecular weight

peak area of component i
peak area of a sample with only ethyl-
benzene with mole fraction x

EBO



As the number of moles in the reaction system increases,
the mole fractions have to be corrected to the actual
conditions in the reactor as is pointed out in Appendix I.
Intrbduction of average values for the increment in the
number of moles instead of the actual ones, does not lead
to inaccuracies of any importance. For low vapour pressure
and low conversions this correction is negligible.

On GLCz, a Becker gaschromatograph with katharometer
detector, hydrcgen and -carbondioxide {only present during
reduction of the catalyst) were determined using a 20 cm
active charcoal column, kept at 66°C. The ethylbenzene
carrier gas and the carrier gas for GLC2 were identical and
therefore, after reduction of the catalyst, only a hydrogen

. peak was recorded.

For the guantitative determination of hydrogen and

carbondioxide the relations:

A were used.

The responée factors f were determined by analyzing gas

mixtures of known composition under standard chromatograph
conditions. The mixtures of CO2 and H2 and nitrogen and of
Hy
plunger pumps.

and .carbondioxide were obtained with two Wdsthoff

2.4. THERMOBALANCE

In figure 2.6 the Dupont %00/3950 thermobalance that we
used is shown. The samplé chamber is a 4 cm i.d. guartz
glass tube, heated by an electric furnace.vThe sample
chamber is flushed with a hydrogen nitrogen mixture or an .
ethylbenzene nitrogen mixture prepared as described in
§ 2.2. The temperature of the chamber is measured with a
thermocouple just. above the sample holder.

21



2 ‘—Ig@(%) 8) (9 10) (11 12”

Fig. 2.6 Thermobalance:
" 1 feed gas iﬁlet; 2 furnace tube; 3 gas outlet;
4 furnace; 5 sample holder; 6 thermocouple;
7 quartz glass tube; 8 balance housing;
9 purge gas inlet; 10 photo~voltaic cells;

11 counter weight pan; 12 pyrex envelope.

The part of the balance where the weight chahges are
‘recorded with photocells, is puréed with nitrogen to avoid
contamination. To prevent back diffusion of air the gas
outlet tube ends under water. '

The sensitivity of the thermobalance is 0.01 mg., With
the usual sample weight of 80 mg this correspords to an
error in the degree of reduction of pure uranium oxide of
0.3% and of uranium oxide on alumina of 1.1%.

LITERATURE CHAPTER 2
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CHAPTER 3

PREPARATION AND PROPERTIES OF URANIUM OXIDE CONTAINING
CATALYSTS

3.1. INTRODUCTION

The oxides of uranium form a complex system, often
showing large deviations from simple stoichiometry. The
stoichiometric oxides include UOZ' U409, U308 and 003. In
addition, wmetastable phases, such as U307 and U205 have
been reported (1). Uraniumdioxide is of particular interest
in nuclear technology, since it is the nuclear fuel most
widely used in energy-producing reactors. The investi~-
gations published on the uranium-oxygen system until 1969
have been reviewed by Cordfunke (2). Some properties of
uranium oxide compounds ére given in table 3.1.

~ Of the ox;de UO3 at least six crystaliine pelymorphs,
and also an amorphous form are known. Upon heating in air,
both a-UO, and B-UO,
that under these conditions y—U03 is the stable configura-

are converted into Y-UO,, indicating

tion. y*U03 can be prepared by slowly heating uranylnitrate
to 500°. ‘ ‘
The oxide U308 exists in at 1ea$t three crystallo-
graphic modifications, but‘a—U308 is the phase commonly
dealt with. It is the form of the oxide most frequently
weighed in gravimetric uranium ahalysis. Ité composition
‘temains élose to U0, (- below a temperature of 800°¢C.
8-0308 often occurs '‘as a contamination in a-UBOS; while
7'0308 can only be made at very high oxygen pressures
(16,000 atm) between 200 and 300°C.
UO2 has a face-centered cupic fluérite-type structure.
It is generally made by reduction of U0, at 650-800°C.
This oxide cannot be further reduced, not even with hydro-

gen at high pressure and temperature.

23



Table 3.1 Properties of uranium oxide phases (from(2)).

phase

structure

o
-AHf298

SO

kcal mol”!

cal (°mo1) "t

colour

¥~uo

cubic
a= 5.47 R
cubic

a= 21.77 &
orthorhombic
6.72 A

[+]

11.96 A

monoc¢linic,
pseudo~

tetragonal
=b=6.89 A
c= 19.94 R

y= 90.34

259

1078

854

293.5

18.41

83.53

67.5

23.6

black

black

dark green

orange-
yellow

1f vo, takes up oxygen the disordered UQ
changes to a new phase,

3.2.

CATALYST PREPARATION

2+x

U409 if x = 0.25.

phase

Preparation of pure uranium oxide caﬁalyst (Catalyst A)

Uranylacetate ((CH3COO}2UOZ.2HZO Merck p.a.) is dis-

solved in hot water.

An excess of a concentrated ammonia
golution is added and the vellow precipitate UO3.xNH3.yH

20

(3) is filtered off and washed with water. The precipitate

24



is dried at 135°% during 24 h and the product is finally
calcined at 600°C for 24 h. The dark green product is
broken and sieved.

Preparation of uranium oxide/alumina catalyst
(Catalyst B)

"The precipitate UO3.xNH3.yH20, starting from 20 g
uranylacetate, is prepared as mentioned before. 409 g
aluminiumnitrate (R1(NO,) 5.9H,0 Merck p.a.) is dissolved

in water and poured into 300 ml of concentrated ammonia
V solution. The precipitate is filtered off and washed with
water., The two precipitates are transferred to a flask,
mixed with 1 1 of water, and kept at 95-100°C under vigor-
ous stirring. After 20 h of stirring the solid is filtered
off, washed with water and dried for 24 h at 135°C. Finally
the product is calcined at 600°C in air for 24 h and the
resulting catalyst is broken and sieved.

3.3. PHYSICAL PROPERTIES

Some properties of the catalysts are summarized in
table 3.2.

X-ray diffraction diagrams were made with a Philips
diffractometer, using iron filtered cobalt radiation. The
spectrum of the pure uranium oxide shows y-U308 lines and
very weak a-UO3 lines. Catalyst B was amorphous. The
colours and the 0/U ratios indicate that uranium oxide in
the catalysts A and B is mainly present in the 0308 and the
UO3 configuration respectively. The pore size distribution
of the alumina supported catalyst was measured according to
the Barrett,Joyner and Halenda method using nitrogen as

25



Table 3.2 Properties of catalyst A and B.

pure uranium
oxide

catalyst A

uranium oxide
on alumina

catalyst B

colour

oxygen/uranium ratio
of the oxide

uranium oxide
content (wt%)

specific surface
area BET using
nitrogen adsorption

m? g7

dark green

2,71

100

orange-yellow

2.87

19.4

144

adsorbent. From figure 3.1 we can conclude that 90% of the
pore volume consists of pores with a radius smaller than

50 A. From this experiment a surface area of 150 m

2 1

g was

found. This is in good agreement with the value given in
table 3.2, which has been determined with an areameter.
The average pore radius calculated with the relation:

2 x pore volume

pore radius =

surface area

was 46 A.

26



£

8

£

e pore volume (ml g™")

2

10 2 T 02 i 3 4
—-pore radius (A)
Fig. 3.1 Cumulative volume of pores having a radius

smaller than rp as a function of rp.

3.4. THE REACTION BETWEEN ETHYLBENZENE AND URANIUM OXIDE

When ethylbenzene in inert gas is led over bismuth-
uranate {(4) at temperatures of about 480°C, reactions simi-
lar to those described by Steenhof de Jong (5,6) take place.
During this reaction, bismuthuranate is reduced and water,
carbondioxide, benzene and styrene are formed. When the
‘uranate is completely reduced, the products are almost
exclusively styrene and hydrogen. ’

During the reduction of pure uranium oxide or uranium
oxide on alumina with ethylbenzene, the product composition
changes in a similar way as with bismuthuranate, but the
reduction proceeds at a higher rate. The change of the
product composition in a typical reduction experiment of
catalyst A is shown in figure 3.2. The reaction starts
with complete combustion of ethylbenzene to CO, and water.
Very soon the formation of benzene by oxidative dealkyla-
tion is observed, while the styrene formation starts some-
what later. Hydrogen, formed together with styrene, is
partly oxidized to H,0 initially, but after completion of
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Fig. 3.2 Product composition change during the reduction of
catalyst A: reaction temperature SOOOC; catalyst
weight 1 g; feed 2.5 1 h ' N, and
0.327 mmol hm1 ethylbenzene.

the reduction the amounts of hydrogen and styrene in the
product are equal. The partial oxidation of hydrogen
causes the maximum in the styrene production, as this oxi-
dation reduces the rate of the hydrogenation reaction.
Small amounts of benzene and toluene, formed over complete-
ly reduced catalyst, are probably caused by hydrodealkyla-
tion and cracking. During reduction, catalyst A turns from
green to black and catalyst B, originally orange, first
becomes green and finally black. Reduction with hydrogen
gives the same colour change. As on reoxidation the origi-
nal colours return, we conclude that the different colours
must be ascribed to different stages of.reduction.
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The amount of oxygen removed from the catalyst was
calculated from the quantities of the various products
assuming the following reactions:

2 + 5 H20

Hyg * 6 o] CgHg + 2 CO, + 2 H,O

CBH10 + o~ C8H8 + H20

C8Hlf} + 21[0l> 8 CO

Cg

and thus the course of the overall O/U ratio of the cata-
lyst during the reduction, as shown in figure 3.2 was
determined.

During reduction of catalyst B the hydrocarbon product
composition changes in a way almost identical with that

described for catalyst A.
We have not made X-ray diagrams of the solid phases

formed during the reduction, because special technigques
have to be applied, as rapid reoxidation of the material
takes place even at room temperature.

3.5. THE REDUCTION OF PURE U308+x AND URANIUM OXIDE ON

ALUMINA IN A THERMOBALANCE

Freshly prepared dehydrogenation catalyst contains
U308' with a small excess of oxygen, which is reduced to
UO2 by ethylbenzene under reaction conditions as stated
before. The degree of reduction and the reduction rate of
both pure uranium oxide and uranium oxide on alumina can
be measured continuously and accurately in a thermobalance.
The reaction conditions for experiments with pure oxide
are given in table 3.3.

Under these conditions no gas phase diffusion limi-
tation occurs as the reduction rates are not affected by an
increased gas flow rate nor by the particle size.
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Table 3.3 Thermobalance reaction conditions.

amount of oxide 70-80 mg
particle size 0.15-0.30 mm
mole fraction ethylbenzene 0.26-5.2 mol %
nitrogen flow 13.3 1 h_l NTP
reaction temperature 425-530%C
pressure atmospheric

Neither does hydrocarbon adsorpélon influence the
measurements, since complete reduction with ethylbenzene
and with hydrogen give the same weight loss.

From complete reduction experiments a 0/U ratio 2.71
was determined for pure uranium oxide, while for uranium
oxide in catalyst B a ratio 2.87 was found.

3.5.1. PURE URANIUM OXIDE REDUCTION

The effect of the ethylbenzene concentration on
reduction of pure uranium oxide is shown in figure 3.3. In
the first region (A) a wvery high, but rapidly declining,
reduction rate occurs, This region ends at a catalyst
2.6 (o = 13%). In the next region (B) the
reduction rate is constant for all ethylbenzene concen-

composition UO

trations. This region ends at catalyst composition UO

2.25
{e = 67%). Finally the rate decreases again in region C.
In figure 3.4 log {(-40/dt) in region B has been

plotted against log X.,. With the relation

EB

-d0/dt = k ng or log(-d0/dt) = n log x c

EB T

we canyread from this figure that n is about 0.2 at

Xgg = 0.26 mol % and thatrfor Xgp > 0.6 mol % n=0.
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Fig. 3.3 Reduction rate as a function of the degree of

reduction ¢ at various ethylbenzene mole fractions.
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Fig. 3.4 Reduction rate in region B as a function of the
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The effect of the reaction temperature was studied at
an ethylbenzene mole fraction of 0.68%. In figure 3.5 the
rates of reduction as a function of the degree of reduction
at various temperatures are given. Here again the three
regions can be clearly distinguished and it is remarkable
that the extent of region B (13% <a < 67%) is also '

1400
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v 530°C
xeg 068mol%e 500°C
o 475%
- 800 x 450°C
g . 425°C
)
= 60|
o §
>
[»)
'? & O v A
T 00 b
20010
0 20 40 80 80 100

—= ¢ (%o}

Fig. 3.5 Reduction rate as a function of the degree of
reduction ¢ at various temperatures; reduction

with ethylbenzene.
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independent of the temperature. From the rates in this
reglon an activation energy of 46 kcal mol™! was calcu-
lated from figure 3.6.

a

3,

-d0/dt yrattgminy)

]
wm 128 w2 s 140 1eng?

1 herch

Fig. 3.6 Arrhenius plot for the rate of reduction in

region B; reduction with ethylbenzene.

The catalysts were also reduced with a nitrogen
hydrogen mixture containing 10 to 60 mol % hydrogen. The '
other conditions were the same as shown in table 3.3, The
results of the reduction of catalyst A with hydrogen
(figure 3.7 and 3.8) are similar to those mentioned above.
Here again the reduction rate remains constant for
13% <a <67%, but the reaction order for‘hydrogen is very
close to 1 now, as can be seen from figure 3.9. The energy
of activation (figure 3.10) was 29 kcal mol ™ l.

A reduction behaviour very similar to the above was
also noticed by Steenhof de Jong {5, 6) for the reduction
of BiZUOG with toluene. The appearance of different regions
during the reduction of uraniumtrioxide is also mentioned
by Notz (7) and Vliasov (8, 9). For hydrogen reduction Notz
found also three regions with the same properties as we did,
although the extent of the regions differs somewhat from

ours. He found region A between UO2 ) and UO2 6’ and
33



1000
& 10%H,
506°C ¢ 20%
° 30%
800 x B0%
T X
£
£
= 600¢
]
1
3
S ol
200 9 ».

——%0

Fig. 3.7 Reduction rate as a function of the degree of
reduction & at various hydrogen mole fractioms.

1000
x 530°C
30% « 500°C
e, arsec
o 450%C
800
=
£
2
% 600 i
=4
3
o
o
'400
200 R p
20 40 60 80

et 4 { %}
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reduction ¢ at various temperatures; reduction
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region B between UO2.6 and UO In region A, a homo-

geneous transition from the uééérzéé the lower composition
limits of the U308 structure occurs. In region B, U3°8—x

is converted intc a cubic structure. The author explains
the constant rate by assuming chemisorption of hydrogen as
a rate limiting step, while oxygen diffuses through the
solid to the surface as fast as itkis abstracted. The final
decrease in the rate is attributed to non uniform crystal-
lite size or poor gas accessibility to the centers of some
large particles. However, we believe that the sharp tran-
sition between the three régions A, B and C and the fact
that the positions of the transition points are independent
of the reaction conditions, indicate that the crystallite
size distribution is rather narrow. Another possible expla-
nation of these phenomena is that oxygen diffuses easily
from one crystallite to another via planes of contact., This
would mean that, as far as oxygen diffusion in the catalyst
is concerned, each particle acts as if it consists of only
one crystallite, and therefore the crystallite size distri-
bution should not be important in this case. We shall return
to this subject in the description of catalyst B reduction.
Vlasov, too, found a constant rate during the reduction of
UO3 by methane in the composition range from U0, ¢ * U02.25.
The reduction process, starting from UO3, proceeds via the
following phases: UO3 U308 U404 = UO,. Of these the
U3O8 lattice can contain a surplus or a deficit of oxygen
and the U02 lattice can contain a surplus of oxygen up to
UG, ,,- The conversion from U40g,, to U305 . occurs in the
presence of one solid phase. In the region between UOZ.G
and 8409 two phases, each with a constant composition, are
present. The final reduction to U0, occurs again in the
presence of one phase. The existence of a composition range
in which the rate depends little on the degree of reduction
is ascribed by Vlasov to "the similarity of certain phys-
ical properties of the U,;0g_ . and U404 phases”. We believe
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that the constant reduction rate in region B is caused by

the presence of two phases with different crystal structures.
Therefore the number of degrees of freedom of the system is
one less than in the single phase region A, resulting in a
constant oxygen activity in the thermodynamic sense i.e.
there is a constant oxygen pressure in equilibrium with the
gystem. At the beginning of region C a similar behaviour
would be expected. This is not found, possibly because U409
is an oxygen excess super lattice of UOZ+X, and therefore,
as far as the oxygen activity is concerned, U409 and U°2+x
can be considered as one phase.

The different activation energies and reaction orders
that we found for the reductions with hydrogen and ethyl-
benzene can only be explained when the oxygen diffusion is
not the limiting step, an assumption that is also supported
by data on the high mobility of oxygen in the lattices of
uranium oxides, determined by isotopic exchange (10). The
zero reaction order for ethylbenzene indicates that the
active catalyst surface is almost completely occupied.
Because the reduction rate for experiments with high hydro-
gen concentrations is faster than the highest ethylbenzene
reduction rate, we may conclude that for the lattexr the
chemical reaction is rate determining. The first order for
hydrogen indicates that the chemisorption is probably rate
determining in this case. De Marco (11), Morrow (12) and
Dell (13) also observed that the kinetics of the hydrogen
reduction of UO3 were best interpreted in terms of hydrogen
chemisorption as the rate controlling step.

3.6.2. REDUCTION OF CATALYST B

The results of the reduction of uranium oxide on
alumina with hydrogen are shown in figures 3.11 and 3.12,
The reaction conditiocns are the same as mentioned in
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table 3.3. The overall reduction behaviour of this catalyst
is completely different from that of pure’U308+x. None of
the usually applied kinetic expressions for gas solid reac-
tions - like for instance the "shrinking core" relation (14),
product layer diffusion models applicable to reactions of
the type A(gas) + B{solid) = P(gas) + Q(solid) (15,16}
or models in which besides the reaction also oxygen diffu-
sion through the lattice is incorporated - fitted the ex-
perimental data. Furthermore, a kinetic model involving dif-
ferent catalytic sites, as described recently by van Bokho~-
ven (18} could not describe our experimental results,
Comparison of the hydrogen reduction curves of both
catalyst A and B, shows that the average reduction rates,
expressed in pat O (min gcat)—l are in the same range. Though
catalyst B contains only 20 wt% uranium oxide, we may con-
clude that, in spite of the fact that the BET surface area
is about 150 m2 gnl, the active reduction surface area of
this catalyst is about the same as of pure uranium oxide,
2 gwl. This,
then, is the uranium oxide surface area exposed to the gas

and therefore should be also of the order of é m

phase if catalyst B is expected to consist of uranium oxide
particles in an alumina matrix, as shown in figure 3.13.
The continuous decrease in the reduction rate for catalyst B
is, in our opinion, a result of a wide distribution of the
relative size of the smaller crystallites. The rate of re-~

ALUMINA

U-0XYDE

Fig. 3.13 Uranium oxide crystallites in alumina matrix.
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duction of a pure uranium oxide particle with diameter 4 is
given in figure 3.14. Assuming the reduction rate to be pro-

a diameter d

-do/dt uat{min gcat)

b diameter 2d

et T 1 E

Fig. 3.14 Relation between reduction rate

and crystallite size,

"portional to the exposed surface, curve b for a particle

with a particle diameter 2d can be easily derived from curve
a. The average reduction rate of a catalyst, with a particle
diameter distribution relatively wide in comparison to its
average diameter, turns into a continuously decreasing curve.
As the A1203 matrix will act as a barrier to the oxygen trans-
port from cone crystallite to the other, we feel that a des-
cription of catalyst B as a set of isolated uranium oxide
crystallites in alumina is appropriate.
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CHAPTER 4
CHARACTERIZATION OF THE STIRRED REACTORS

4.1. INTRODUCTION

A stirred reactor behaves as a perfect mixer if the
concentration and the temperature of the bulk gas phase are
uniform. This is achieved by intensive mixing of the gas. A
consequence is that the boundary layer round the particles
is rather thin and therefore the mass transfer resistance
is usually small, Because heat and mass transport occur by
similar mechanisms, a reduction of mass transfer resistance
implies that the temperature difference across the boundary
layer decreases accordingly.

Every real reactor deviates to some degree from ideal~
ity. As long as this deviation is so small that its effects
are well within the range of experimental error, the reac-
tor can be treated as an ideal reactor for all practical
purposes. Noticeable, but still minor deviations from ide-
ality can be treated with the aid of simple approximations.

Below we describe experiments and calculations per-
formed in order to f£find out how far our reactors deviate
from ideality.

4.2. MIXING OF THE GAS PHASE

Different methods are described in the literature to
judge the degree of mixing in a stirred gas solid reactor.
Trotter (1) studied the kinetics of a simple first order
reaction, the true kinetics of which were known; other
authors measured conversions at different stirrer s?eeds
(2,3,4,5,6) or used tracer techniques (7,8,92,10). We have
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used styrene productivity measurements and tracer experi-
ments; moreover, we were able to determine the actual gas
flow through the catalyst bed by pressure drop measurements.
This method was also applied by Berty (11).

To characterize reactor A, residence time distribu-
tion functions F(r) were determined for various feed rates
and stirring speeds varying from 0 - 6600 rpm. If the reac-
tor is perfectly mixed, the response to a step function is
described by:

-t/

Fl(t) =1 - e = conc/conc0

with con¢e = outlet concentration
conco= inlet concentration

T mean residence time in the reactor

free volume of the reactor / feed rate.

The step was created by switching from a steady flow
of nitrogen to a steady flow of oxygen or vice versa. The
flow diagram of the system is shown in figure 4.1. The step

TO VENT

REACTOR

v 7

4%
T

]
éNALYZEIJ

l

Fig. 4.1 Flow diagram for step response measurements,
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changes are generated with the aid of a Becker valve. The
resistance of the vent is adjusted so that there is no
change in flow rate when the valve is turned. The connect-
ing tubes between valve, reactor and Servomex oxygen ana-
lyzer have an internal diameter of 1/32 inch and were kept
as short as possible.

The F(t) éurves were determined at the same pressure,
temperature and flow conditions as during the chemical ex~
periments. The reactor characteristics In(l - concXconco)
versus t/r at feed rate 4.4 1 h™*
speeds are given in figure 4.2. From the experiment at

NTP and four stirring

i

stirrer speed ® 6600 rpm
+

+ 3300 -
o 2000 -

o 1600 -

—~ 1 -conc/conco

2

1 2 o 3

Pr— tit

Fig. 4.2 CSGSR responses to a step function at various
stirrer speeds: catalyst holder A filled with
360 g of siliconcarbide (1 - 1.4 mm); nitrogen
or oxygen feed rate 4.4 l»h“l NTP; temperature .

500°¢,
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6600 rpm a 1-value of 113 sec was determined, which is in
good agreement with the value of 115 sec expected from the
free reactor volume of 404 cm3. In this case we have chosen
as a criterion for ideal mixing that the maximum deviation
between the actual step response curve and the ideal one

is less than 2%. The deviations are plotted versus t/r in
figure 4.3, from which we conclude that the reactor is

perfectly mixed when the stirring speed is higher than

008
_ a6
2,
‘o
o W4 stirrer speed e 6600 rpm
&
§ 3300 -
2002\ N e 2500 -
8 "
1600 -
o

-0.02]
-004

-006

Fig. 4.3 Deviation of the step response of reactor A

from that of an ideal mixer versus t/1:

conditions of figure 4.2.

3300 rpm. For higher feed rates, higher speeds are needed
to meet the mixing criterion.

Another criterion that can be used to characterize the
mixing is that the concentration gradient across the cata-
lyst bed is less than say 2%. This definition is convenient
when the mixer is visualized as a recirculated plug flow
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Table 4.1 Recirculation number n required to satisfy the

ixi riterion: .- ., < 0.
mixing criterion (c1 cout)/cl 0.02.

nF
F,c c c
[} i out
outside feed recirculation
conversion number
1-Coue/Cq n
0.9 440
0.8 195
0.7 114
0.6 73
0.5 48
0.4 32
0.3 20
0.2 12
0.1 5
0.05 2

*

reactor, with n recirculations (see table 4.1). The actual
recirculation number was calculated from pressure drop
measurements over the catalyst bed with the Ergun relation
(12). With this relation first the actual porosity of the
catalyst bed was calculated from measurements of the pres-
sure drop as a function of the outside feed rate through
the plug flow reactor (central hole of the catalyst holder
closed). The number of internal recirculations n of the
CSGSR is defined as:
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gas flow through the bed (1 h™1)
n = SR (4.1)
h

reactor gas feed (1 b

In figure 4.4 for reactor A the pressure drop over the
catalyst bed (=pressure head ofkthe fan) and n are given as
a function of the stirrer speed, The internal recirculation
number n is high for this reactor because the denominator
of equationd.l is verysmall i.e. the outside feed (4.6 =~
18.5"1 h—lNTP) causes a very low linear gas velocity in
the bed, having a cross sectional area of 44.5 cmz. This
makes it impossible to use the catalyst holder A for plug
flow experiments, because almost complete back mixing
(ﬂa/uL =1 (13)) will occur. Therefore reactor B was con-
structed, which behaved as a good plug flow reactor (Da/uL=
0.03 - 0.008), because the linear gas velocity caused by
the outside gas feed was much higher than for reactor A,

‘E L 300
z
a [
‘ 1
’40 L 200
20 100
2000 4000 6000

—=stirrerspeed {rpm}

Fig.4.4 Internal recirculation number n and pressure
drop over the catalyst bed versus stirrer speed:’
catalyst holder A filled with 360 g of silicon~
carbide (1 - 1.4 mm); cross sectional area cata-
lyst bed 44.5 cmz; nitrogen feed rate 4.4 1 n!

NIP; temperature 500°C.
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the cross sectional area of the catalyst bed being only

3.1 cmz. But this small bed cross-section resulted in a

high pressure drop during mixer experiments. In order to

provide still enough recirculations at high outside feed

rates, the following measures were taken:

- the maximum stirrer speed was increased from 6600 to
10,000 rpm,

- a volute construction (figure 2.4} was applied for
catalyst holder B,

- instead of nitrogen, a heavier gas, viz. carbondioxide,
was used.

In figure 4.5 the recirculation number n and the pressure

£ 30
z c
[~ % 4
<1
lsao
4
20
400t
10
200}
5000 10000

———=stirrerspeed {rpm}

Fig. 4.5 Internal recirculation number n and pressure
drop over the catalyst bed versus stirrer speed:
catalyst holder B filled with 8.0 g of uranium
oxide on alumina (0.6 ~ 1.0 mm); cross sectional
area catalyst bed 3.1 cng carbondioxide feed

rate 4.4 1 1:1—I NTP: temperature 5000(}.
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drop over the bed as a function of the stirrer speed are
given for reactor B. Reactor A approaches ideal mixing
better than B, but as we wanted to do both mixing and plug
flow experiments in one reactor, a compromise in regard to
the deviation from ideality of mixer and plug flow reactor
had to be accepted. To compare the two mixing criteria, the
average step response of a recirculated plug flow reactor '
with n recirculations (see table 4.1} is represented in
figure 4.6. It can be shown that especially at low t/tv the
plug flow reactor response deviates from the ideal mixer
response, About 24 recirculations are needed to keep the
maximum deviation from ideal mixing below 2%.

Mixing in the catalyst bed of reactor B could not be
assessed accurately by the step response method because the
volume of the catalyst bed is much smaller than the total
free volume of the reactor.

8

8

R

—=1- conc/concy

g

62 04 05 08 10

— b

Fig. 4.6 Response of recirculated plug flow reactor to

a step function.
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In figure 4.7 it is shown that the styrene production
as a function of the stirrer speed passes through a maximum
and tends to remain constant above stirrer speeds of about
6000 rpm for a reactor feed gas stream of 4.6 1 h-1 NTP.
For the highest feed rate 18.5 1 h™l NTP a speed of 8000
rpm is required to approach this condition. At very low n
the styrene production is low because by-passing through
the central hole occurs, while at intermediate n the reac-

tor behaves as a plug flow reactor with a low number of
recirculations.

&

A

e Styrene productivity (%e)
o
(o]

5000 10606 rpm s

1 23 5 1B 1518 D—=

Fig. 4.7 Styrene productivity versus stirrer speed and
corresponding internal recirculation number n:
catalyst holder B filled with 8.0 g of uranium
oxide on alumina (0.6 - 1.0 mm); gas flow rate
4.6 1 h~1 NTP carbondioxide; ethylbenzene

vapour pressure 20 mm Hg.
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The experimental data obtained in reactor B were
corrected for the non-ideality of mixing and plug flow,
as will be shown in chapter 5, Therefore, the mixer was
described as a recirculation reactor with n recirculations
and the plug flow reactor as an ideal one with axial dis~
persion (13).

4.3. MASS AND HEAT TRANSFER BETWEEN GAS AND CATALYST
SURFACE

Above stirrer speeds of about 7000 rpm the productivity
in the CSGSR B remains constant, as shown in §4.2. From
this we may conclude that the resistance to mass transfer
to the catalyst surface is negligible under these con-
ditions. Heat and mass transfer coefficients were also
calculated for a plug flow experiment carried out under the
following conditions: temperature 49506, ethylbenzene
vapour pressure 3 mm Hg, carbondioxide feed rate 4.6 1 h—1
NTP, 8 g catalyst B, conversion reached 80%. The calcu-
lations were carried out according to Satterfield and
Sherwood (14) and Hougen (15) with data of Appendix IT. The
calculated ratioc of the concentration drop across the bound-
ary layer and the average bulk concentration was 0.003 and
the temperature drop was about 0.01°C. These calculations
show that under the conditions used for the kinetic éxperi~
ments (see table 5.1) no transport limitations between gas
phase and catalyst surface have to be expected.
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CHAPTER 5

REACTION KINETICS

5.1. PRELIMINARY EXPERIMENTS

Before the evaluation of kinetic models of solid
catalyzed reactions is undertaken, the following possible
sources of error should be investigated:
~ changes in the catalyst'activity
=~ bulk phase mass and heat transfer resistance
- non-unity effectiveness factors
- non-ideality of reactor flow pattern.

In the prévious chapter it was shown that external
mass and heat transfer limitations can be neglected and
that only slight corrections have to be applied to the non-
ideality of the reactors.

Most of the preliminary experiments were carried out
in the plug flow reactor of figure 2.2. If not stated other-
wise, all experiments were carried out with the same batch
of catalyst B (Uranium oxide on alumina).

A 160-hour experiment under conditions similar to those
of the kinetic experiments showed that no decrease in cata-
lyst activity occurs. ‘

Tests for absence of pore diffusion limitation were
done by increasing the average catalyst diameter fourfold.
The results of these experiments, given in figure 5.1, show
that the conversion is not affected by the catalyst dia-
meter and conseguently for these particle diameters pore
diffusion can be neglected. Calculation of effectiveness
factors according to Satterfield and Sherwood (1) have also
established that under the experimental conditions these
factors hardly deviate from unity. The data used for this
calculation are given in Appendix II.
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o 0.15 < diameter< 0.3 mm

0o 0.3 <diameter< 0.42 mm .
X 520°C
o 0.6 < diameter< 1 m ‘

——»  conversion{®s)
5 3 8

8

500 1000
. ——= W/F (gcat sec 1)
Fig. 5.1 Ethylbenzene conversion versus W/F at various
catalyst diameters: plug flow fixed bed reactor
filled with 2.0 g of catalyst B; carrier gas

nitrogen; ethylbenzene vapour pressure 7.3 mm Hg.

That the conversion of ethylbenzene only depends on
the time of contact with the catalyst, in other words, that,
if the amount of catalyst or the feed rate is varied, equal
W/F-values (W = amount of catalyst, F = gas flow rate under
reaction conditions) give equal conversions, is shown in
figure 5.2.

From these data it follows that at constant W/F a variation
of the amount of catalyst or dilution of the catalyst with
siliconcarbide has no effect on the conversion. Moreover,
experiments at 500°C with an ethylbenzene vapour pressure -
of 3 mm Hg, which is the lowest applied during the kinetic
study, showed that at feed rates above 2.5 1 h™! NTP the
conversion in the empty stainless steel plug flow and the
mixed reactors is less than 1%. The same results were ob-
tained when the reactors were filled with siliconcarbide

(0.6 - 1 mm), which was sometimes used as a catalyst
diluent.
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01{e 2.0g catalyst

© .2.0 g catalyst diluted with 16 g
siliconearbide

520°C

o 4.0 g catalyst .
500°C

480°C

460°C

g

1000 2000
W/F (gcat sec | ™)

Fig. 5.2 Ethylbenzene conversion versus W/F for various

From the above it follows that either adsorption of ethyl-

amounts of catalyst: plug flow fixed bed reactor
filled with catalyst B (0.15 - 0.30 mm); carrier

gas nitrogen; ethylbenzene vapour pressure

7.3 om Hg.

benzene or the chemical reaction at the catalyst surface

or desorption of products is rate controlling. We imagine
that in the reaction step an adsorbed ethylbenzene molecule
loses hydrogen, leaving an adsorbed styrene molecule on the

surface, which will desorb subsequently. As far as the

hydrogen is concerned several pathways are open:

a. hydrogen adsorption is competitive with ethylbenzene and
styrene adsorption, in other words, the two sites re-
guired for hydrogen and hydrocarbon adsorption are iden=
tical and interchangeable and do not belong together in
any specific way.

hydrogen and étyrene adsorb on one complex (kinetic)
site; this site may very well consist of a number of re-
active subsites. '



c. only the hydrocarbon is adsorbed on the catalyst and the
hydrogen is liberated as such to the gas phase.

If the chemical reaction is supposed'to be rate
determining, the pathways a, b and c lead to the following
rate equations respectively:

de ~ k{c "cStCH/keq}"

- = (5.1)
: 2
daw/F (1 + XKEc + KScSt + KHCH)
_ dec _ k(c,f,cStcH/keq)v<( o (5.2)
dW/F 1 + KEc + KScg, + KSKHeg, cp
_ de _ k(e = cg op/kyy) (5.3)

aw/F 1 + KEc + KScSt

Because of the high reaction temperatures the adsorption
constant of hydrogen (and of carrier gas) should be con-
siderably lower than the corresponding constants for hydro-
carbons and are therefore omitted in the rate eguation. k
Consequently, no distinction can be made between the reac~
tion routes b and ¢ {unless extremely large variations of
the hydrogen concentration are applied).

If equation 5.1 applies, then for differential con-
version levels a linear relation exists between (co/r)35 and
Cor while 1/r versus 1/co gives a straight line if equation
5.3 applies.

We carried out such differential experiments in a
glass plug flow reactor with a small amount of catalyst.
The results of these experiments are plotted in figures 5.3
and 5.4, from which it follows that equation 5.3 can des-
cribe the data. These experiments, however, were done with
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Fig. 5.3 Differential measurements, 1/r versus l/coz plug
flow fixed bed reactor filled with 0.2 g of
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a catalyst from a batch that has not been used in our
further studies. Therefore, the kinetic constants that can
be obtained from figure 5.3 have not been taken into account
in this study, although they are comparable to those ob~
tained later on. '

Since no appreciable amounts of by-products were
found, (the selectivities for styrene varied from 95-98%)
egquation 5.3 changes to:

de k(cO -c

St

st = %sen’Keq) (5.4)

aw/F 1+ KE(cO - cst) + KScst
The equilibrium constant keq was calculated from data given
by Boundy (2).

5.2. EXPERIMENTAL PROCEDURE

The kinetic experiments were carried out in CSGSR B
under both mixing and plug flow conditions, at five differ--
ent initial concentrations, each at three temperature levels
and four flow rates, as shown in table 5.1. The measuring
procedure was as follows. The reactor was heated to reaction
temperature and the desired ethylbenzene vapour pressure
was established. At each temperature the sequence of the
vapour pressures was random, and at each selected tempera-
ture and vapour pressure, the carrier gas feeds were again
adjusted in arbitrary sequence. When the composition of the
outlet gas did not change anymore, the reactor could be
switched over toc the other mode of operation, without ne-
cessity of any adjustment of reaction conditions.

Since we knew from preliminary experiments with pure
UO2 as catalyst (3) that the styrene adsorption constant
KS could vary by a factor 2 to 5 without appreciably influ-
encing the sum of squares of the differences of the observed
and the calculated concentrations of equation 5.9, we also
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Table 5.1 Reaction conditions for kinetic expefiments
in both fixed bed and CSGSR.

reaction vapour pressure feed gas
temperature in feed gas flow
¢ mm Hg 1 ™! nTp
ethylbenzene styrene
3.0 0 5
465 7.5 0 7.5
480 8.55 6.1 10
495 14.0 0 120
30.3 0

Feed gas: carbondioxide, purity 99.995%
Catalyst: 8.00 g, 20 wt% UO2 on A1203, 0.6~1 mm
Stirrer speeds during CS8GSR experiments:
From 8,000 rpm at feed gas flow 5 1 h™
10,000 rpm at feed 20 1 h™1 NTP

1 xtp to

did the experiments with a feed containing 8.55 mm Hg
ethylbenzene and 6.1 mm Hg styrene in order to narrow

down the value for KS. These experiments were only carried
out under plug flow conditions. In order to prevent a
noticeable change in the composition of the ethylbenzene
styrene gas feed mixture, the contents of vaporizer V2 was
renewed after each experiment.

Moreover, we also applied a differential method to
determine XS directly. Nitrogen containing 1.2 mol % of hy-
drogen was led through vaporizer V2 filled with styrene
(plus " ionox 100" as polymerization inhibitor). This mix-
ture was passed through the differential glass reactor,
filled with 0.5 g of the catalyst used in CSGSR B for the
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measurements described above. A maximum conversion of about
2.7% was allowed during the ethylbenzene formation rate
meagsurements as a function of the styrene feed concentra-
tion.

§.3. PROCEDURE FOR CALCULATING THE KINETIC PARAMETERS

For experiments with nitrogen as a carrier gas the
amounts of styrene and hydrogen detected in the ethyl=-
- benzene dehydrogenation products are almost equal. However,
-as explained in section 4.2, carbondioxide was used as a
carrier gas in the latter kinetic experiments, and then
the amounts of styrene and hydrogen are no longer equal, as
the hydrogen reacts with the carbondioxide. This means that
for the integration of equation 5.4 an additional expression
for €y is required. It was found that for both plug flow
and mixing experiments at each reaction temperature the
chco ratio could be described by an empirical relation of
the form:

cy/Cy = A W/F + B (w/F) 2 (5.5)

with a standard deviation below 0.01. We have not dgone
further into this matter since the empirical eguation was
sufficiently accurate for our purpose, i.e. the study of
the kinetics of the dehydrogenation reaction.

For the plug flow reactor the concentration CS£ at
the outlet was calculated numerically by the Runge Kutta
method, as a function of W/F, Cor Cgro’ k, KE and XS, and
the appropriate values for A and B, with:

dege _ k{cgtCgioCeeCerCo (A W/F + BU/E)®)/ kb (5 ¢
aw/F 1+ KE(co + c

Sto ~ Cgt) * KS cg
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For the CS5GSR a mass balance vields:

rWw=F Cge , (5.7)

(No CSGSR experiments with styrene in the feed gas were
carried out).

W Cop {1 # KE(CO..StJA+‘KS.CSt}
F kl(comCer=Csely / Keg)
_ Sst {1+ KE(cymcg,) + KS Coe ) - (5.8)
' 2
k { e meg=CgpCy (A W/E + B(W/F)“)/ keq}

From this equation the outlet concentration Cgt could be
solved directly as a function of W/F, Cyr k, KE and KS. If
the relations 5.6 and 5.8 are adequate for the description
of the integral experiments, the unknown parameters k, KE
and KS are at one reaction temperature constant for all
experiments in both reactor types. The best estimates of
the parameters have been determined by searching for that

set of parameters that gave the lowest sum of squares:

2
n (Con 2Vin o = O
b3 I St,j theor St, 9 (5.9)
j=1 .
J o,
or:
ss = ss (k, RE, ﬁsint
2
n (k, e, Rs, e e s
=73 l St,3 1nt theor St, (5.10)
I=1 cotj
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with:
{c = styrene reactor outlet concentration
calculated with relation 5.6 or 5.8.

ss = the residual sum of squares of the

St,j)theor

deviations between the calculated and the
observed styrene productivities.
n = number of observations at one reaction

k, Re, ﬁsint

temperature,
estimators of k, KE and KS that minimize
relation 5.9.

L]

For convenience, we shall in this chapter
distinguish between ﬁsint’ the value for K8
estimated from the integral experiments and
the estimator ﬁsdif calculated from
differential data.
The non-linear optimization problem was solved with an
Algol 60 computer program, which was derived from a general
procedure, described by Lootsma (4), that can be used for
solving constrained or unconstrained minimization problems
and is based on the Broyden, Fletcher, Shanno algorithm (5,
6,7).

The differential experiments, starting from styrene
and hydrogen provided ethylbenzene formation rates as a

function of the styrene feed concentrations. From these
data, estimates for KS were calculated as follows:
Under differential conditions equation 5.4 changes to

Ac ke c / k
r = EB _ Sto “Ho eq (5.11)
AW/F 1 + KS cgy
or
1 1 1 KS
—_— + {(5.12)
r koy, /Keg Csto ¥ Cuo / Keq
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From a plot of 1/r versus l/csto {(figure 5.5) is found:

A
KSqi6 = By {(5.14)

™we

~

™>
o

et 11 1

—_'1/03’(

Fig. 5.5
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5.4, EXPERIMENTAL RESULTS AND CORRECTIONS FOR
NON~-IDEAL REACTOR BEHAVIOUR

The results of the differential measurements at 495,
480 and 465°C are given in table III.4 (Appendix III).
The best straight lines through the data points are shown
in figure 5.6. This resulted in the values for the cons~
stants @o and @1 of equation 5.14 and in the ﬁsdif values
detailed in table 5.2.

tirigcat sec mmol™}
£
-~ S

Y

13 10 15 .o
et | gy (Lm0l

Fig. 5.6 Differential ethylbenzene formation measurements
starting from styrene and hydrogen, 1/r versus l/cO:
conditions of table IIIl.4.

The experimental results obtained in reactor B under
both plug flow and mixing conditions are given in tables
IYr.1, III.2 and III1.3, From the observed hydrogen concen-
trations the parameters A and B of equation 5.5 were calcu-
lated by least squares fitting; the values obtained for A
and B are given in table 5.3. As an example, the close
agreement between observed and calculated Cy is demon-
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Table 5.2 Styrene adsorption constants ﬁsdif from

differential measurements.

temp. @0 @1 ﬁsdif= @o/@
o -1 -1 -1
c sec g cat mmol sec g cat 1 1 mmol
495 0.476 0.230 2.07
480 0.562 0.237 2.38
465 0.657 0.242 2.72

Table 5.3 A and B values of equation 5.5 calculated with

observed hydrogen concentrations.

temp. A B
S . 1 (g cat sec) ! 12 (g cat sec)™?
lug flow
495 1.58x10™% -3.33x1078
480 1.41x1074 -3.03x10"8
465 1.08x1074 -2.02x10"8
" mixer

495 1.33x107% -2.88x10"8
480 1.10x1074 -2.30x10"8
465 0.94x1074 -1.72x10"8
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Fig. 5.7 Observed and calculated hydrogen concentrations
versus W/F under plug flow conditions at 465°C,

strated in figure 5.7 for the plug flow experiments at
465°C. With the observed styrene productivity data for the
plug flow experiments of tables III.1, III.2 and III.3 and
the ﬁsdif values of table 5.3, % and ﬁE were calculated
with the search program as explained in section 5.3. The
resulting parameter estimates and the total sum of sguares
( = 1 to 20) for the plug flow experiments are given in
table 5.4. For instance, the curves for the experiments at
495°C were calculated with these parameters for both plug
flow and stirred reactor conditionsg. This is shown in fig-
ures 5.8 and 5.9. From the latter figure it can be seen
‘that the observed styrene productivities for the stirred
reactor are a little higher than those predicted from the
plug flow experiments. One reason for these deviations is
that both the plug flow and the stirred reactor are not
ideal. This tends to bring the experimental conversion
curves for both reactor types nearer to each other, as
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Table 5.4

Kinetic constants calculated with observed

styrene productivities of the plug flow

experiments,
te i RE ss* Rs X
P« ' dif “eq
°¢c 1(g cat sec)™! 1 mmo1”?! 1 mmol™! mmol 171
435  6.99x10™% 1.94  5.7x107° 2.1 0.343
480  5.22x107¢ 1.76  2.6x107° 2.4  0.237
465  3.88x10" ¢ 1.77  4.4x1077 2.7 o0.162
*4 =1 to 20
Co Csto Co
{mmol 1} tmmol 1™
80 0062 0 ~ 80t e 0063
< 0156 @ £ |oopiss
N -
= 0291 0 = |eo29
2 78 0127 Z o052
= 1 } =
S8 0 5 60 -
° ©
S L
& B8 N o
L & 15
; ; .
E_ 401 E‘ 401 o .
w o
o - [
20 20
plug flow reactor mizer
1000 2000 1000 2000
——e W/ Fig catsecl™ W/Figcatsec ™
Fig. 5.8 Fig. 5.9

Observed styrene productivities versus W/F: temperature 495°¢.

Curves calculated with parameter estimates of table 5.4,
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would have been the case if both reactors had behaved
ideally. Therefore, thé systematic errors introduced by
using the formulae for ideal reactors were corrected as
follows.

The fluid flow in the actual plug flow reactor is
considered to be ideal plug flow on which is superimposed
some axial mixing. This axial mixing or axial dispersion
is characterized by the dimensionless group Da/uL, which
usually represents gquite satisfactorily flow that does not
deviate much from plug flow. The axial dispersion coeffi-
cient D, can be taken equal te the molecular diffusion coef-
ficient D under the plug flow experimental conditions, be-
cause in all cases the Reynolds number was smaller than 0.5
(8,9). The differential equation describing the effect of
axial ‘dispersion on the chemical reaction can only be
solved analytically for simple kinetics; in most other
cases numerical solution procedures are required. However,
for slight deviations from plug flow Pasquon (10) derived
the equation: '

c, = C = D/ul. r

Ap

A W/F 1n (rAp /rApo) ©(5.15)

Ap

where rApo and rAp are the rates at the inlet and the outlet
of an ideal plug flow reactor of the same W/F as the real
one and Cp = Gy is the concentration difference between
the real and the ideal reactor. With eguation 5.15, which
holds for any kinetics, and the parameters of table 5.4,
the styrene productivities for the plug flow experiments
of the tables IXI.1l, IITI.2 and III.3 (Appendix'IIIf were
corrected, In these tables the D/ul numbers used are given
as well. The deviation from ideality of the mixer experi-
ments were taken care of by visualizing the CSGSR as a
recirculated plug flow reactor as described in section 4.2,
The conversion in a reactor with an infinite number of re-
circulations is equal to that of an ideal mixer. As the
recirculation number in the actual reactor was known, the
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difference in conversion between the recirculation and an
ideal mixed reactor could be calculated with the parameters
of table 5.4. The results of this correction, which had to
be carried out numerically, and the recirculation numbers
n, are shown in the tables III.1,III.2 and III.3. With the
corrected styrene productivity data of the plug flow and
the mixer experiments together (j = 1 to 36), estimates for
k, RKE and KS were calculated again. As shown in figures
5.10 to 5.15 the corrected productivity data, both for the
plug flow reactor and the CSGSR, fitted well on the curves
calculated with the parameter estimates of table 5.5.

Co Csto o
(snz‘:mol r:)) (r[r)\m%i |
] 3 .06
2 80 s 80
< 0.156 a = 0156
‘é 0291 0 ;::: 0.261
"g 0,178 0.127 é 0824
o <
Q o
[~ b
e >
= ks o
40 T 49
1<)
2 2
plug flow reactor mixer
1000 2000 1000 2000
— = W/F(gcat sec ") ——= W/ Figeat sec )
Fig. 5.10 ) Fig. 5.11

Styrene productivities corrected for non-ideal reactor
performance versus W/F: temperature 495°¢C.

Curves calculated with parameter estimates of table 5.5.
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a 8.
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g g
= >
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140 1 40k
2 20f
plug flow reactor mixer
0 1000 2000 0 1000 2000
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Fig. 5.12 Fig. 5.13

Styrene productivities corrected for non-ideal reactor
performance versus W/F: temperature 480°¢C.

Curves calculated with parameter estimates of table 5.5.

temp. ﬁ ﬁE ﬁs

*
int 58
°% 1 (g cat sec)”l 1 mmol™’ 1 mmo1”?
495 7.47x1074 2.03 2.70 5.6x1073
480 5.53x10 4 1.82 3.08 3.8x10 3
465 3.98x104 1.74 3.14 7.1x1073

*§ =1 to 36

Table 5.5 Estimates for the kinetic constants k, KE
and KS calculated with the corrected
styrene productivity data of both plug-
flow and stirred reactor experiments.
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Styrene productivities corrected for non-ideal reactor
performance versus W/F: temperature 465°c.

Curves calculated with parameter estimates of table 5.5,

5.5, COMPUTATION OF THE ERROR IN THE ESTIMATED PARAMETERS

An Algol 60 procedure described by Linssen (11) can
be used to calculate the standard deviations of a set of
parameters, estimated with least squares. As the method
comprises a linearization step, the generated matrix is
only exactly equal to the variance-~covariance matrix for
linear models. Nevertheless, for non-linear models the
method gives a useful approximation.

The calculated approximations of the variance-covari-
ance matrices for the parameters of table 5.5 are given in

~table 5.6. In it the variances of ﬁSdif have been given as
well. The values for ﬁsdif are lower than for Rs, but

int”’
the differences are statistically not significant.
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Table 5.6 Variance-covariance matrices of the parameter
AA A
estimators k, KE and Ksint calculated from
. A
the integral data, and variances of stif’

A D 4 A ‘ 2
temp. ®'= kx10 RE ﬁsint o (ﬁsdif)
fr 2.22x107%  1.35x1072  2.44x1072
495 RE  1.35x10°2  2.54x107%  -1.29x10"2
Rs, . 2.44x10"%  -1.29x10"2  9.61x10"2  3.96x10 2
R 1.43x1072  1.09x1072  2.48x10”2
480 RE  1.09x1072  2.66x10"% -1.57x1072
Rs, . 2.48x107% -1.57x10"%  0.149 0.85x10 2
int
R 0.89x10"2  0.95x1072  2.27x1072
465 RE  0.95x10°2  2.94x10°2  ~1.90x1072
Rs. . 2.27x107%2  -1.90x107%  0.223 0.34x10 2

Moreover, we have no physical or chemical reason to suppose
that the two values stem from different populations and
thus we assume that both ﬁsdif and ﬁsint are estimators of
one KS. These two estimators, which have different vari-
ances, were combined. An often applied statistical method
for this is to determine the weighted combination:

Rs = Aﬁsint + (1-1) ﬁsdif (5.16)
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A
such that the variance of the joint parameter estimate KS
is minimum. This condition is met for

2

a=o® (Rsy) /{o? (Rs, ) + o (Rs

int aig!!
The new variance-covariance matrices for ﬁ, ﬁE and the
joint estimate ﬁs are obtained from the matrices of
table 5.6 by multiplying the elements of the row.and the
column, corresponding to ﬁs, by appropriate values of 2.
These new matrices, together with the values of the para-
meters and the standard deviations of these estimators are
given in table 5.7. The theoretical curves, calculated
with the parameter estimates of table 5.7, did not deviate
visibly from the curves shown in figures 5.10 to 5.15.
Some general principles of the error estimation pro~
cedure have been given in appendix 1IV.

5.6. THE CONFIDENCE REGIONS OF THE KINETIC PARAMETERS

In the preceding section the standard deviations of
ﬁ, ﬁE and ﬁ5~have been considered separately. However, the
joint confidence intervals of a set of parameters are to
be preferred to the perpendicular confidence intervals,
(standard deviations) since only the former give informa-
tion about the sets of Q, ﬁE and ﬁs values that are con-
gsistent with the experimental results.

The joint confidence regions, which contain k, KE and
KS within a certain confidence, have elliptical contours.
An almost identical method of calculating confidence
regions of model parameters has been reported by German
{12) and Behnken (13). A brief explanation of the proce-
dure has been given in appendix IV,

If the parameteré are estimated by a non~linear least
sguares method, for reasons mentioned in section 5.5 and
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Table 5.7 The pafameter estimators Q, ﬁE and KS and their

.variance-covariance matrices.

temp. % s.d. RE s.d. Rs s.d.*
Sc 1 (g cat sec)™ ! 1 mmol™! 1 mmol”}
495  7.47x10°%  0.15x107%  2.03 0.16 2.28 0.17
480 5.53x10°%  o0.12x107%  1.82 0.16 2.44 0.11
465 3.98x10° % o0.o9x10™% 1.74 0.17 2.71 0.06
temp. ﬁ’= ﬁx104 ﬁE Rs

R 2.22 x1072 1.35 %102 0.711x10" 2
495 f=m 1.35 x1072 2.54 x10™2 -0.376x10"2

Rs 0.711x10"2 -0.376x10"2 2.80 x10™2

R 1.43 x10°2 1.09 x10”2 0.134x1072
480 RE 1.09 %1072 2.66 x10™2 -0.085x10"2

Rs 0.134x10 2 -0.085%10 2 1.26 x1072

g 0.892x10 2 0.095x102 0.034x102
465 RE 0.095x10™2 2.94 x1072 -0.028x10"2

Rs 0.034x10"2 -0.028x10"2 0.335x1072
* s.d standard deviation



in appendix IV, only approximations of the confidence
regions can be determined. The regions, calculated with
the variance-covariance matrices of table 5.7, are given
in figure 5.16. The ellipses given in this figure are the
projections of the confidence contours on the k~KE and

25 465°C

20,

Fig. 5.16 Projections of the confidence regions of the
parameter estimators on the k - KE and the

k - KS plane; a = probability level.
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the k~KS planes respectively. In figure 5.17 a three-
dimensional representation of the 90% confidence region
at 480°C is given.

The probability level a, for example o = 99%, means
that, if a sufficiently large number of experiments is
carried out, in one out of a hundred cases the actual set
of parameters is situated outside the determined confidence
region.

[—

2.0

e Ks
25 30

Fig. 5.17 Three dimensional representation of the 90Z-confidence

region of the parameter estimators at 480°¢.
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5.7. FINAL REMARKS

Discrimination on statistical grounds between the dual
site model (equation 5.1) and the single site model (equa—
tion 5.3) was not possible with the results of the integral
experiments only. This means that for both models sets of
parameter estimates can be calculated so that the residual
sums of squares of the differences between the observed and
the calculated concentrations do not differ significantly.

‘The results of the differéntial experiments shown in fig-
ures 5.3 and 5.4, however, clearly demonstrate that the
single site model is to be preferred.

It should be noted that in equation 5.4 we have as-
'sumed that the ethylbenzene concentration is equal to

c . However, for our experiments the selectivity for

- ¢
siyrenitwas 97%, with a standard deviation of 1%. Therefore,
the actual concentration of ethylbenzene should be
= -A1.03 Cgt* When taking th&s into account, the values
for k given in table 5.7 should be increased by about 2%.
From the estimators & of table 5.7 an energy of activation
of 23 kcal mol™ ! was calculated. Because of the high rela~
tive errors of RE and ﬁﬁi no heats of adsorption for ethyl-
benzene and styrene were‘éalculated.g

Kinetic expressions and their agpropriate parameters
were not evaluated for the formation of benzene and toluene
because the concentrations of these by-products were very
low and consequently were determined with rather low accu-
racy. ;' ‘

The error in the values for Cyr calculated with equa-
tion 5.5, hag no noticeable effect on the calculated para-
meter estimates and therefore it was neglected in the cal-
culation of the error of those parameters.

It can be shown that the corrected experimental re-
sults in the CSGSR can be predicted with parameter esti-
mates calculated from the corrected plug flow reactor data
or vice versa. On statistical grounds the kinetic constants
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of table 5.5 were calculated with the combined infbrmation‘
from plug flow reactor and CSGSR.
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CHAPTER 6

DEHYDROGENATION MECHANISM OF ALKYLBENZENES OVER URANIUM~
DIOXIDE

6.1. INTRODUCTION

The hydrogenation and dehydrogenation of non-aromatic
hydrocarbons over various metal oxides has been studied ex-
tensively (1,2), but practically no information about the
dehydrogenation mechanism of alkylbenzenes has been given
in the literature. In this chapter a few orienting experi-
ments are described which allow some tentative conclusions.

The thermal decomposition of alkylbenzenes has been
studied by, among others, Badger (3) and Leigh (4). Besides
cracking products like benzene and toluene, dehydrogenation
products like styrene from ethylbenzene and methylstyrenes
from propylbenzenes were also found. Badger explains the
presence of these dehydrogenation products as follows. Ini-
tial decomposition of n~alkylaromatics, with at least two
alkylcarbon atoms, occurs by rupture of a C-C bond to give
benzyl radicalsi, €.9.

CgHg ~CHa-CHy —= CgHs-"CH; +TH;

The resulting primary radicals undergo further reactions
leading to other radicals and molecules. Hydrogen abs-
traction from alkylbenzenes by any radical is expected to
occur chiefly at the a—-carbon atom. The secondary radical
thus formed decomposes to give the dehydrogenation prbduct,
e.g.

CgHg = CHy-CH3 +"CHj ~CHy CgHg"C H-CH;
CgHg~CH -CHj ~=CeHg~CH =CHy#H
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On non-acidic metal oxide catalysts alkylbenzenes
are preponderently dehydrogenated. This has been described
by Pines (5,6) for butylbenzenes and by Tung (7) and
Richardson (8) for cumene. In both cases the authors have
opted for a free radical dehydrogenation mechanism. In
their view the catalyst plays only a role in the formation
of the initial radical:

In contrast to the thermal free radical mechanism,
where initially a C~C bond breaks, in the éatalytic reac-
tion the first step is rupture of a C~H bond.

Cracking of alkylbenzenes over catalysts containing
acid sites (e.g. catcracking catalysts), gives predominant-
1y benzene and the corresponding alkene (9). This reaction
occurs via a carbonium ion mechanism. Tung (7), by testing
a number of catalysts, has shown that the product distribu-
tion of the cumene cracking can be used as a measure of the
ratio of carbonium ion and free radical type activity of
catalysts.

Both Tung and Pines suggest that for the dehydrogena-
tion of alkylaromatics the catalyst only plays a role in
the initial step and that the subseguent reaction occurs
via free radicals. Burwell (1) and Kockes (2), however,
found evidence that, at least during the hydrogenation of
alkenes, the catalyst plays an important role in the se-
quential reaction steps. Kokes studied the hydrogenation of
ethylene over Zn0O at room temperature. IR spectroscopy
measurements proved the existence of Zn-H and O-H surface
species when hydrogen is adsorbed on 7n0. After addition of
ethylene to the system, a Zn-ethyl bond appéared in the
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IR spectrum, while the intensity of the Zn-H bond
decreased, Ethylene adsorbed on the Zn0 surface is believed
to be a surface I-complex. On the principle of micro-re-
versibility one would therefore expect that the dehydro-
genation reaction would also proceed via hydrocarbon
species adsorbed on the catalytic surface.

6.2. EXPERIMENTAL AND RESULTS

Ethylbenzene, n-propylbenzene and cumene were dehydro-
genated over pure uraniumdioxide (Catalyst A) in the plug
flow reactor (figure 2.2) in a way similar to the one des-
cribed in section 5.2, The results and the reaction condi-
tions of these experiments are given in the tables 6.1, 6.2
and 6.3. As shown in table 6.1, ethylbenzene gives styrene
with a selectivity of about 97%; the by-products are ben-
zene and toluene. In the gaseous product after the cold
trap, we found, besides hydrogen, methane and ethylene
which are formed together with toluene and benzene re-
spectively. For the experiments with cumene, reported in
table 6.2, the temperature was reduced from 520° to 480%cC.
At 520°C the catalyst deactivated rather guickly, presuma-
bly as a result of coke deposition. At the lower tempera-
ture the reaction rates were of the same order as those
found for ethylbenzene at 520°. Cumene‘gives a=-methyl-
styrene with a selectivity of about 96% and benzene,
toluene and styrene as by-products. In the condensed rea-
tion product only very small amounts of g-methylstyrene
were detected (a-MS/8~MS = 100). Table 6.3 gives the re-
sults of the n-propylbenzene dehydrogenation. The two major
products are o and g-methylstyrene. The selectivity for
methylstyrenes varied between 90 and 93%. Beside styrene,
small amounts of benzene and toluene, but no detectable
amounts of cumene were found. In the gaseous reaction
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Table 6.1 Dehydrogenation of ethylbenzene over 1 g pure
uraniumdioxide {(catalyst A) at 520°C. -

o W/F productivities selectivity
Py Py Ps & {(for 8t)
mmol 17! g cat mol % %
sec l'-1
0.057 149 0.2 0.2 15.3 97.4
0.057 196 0.2 0.2 18.4 97.7
0.057 284 0.3 0.3 23.3 97.7
0.057 566 0.6 0.6 38.4 97.4
0.079 152 0.2 0.2 14.4 97.2
0.079 196 0.2 0.2 17.2 97.4
0.079 287 0.3 0.3 23.5 97.6
0.079 563 0.5 0.4 37.9 97.7
0.123 152 0.1 0.2 11.6 97.0
0.123 196 0.1 0.2 14,1 97.9
0.123 287 0.2 0.2 17.6 97.8
0.123 563 0.4 0.4 30.6 97.5
0.203 152 0.1 0.2 9.4 96.9
0.203 196 0.1 0.2 11.4 97.4
0.203 287 0.1 0.2 15.7 98.3
0.203 ‘567 0.2 0.3 23.9 98.3
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Table 6.2 Dehydrogenation of cumene over | g pure
uraniumdioxide (catalyst A) at 480°c.

o W/F productivities . selectivity
PB PT PSt Pu-MS (for o-MS)
mmol g cat mol % %
17! sec 17!

0.021 148 0.5 0.5 0.8 31.0 94.4
0.021 200 0.6 0.5 0.6 40.3  95.9
0.021 294 0.8 0.6 0.7 48.2 95.7
0.021 582 1.3 0.9 0.8 66.3 95.7
0.034 152 0.3 0.3 0.4 25.2 96.5
0.034 200 0.4 0.3 0.6 33.2 96.4
0.034 294 0.5 0.4 0.6 37.7 97.0
0.034 574 0.7 0.4 0.5 55.7 97.3
0.056 152 0.2 0.3 0.7 18.0 93.2
0.056 200 0.3 0.2 0.5 22.6 95.7
0.056 . 294 0.3 0.3 0.6 29.6 85.9
0.056 582 0.5 0.4 0.5 44.4 97.0
0.071 152 0.2 0.2 0.6 15.7 93.9
0.071 203 0.2 0.2 0.6 19.1 94.9
0.071 294 0.3 . 0.3 0.5 25.6 95.8
0.071 582 0.5 0.4 0.5 39.9 96.8
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Table 6.3 Dehydrogenation of n-propylbenzene over 5 g

pure uraniumdioxide (catalyst A).

Pg

temp. ¢, W/F productivities gelt _B-MS
P Pp  Pge  Pums Pg-ms Fa-ms
% mmol g cat mol % %
171 sec 17!
carrier gas: nitrogen
506 0.207 1137 0.2 0.1 0.2 1.0‘ 4.5 92 4.5
500 0.207 1705 0.2 0.1 0.3 1.2 5.7 92 4.8
500 0.207 3410 0.4 0.2 0.5 2.3 10.7 92 4.6
500 0.207 6820 0.7 0.5 0.8 3.9 17.6 91 4,5
520 0.202 1108 0.2 0.1 0.3 1.2 5.7 92 4,6
520 0.202 1662 0.3 0.2 0.3 1.8 8.1 93 4.5
520 0.202 3325 0.6 0.3 0.6 3.3 14.1 . 91 4.3
520 0.202 6650 0.9 0.6 . 1.1 5.6 24.1 92 4.3
carrier gas: nitrogen + 1 mol % hydrogen
500 0.207 1137 0.2 0.1 0.2 0.85 3.8 90 4.7
500 0.207 1705 0.2 0.1 - 0.3 1.05 4.7 91 4.5
500 6.207 3410 0.3 0.2 0.5 2.1 9.2 92 4.4
500 0.207 6820 0.7 6.5 0.7 3.8 16.0 91 4.3
520 0.202 1108 0.2 0.1 0.2 1.0 4.5 92 4.5
520 0.202 1662 0.3 0.2 0.3 1.4 6.7 91 4.8
520 0.202 3325 0.5 6.3 0.6 2.6 11.6 91 4.5
520 0.202 6650 0.8 0.6 1.1 4.7 19.8 921 4.2

*) Selectivity for a-methylstyrene plus g-methylstyrene.
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products of the propylbenzenes, methane, ethylene and
propylene were found.

6.3, DISCUSSION

Starting from cumene, o-~methylstyrene and hydrogen
are formed almost exclusively. When these data are com-—
pared to those presented by Tung (7) on cumene, it is found
that our product distribution is similar to the distribu-
tion that is ascribed by Tung to a radical type of reaction.
Our data on ethylbenzene and n-propylbenzene also show high
selectivities for dehydrogenation, which is in accordance
with such a reaction mechanism.

For uranium oxide on alumina {see tables III.1, III.2
and III.3 of appendix III)the product distribution also
indicates a radical type of mechanism, as hardly any prod-
ucts requiring a carbonium ion mechanism are found.
Conseguently, we conclude that catalyst A and catalyst B
contain no, or hardly any, acidic sites.

It seems reasonable to assume that on uraniumdioxide,
just as on chromia, alumina and zincoxide, the first reac-
tion step is cleavage of a C~H bond. We suppose that, simi-
larly to the hydrogen abstraction by free radicals, in the
catalytic process the first hydrogen atom is split from the
a—-carbon atom, According to the mechanism for ethylene
hydrogenation over chromia and zincoxide, as proposed by
Burwell and Kokes, we suggest the following dehydrogenation
mechanism for ethylbenzene:

a b :
\CHz"CHg ~C-CHy \C=CH2
Il

0 uU o
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The dehydrogenations of cumene and n—propylbehzene
are believed to occur similarly. Both o and B-methylstyrene
are found in the product mixture from propylbenzene, where-
as cumene gives oa-methylstyrene and only a very small
amount of B-methylstyrene {o-MS/g~MS > 100). We suggest
the following reaction route:

s
‘ CH3 @ CH3 = © CH3 - a-methylstyrene
c ~CH, c -CH, ~C=CH, * H

i

m Xf

LI .
— J— e miethyl
- H - H " styrene
N CH,~CHy-CHy ~C-CHyCHs NC=CHCHy M2
= 4 Hu
I '

An atom or molecule bound to the surface is here designated
be».

It seems reasonable to postulate that the isomerization
intermediate X is a phenyl cyclopropane type of surface
species. Isomerization reactions of alkanes and butylben-
zenes over non-acidic metal oxide catalysts have been fre-
quently proposed to occur via cyclo-C3 intermediates (10,
11, 12).

The almost complete absence of B-methylstyrene in the
- dehydrogenation product mixture of cumene may indicate that
the isomerization species X is hardly formed during cumene
dehydrogenation. One reason could be that the formation of
X, starting from species III, is energetically unfavourably
compared to the desorption of that species. Another expla-
nation might be that the frequency factor for the reaction
starting from species III is much smaller than that start-
ing from IV.
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The ratio of the productivities of a and B-methyl-
styrene in the propylbenzene dehydrogenation product mix-
ture is practically independent of the reaction conditions,
particularly the reaction temperature. For the proposed
reaction route this implies that, starting from surface
species IV, the energy of activation for the desorption of
IV and for the formation of the isomerization intermediate
X are almost equal.

Cumene is not found in the dehydrogenation product
mixture of propylbenzene, in spite of the fact that both
o~methylstyrene and hydrogen are present, because under the
prevailing conditions the equilibrium concentration of
cumene was not detectable.

In the foregoing we have avoided the guestion of
adsorption of the benzene ring. An indication of the assump-
tion that the benzene ring is not adsorbed on the catalyst
surface is provided by the change in the product composition
during the reduction of the catalyst, as shown in figure
3.2, Initially, ethylbenzene is completely oxidized, i.e.
oxygen from the lattice reacts with atoms of the benzene
ring, which therefore must be in contact with the catalyst.
When the reduction of the catalyst proceeds, the benzene
ring oxidation stops (although the catalyst still vields
oxygen for other oxidation reactions), indicating that
no reactive sites for benzene ring adsorption are available
anymore.

Although no definite conclusions can be drawn from
the experiments described in this chapter, there is no
contradiction between these observations and the kinetic
medel.
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APPENDIX T

CALCULATION OF PRODUCTIVITY AND SELECTIVITY

The calculation procedure for a fixed bed experiment,
with both ethylbenzene and styrene in the feed gas is given
below. The parts of the apparatus which are significant are
shown in figure I.1.

soap buhble
flow meter
REACTOR :

GLCY ‘ GLC 2

cold

Fig. I.1

Benzene (B), toluene (T) and styrene (St) are formed
from ethylbenzene (EB) according to the following reactions:

EB > St + H, (I.1)
EB +~ B + 02H4 (1.2)
EB + H2 > T + CH4 (I.3)

Moreover,during experiments with carbondioxide as carrier
gas the water gas shift reaction takes place:

Co, + H

2 2

5 > CO + H.0 ‘ . (I.4)

During an experiment the following data are determined:
a) reactor temperature TR (°c)
b) vapour pressures Pgp and Pgt {mm Hg)
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(°c)

d) barometric pressure Ppar {(mm Hg)

c) room temperature T,

e) reactor inlet pressure = pressure above ligquid in the
vaporizer Py = Ppar + Apl {(mm Hg)

f} pressure drop over the catalyst Ap, (mm Hg)

g) gas flow rate after cold trap (pressure Ppar’

!

h) from GLC2 : %Hz in gas flow after cold trap

i} from GLC1 : hydrocarbon surface areas AB' A, AE

temperature T,) ¢, (1 h~

B ASt‘

For the various compounds the following symbols are used:

co2 = mmol h™! CO, entering the reactor
eb, = mmol h™! EB "
sto = mmol nht st "
co2 = mmol h_1 CO2 leaving the reactor
eb = mmol h~! EB "
st = mmol h™! st "
b = mmol h™! B "
t = mmol K™YL T "
met = mmol h™l CH, "
et = mmol b C,H, "
h2 = mmol h™' n, n
h2o = mmol h™' H,0 .
co = mmol h™ 1 co .
tot mol = total mole flow after the cold trap (mmol h™})
For the hydrocarbons entering the reactor applies:
eb_ = PeB x co2 mmol h™1  (I.5)

P;j = Pgp ™ Pst
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and

. Pas ..
- St -
sto = X coZo mmol h

P; =~ Prp ~ Pgt

(I.6)

From the hydrocarbon analysis on GLC1 (see §2.3) follows:

b = eb0 Yg AB / AEB mmol h“1 (I.7)
Q
t = eb yq Ay / A mmol b~ (1.8)
S .
SR G )

eb = eb_ 1.00 Ag, / AEBO mmol h
st = ebo Yst ASt / AEBO mmol h-l (1.10)
+

+ + =
Brtrebdst=eb, (ypls ¥ yrPr ¥ App * vsePse)/Ppp_

or:
eb, + st = eb, E viAy / AEBO (1.11)

Division by ebO:

sto
L+ = ZyyBy / Agy
eb i (]
o
st o
As _ —° . St we can calculate AEB :
ebo Pgp ()
_ Pst '
AEB = @ YiAi / (1 + —) (I.12)
o i Pgp
AEB is the fictitious surface area that ethylbenzene

shoBld have under conditions identical with the actual
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ones, but without any conversion. With equations I.7 - I.12
the number of moles of the various hydrocarbons can be
calculated after 002 is known. ‘

In the cold trap the aromatics and water are condensed

and therefore:

co2 + met + et +h2 + co
co2, + h2 + met + et mmol h™(I.13)

tot mol

i

With I.2 and I.3 we find:
tot mol - h2 = co2_ + b + t mmol h™Y(I.14)

tot mol is calculated from ¢l:

[ 273 pbar
Y273+, ] 760 _
tot mol = % 1000 mmol h™1(1.15)
22.4
and h2 we found with:
h2 = %H2 X tot mol / 100 {1.16)

Combination of the equations I.14, I.7 and I.8 results in:

[~Y Aty
tot mol - h2 = co2_ + eb_ s * Yoy (1.17)
l App
QO
With I.5:
P +
tot mol - h2 = cozo 1+ EB ( YTAT )
P; T Pg Pgt AEBO
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co2 = {tot mol - h2)41+
© A

EBO

or: '
Pgp ( Yehp * Yoy )

P; = Pgp " Pst

mmol h~l(I.18)

Now (a) ebo, sto, eb, st, b, and t, (b) the productivities
P, and the conversion and the selectivity are calculated:

PBez b{ebo, PT = tfebo, Pst = (gt = sto)febo,

PB + PT + PSt

conversion

selectivity = Pst/conversion

The pressure and the total number of moles varies over the
catalyst bed, This variation should be taken into account
when calculating the contact time W/F (g cat sec l—l), and
the concentrations in the reactor.

For fixed bed experiments the pressure drop over the bed is
- at most 1 mm Hg; moreover, no ethylbenzene vapour pressures
above 30 mm Hyg were applied. We decided to calculate the
average feed rate F at p = p; - g‘ﬁpz and at conversion
half the total conversion. The total number of moles thep

equals to:
coZo + ebo + sto + (st - sto) + b

and

3 273+1, 760 1p-1

F = 22.4x10 (c02°+ebo+sto+%(st-sto)+%b)

273 Ppar

With the average F-values the reaction product and feed
concentrations were also calculated:
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= eb_/F, c = st_/F mmol 171

C
Sto

EB
o
1

cgp = €b/F, ¢y =b/F, ¢y =1t/F, cg = st/F mmol 1~

The error, introduced in the kinetic parameters by
assuming the reaction volume to be constant, can be shown

to be negligible.
Calculations of mixer experiments were analogous,

except that in this case the average reaction volume was
calculated at reactor outlet conversion.
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APPENDIX 1II

DATA USED FOR VARIOUS CALCULATIONS

Reactor A:

catalyst bed cross section 44.5x10°
height catalyst bed . 4.4x10°
Reactor B:

catalyst bed cross section 3.1x10°
height catalyst bed 2.7x10"
Silicon carbide:

average particle diameter, dp 1.2x10°
external void fraction, ¢ 0.5
Catalyst B:

average particle diameter, dp 7.2x10°
external void fraction, € 0.35
internal pore void fraction, © 0.52
bulk density, Py 1000
particle density, Pp 1540
average pore radius, ry 46x10710

4
2

4
2

3

4

2
m

m

m2

m

m

m

kg m
kg m

m

-3
=3

95



Viscosity: Ref.

3.3:{10_5 N sec m-z (1)

-2

carbondioxide (495°C), u..
co, -
3.5x10 N secm (1)

nitrogen (SOOOC), Uy
2

Density:
carbondioxide (495°C), o, 0.70 kg m 3 (1)
2 -
nitrogen (500°C), oy 0.45 kg m > (1)
, 2
Specific heat:
carbondioxide (495°C), c, 0.28 kecal(kg®c)™t (1)

Diffusion coefficient:

ethylbenzene in CO, (495°¢c), Dgp 0.31x20"% % sec™! (1)

Reference 1 Perry, J.H. "Chemical Engineer's Handbook",
Mc Graw-Hill Book Company, New York, 1963.
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APPENDIX III

EXPERIMENTAL DATA

Table III.] Results of kinetic experiments in reactor B at 495°C

3 S Cg W/F D/ul n productivities selectivity Py
o
. in ideal
P P,

B | £ | Pyy l Fu, : reactor

mmol 174 g cat mol & ‘ % mol %

sec 1% B i o .
plug £low resctor
1 0.628 4] 578 0.00% - 0.2, 0.4 i8.3 8.1 96.8 18.3
2 |'0.628 o 1084 0,017 - 0.3 0.8 30.0 ] 13.1 $7.4 30.2
3 0,628 o 1373 0,022 - 0.3 0.6 34.8 15.5% 87.5 34.9
4 0,628 ] 2263 0,036 - 0.4 0.7 46.2 18.8 97.7 47.2
5 0,231 [+ 578 3.009 - 0.2 0.8 22.2 8.1 96.7 22.3
6 0,291 g 1100 0.017 - 8.3 0.6 36.2 13.4 97.6 36.5
7 0,291 ¢ 1374 0,022 - ¢.2 0.6 41.8 15.4 97.9 42,3
8 6.291 ] 2332 0.037 - 0.6 0.8 §7.7 18.7 87.6 59,1
9 0.178 0,127 583 0,009 - 0.3 0.6 24.0 96.4 24.1
10 0.178 0.127 1110 0.017 - 0.5 0.7 37.3 96.9 37.6
11 0,178 0,127 1483 0.024 - 0.6 0.8 44.8 97.0 45.4
12 0,178 0.127 2335 0.037 - 1.0 0.2 55.1 96.2 56.5
13 0.15%6 [€] 570 0.009 - 0.2 0.8 27.7 96,5 27.8
14 0,156 ] 1120 5.018 - 0.5 0.8 43.5 87.1 43.9
15 0.1356 o 1396 8,022 - 0.5 8.9 51.8% 87.4 52.5
16 0,158 ] 2124 0,034 - 0.3 1.1 64.8 87.0 66,2
17 6,062 1 586 0.009% - G.3 8.7 33 97.1 . 33.2
18 0.062 o 11588 0.018 - 4.6 1.0 52.2 87.0 52.7
i3 9,062 9 1451 0,023 - 0.6 1.0 §0.8 97.4 61.4
20 0,062 o 23585 0.037 - 1.2 1.1 75.4 . 97.2 77.2
mixer . X

21 0,624 ] 582 - 5 0.2 0.6 15.7 7.4 95.2 15.5
22 0.624 0 1102 - 9 0.3 0.6 26.2 11.8 96.7 25.8
23 0.624 0 1375 - 11 0.2 0.7 29.5 12.8 96.7 29.0
24 0.624 0 2329 - 17 0.4 1.0 38.8 15.5 96.5 38.2
25 | 0.201 o 582 - s| 0.3 0.6) 19.3 7.2 95,6 19.1
26 0,291 ¢ 1102 - 9 0.3 0.8 31.8 11.0 96.7 31.3
27 0,291 ¢ 1375 - 11 8.3 0.8 36.9 12.7 97.1 36.2
28 0,291 G 2328 - 17 0.6 0.9 48.2 i5.5 87.0 47.4
23 0.156 0 575 - 5 8.2 0.8 25.3 ‘ $6.2 24.8
30 0.156 0 1124 - 3 0.4 0.8 38,9 37.0 38.1
31 0.156 ¢ 1400 - S 11 0.8 0.9 44.4 96.7 43.6
32 0.156 ] 2127 - 16 1.2 1.0 ] 53.3 96.0 52.4
33 0,063 [} 590 5 6.3 0.8 28.0 96.3 28.4
34 0.063 0 1160 9 6.6 0.8 45.3 $7.0 44.4
35 0,063 0 1456 11 0.6 2.9 50.3 97.1 48.4
36 0.063 a 2362 17 1.2 1.1 60.0 96.3 58.9
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Table III.2 Results of kinpetic

. . 2 (¢}
experiments in reactor B at 480°C

3 N Cgt W/F D/uL n productivities selectivity Pst
' in, ideal
Pa I Py | Pse I Py, reactor

mmol 17} g cat mol % (3 mol %

sec 1
plug flow reactor
11 0.641 g 550 0,008 -1 0.0 6.5 13.4 8.2 96.4 13.:!
2 0.641 ] X043 0.016 ~1 0,2 0.8 22.4 11.7 86.6 22.5
3 08.641 ] 1371 0.020 ~1 0.2 0.6 27.8 13.0 97.2 28.0
4 0.641 4] 2253 0.033 «10.3 0.7 37.2 16.3 47.4 37.9
5 0.297 ] 560 4.008 -1 0.0 0.5 18.3 6.7 97.3 18.3
6 0.297 0 1107 0.016 -1 0.1 0.6 29.1 11.7 97.7 29.3
7 0.2%7 <] 1410 0.021 -1 0.2 0.7 35.7 13.4 97.5 36.0
8 0,297 0 2420 0.036 - ‘0.5 0.9 51.9 17.5 97.4 53.0
9 0.182 0.130 572 0.008 -1 0.3 0.8 17.6 94,1 17.6
10 ¢.182 0,130 1090 0.016 -1 0.5 9.9 26.5 95.0 26.7
11 0.182 G, 130 1460 0.022 -1 0.6 1.0 32.4 95,3 32.7
12 9.182 0.130 2485 0.037 -1 0.6 1.0 46.4 96.7 47.5
13 0.159 il 563 6.008 ~-106.1 0.6 21.0 8.5 96.8 21.0
14 0.15% 8 1680 0.016 «10.1 0.8 35.3 12.1 97.5 38.8
15 0159 o 1386 0.021 -10.3 0.8 42.0 13.5 87.5 42.4
16 §.159 ] 2244 0.033 -1 0.6 1.0 58,9 15.% 97.3 58.0
17 0.064 4] 568 0,008 -1 0.3 0.6 23.6 96.3 23.7
18 0.064 [ 1078 0,016 -] 0.5 ¢.8 41.5 97.0 41.8
18 0.064 0 1469 0,022 -1 0.6 0.8 48.3 $7.0 49.8
20 0.064 0 2385 0,035 -1 1.1 ¢.9 66.5 97.1 67.9
‘ mixer '

21 0.639 [} 553 - 510.0 0.5 12.3 6.7 96.1 12,1
22 0.639 ¢ 1051 - 910.0 0.6 18.5 10.4 96.9 18.2
23 0,639 4] 1370 - 11 0.2 0.6 22.4 11.8 96.6 22.0
24 0,639 [+ 2245 f- 16 | 0.4 1.0 32,8 15.5 95.9 32.0
25 Q.297 ] 365 - 510.0 0.8 15.5 5.9 96.3 15.2
26 9,297 [ 1111 - 101 0.3 0.7 26.7 10.3 96.4 26.4
27 0,297 [ 1413 - 13]0.3 0.7 30.9 1 11.4 26.9 30.4
28 0.297 g 2418 - 171 0.6 1.0 42.5 15.9 96.4 41.8
29 0.159 0 568 - 510.0 0.8 17.3 6.8 95.6 17.0
30 0.159 0 1084 - 910.3 6.9 24,5 10.7 96.1 29.0
k3 ¢.158 0 1389 - 11 ] 6.3 0.9 37.2 11.6 96.9 36.6
32 ¢.15% 0 2246 - 16 | 0.7 1.0 46.6 14.6 96.5 45.9
33 0.064 0 593 - 5]0.3 0.6 21.2 95. 20.8
34 0.064 0 1084 - 10 | 0.5 0.7 33.6 96.5 33.0
35 0.064 [ 1474 - 11 [ 0.8 0.8 42.3 96.4 41.6
36 0,064 /] 239) - 16 1.0 1.0 . 54,9 6.9 54,0
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Table III.3 Results of kinetic experiments in reactor B at 465°¢C.

3 co cst W/F D/uL n productivities selectivity 95:

° . S in ideal

Py By Pay H, reactor

mmol 171 ¢ vat mol % 8 mol %

sec I}
lug flow reactor
b 0.8655 Q¢ 592 0.008 6.0 0.4 11.4 5.7 96.6 11.4
2 0.655 0 1150 0.016 ~1 0.0 0.5 19.1 9.7 97.4 19.2
3 0.655 0 1447 0.021 - 0.2 0.5 | 22.4 i1.3 97.0 22.6
4 0.65% [ 2285 ¢.033 0.3 0.6 | 31.3 14.2 97.2 31.8
5 0.304 [ 14 581 0.008 0.0 ¢.6 14.5 6.3 96.0 14.5
6 0.304 (4] 1186 0.017 0.2 g.86 24.1 10.1 96.8 24.2
? 0.304 0 1470 0.021 - 6.2 a.7 27.2 11.3 $6.8 27.4
8 0.304 4 2293 0,033 c.3 6.7 | 38.9 15.0 97.5 38.6
9 0.186 0.133 582 0.008 9.2 0.4 13,7 85,8 13.7
10 0.186 0.133] 1002 0.014 0.3 0.4 20.6 96,7 20.7
1} 0,186 0.133] 1461 $.021 - 0.3 0.7 25.6 96.2 25.8
12 0.186 0.133] 2405 0.034 0.3 0.8 36.3 97.1 37.0
13 0.1863 L] 589 0.008 0.0 0.0 15.8 6.3 95,2 15.8
14 0.163 ¢ 1138 0.017 0.1 0.8 27.4 4.5 96.8 27.6
15 0.163 ¢ 1485 ¢.021 - 0.1 0.9 32.1 11.6 97.0 32.4
16 0.163 o 2301 0.033 6.3 1.0 45.8 14.0 97.2 46.4
17 0.065 o 536 0.009 0.0 0.8 21.0 86.3 21.0
18 0.065 ] 1152 0.017 0.3 .8 34.4 96.9 34.6
19 0.065 o 1486 8.621 - 0.3 0.9 |.40.2 97.1 40.5
20 0.065 o 2413 6.038 0.4 1.0 57.0 97.% 58.1
mixer

21 0.654 ¢ 5%6 6 0.0 0.4 10.1 5.0 95.2 -10.0
22 0.654 [ 1153 i1 0.0 0.5 17.6 8.8 97.2 17.4.
23 ¢.654 ] 1449 - 12 0.2 0.6 8.7 2.9 96,1 19.4
24 0,654 0 2283 1% 6.3 0.6 25.7 13.2 26.6 25.4
25 ¢.304 0 586 5 0.0 0.5 13,0 5.8 96.3 12.8
26 0.304 0 1190 13 0.2 0.6 21.5 . 9.0 96.43 21.2
27 0.304 0 1472 - 12 0.2 0.7 23.6 9.8 96.3 23.2
28 0.304 0 2295 17 G.3 0.7 32.7 13.¢0 97.6 32,2
29 0.163 [ 5984 5 0.0 0.6 14.2 547 95.9 14.0
30 0.163 0 1148 11 0.2 0.6 24.5 8.5 96.8 24.1
k39 0.163 ¢ 1490 - 12 0.2 0.8 26,9 9.5 96.4 26.4
32 G.163 0 2308 19 0.3 1.0 38.58 12.4 96.7 38.0
33 0.065 [} 600 [ 8.0 8.5 17.7 87.3 17.4
34 0.065 Q 1156 11 0.3 0.6 31.2 97.2 30.8
35 0.065 0 1450 - 12 0.3 0.9 33.6 96.6 33.1
36 0.065 1] 2417 20 8.5 1.0 46.6 96.9 45.9
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Table III.4 Differentiazl measurements for determination of ﬁsdi

£
Reaction conditions: 0.5 g catalyst B;
carrier gas, nitrogen with 1.2 Z hydrogen
temp ¥ W/F prod EB Cg Acpy/ (W/F) ){GSto /r
= =1
¢ 1"t g cat sec mol % mmol 17 mmol 1 mmol g cat_sec
11 {g cat sec) ! mool

495 . 26.3 68.4 2.71 0.0449 0.178x107% 22.3 5.62x1074
- 26,4 68.2 2.63 0.0682 0.263 - 14.7 3.80 -

- 26.5 67.9 2,30 0.1230 0.417 - 8.13 2.40 -

- 26.8 67.2 1.92 0.2781 0.794 - 3.60 1.26 =

- 27.3 §6.2 1.34 0.530 1.075 - -1,89 0,93 -
180 25.8 69.8 2.66 0.0457 0.174x1074 21,9 5,75x1074
- 25,3 69.5 2.53 0.0695 0.253 - 14.4 3.95 ~

- 25.9 69.5 2.23 0.1256 0.403 = 1.36 2.48 ~

- 26.3 68.4 1,75 0.2835 0,725 - 3.53 1.38 ~

- 26.7 87.4 1.25 0.540 1.000 - 1.85 1.00 -
465 25.3 71.2 2.62 0.0467 0.172x10™% T 21,4 5.82x10"%
- 25.4 70.9 2.45 0.0709 0.245 - 14.1 4.08 -

- 25.4 70.9 2.15 0.1230 0.389 - 7.81 2.57 -

- 25.8 69.8 1.61 0.2781 0.667 ~ 3.46 1.50 -

- 26.1 69.0 1.17 0.530 0.935 - 1.81 1.07 =
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APPENDIX IV
STATISTICS

IV.1 LINEAR LEAST SQUARES

Suppose we have a model which can be written in the
form:
Y=XB+¢€ (IV.1)
with:
Y=nx 1 vector, the vector of observations

X
B
€

S

‘'n % p matrix, the design matrix

p X 1 vector, the parameter vector
= n x 1 vector, the vector of errors

The errors are normally distributed with E{€}=0 and
Var(e}=102.
The sum of sqguares of the errors is

€'e = (Y=-XB'(Y-XB) (Iv.2)
For the vectorﬁ , which minimizes ¢'e¢ , is found by
differentiation of relation IV.2 :

A -
X'XB=X'Y or f=(xOT'X'Y (1v.3)
with var(f) = (X'x) "1 o? .
An estimate of the variance 02 is provided by dividing
the residual sum of sgares by its degrees of freedom:

s2= (Y-XBy(Y-XB) /(n-p) S (Iv.4)

The matrix (J('){)”l sz is an estimate of the vari-

ance~covariance matrix of the parameter estimatesg.
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In this way, from the differential experiments the vari-
ance-covariance matrices of ﬁo and ﬁi have been determined.
Using the principle of propagation of errors, provided
that the relative errors of ﬁo and ﬁi are small, the fol-
lowing expression for the variance of ﬁsdif = ﬁo/ﬁl, given
in table 5.6, was found:

1 -
Var(ﬁsdif) = '76\. ' ";\Q} (X'X) 142

{IV.5)

1 51

i
oS | e
Pp»bm> o> |

IV.2 NON~LINEAR LEAST SQUARES

If a model is not linear in the parameters, the least
squares estimation procedure loses its great simplicity. As
long as the errors can be assumed to be normally distributed,
least squares estimators coincide with a class of estimators
called maximum likelihood estimators, whose usefulness can
be justified from several points of view. Though the assump-
tion of normality is rarely completely met, most of the sta-
tistical theory based upon it is not sensitive to slight
departures from normality.

Suppose the model is represented by:

Y=£(B) +€ (IV.6)
or component i of Y (observation vy |
Yy = £,(B) + ey
In the following we shall use the notation:

[}is the vector variable of the general model IV.6, ﬁo is
the value of 8 in the population, and 315 an estimate of ﬁo.
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A
This estimate /5 of )Bo is the value of /3 for which
n 2
i=1

is minimized as a function of S.

It is not possible to determine the variance~covariance
matrix in this case. However, an approximation of this ma-
trix can be determined as follows. Expansion of the model
function f in a Taylor's series round.ﬁ==ﬁo gives:

5%, ( By
TR, PRy s

nto

vy = £50B) + ;

i=1,2,"*",n (1IV.8)

Assuming that the terms with partial derivatives of
orders not higher than one provide a good approximation of
the model function round =/ , we find:

§fi(ﬁol
Yy, ¢, = X T oo fB.+e (Iv.9)
i i j=1 Sﬁj 53 i
; O£, ( Bg) ,
ith: = £, - P .
w €3 10 Bo) =1 Sﬁj o]

Relation IV.9 is linear in the parameters and thus can
be written as: ’

Y-C =XpB+¢
with X an n x p matrix with elements

s - 85,(B)
J c
8By
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Y and C are n x 1 vectors with elements y; and c;.
Analogously to the linear case we find:

2

]

var(Y~-C) =l o and

(x'x) o (IV.10)

Var(ﬁ)

IV.8 CONFIDENCE REGIONS

Let the parameter estimator vector be 33 having a vari-
ancé-covariance matrix X with elements xij‘ The boundary of
the region with confidence coefficient a in the space of the
parameters is formed by the values of A,@=,B-[§ that satisfy
the equation: ’

(aB)y' X aB) = p Falp,n) (Iv.11)

In this equation Fa {(p,») is the a percentage point of the
F-distribution with p and r degrees of freedom. p is the num-
ber of parameters and v is number of degrees of freedom of
the variance-covariance matrix.

Working out relation IV.11 for our special case (p=3,
r=33) yields for the formula of the confidence ellipsoid:

A2 A A A2
d3z(aBy)” + 20aB8)5 + afydyg0aly + ap, (A7 +

24,48, a8, + a,,(a8,)% - 3Fa (3,33) = 0 (IV.12)
'In this relation dij is an element of the inverse of the
matrix X.

The projection of the ellipsoid on the ﬁl-ﬁz plane is
formed by the values of Aﬁl and A@z for which relation IV.12
has only one solution to A33. The formula of this projection

is:
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A2 2
(AB)°((a)5) % ~ a,855) + 28B,(d,,d,5 - d,,d;5)45, +

(a8)2((8,5)2 = dyyd,5) + 3Fa (3,33) = 0 (Iv.13)

For fixed A//i\z values, A,é\l can be solved directly from
equation IV.13.
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LIST OF SYMBOLS

®st’ ®m

€0’ Csto’

Ho

k

k

eq

KE, KS, XH
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parameter of equation 5.5 1(g

parameter of eguation 5.5 12

(g
concentration of ethylbenzene

concentration of styrene and
hydrogen respectively

initial concentration of ethyl-
benzene, styrene and hydrogen
respectively

axial dispersion coefficient

molecular diffusion coefficient
of ethylbenzene in carbondioxide

gas flow rate. 1h
reaction rate constant 1{g

equilibrium constant

adsorption equilibrium constant
of ethylbenzene, styrene and
hydrogen respectively

length of the catalyst bed

reaction order, number of
recirculations

rate of reaction muol (g

-1

units®

cat sec) }

cat ‘sec) 2

mmol 171

mmol 17%

, 1 sec”t

cat sec)—1

mmol 17}

1 mmol”

cm

cat sec)~



t time sec, min

T - temperature OC, K
u v linear gas velocity em sec Y
w catalyst weight g
Xppr Xy mole fracfion of ethylbehzene
and hydrogen
o degree of reduction of the catalyst,
statistical probability level
B parameter of equation 5.14 g cat sec mmol
By parameter of equation 5.14 g cat sec 171

*unless stated otherwise
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SUMMARY

For the dehydrogenation of ethylbenzene to styrene a
new and effective catalyst ~ uraniumdioxide o, - has been
found. The reaction has been investigated over pure U0, and
over UO2 on alumina in an inert atmosphere in the tempera-
ture range of 450 - 520°C. The active catalyst is prepared
by reduction of U308 containing catalyst with ethylbenzene
under reaction conditions. During the reduction, carbon-
dioxide, water, benzene, toluene and styrene are formed.
After complete reduction, the catalyst consists of 002‘00
{with or without support), and yvields styrene and hydrogen
from ethylbenzene with selectivities of over 95% at high
degrees of conversion. The reductions of both pure uranium
oxide and uranium oxide on alumina with ethylbenzene and
with hydrogen have been studied in a thermobalance,

The kinetics of the dehydrogenation reaction over UOZ
on alumina were studied in a special type of reactor, which
is operated as a continuous stirred gas solid reactor (CSGSR)
and as a fixed bed reactor, and which can be switched over
easily from the one mode of operation to the other.

Differential and integral fixed bed experiments showed
that the dehydrogenation rate can be described by:

k{cEB - chSt/keq)

r =

1+KECEB+KSCSt

After the observed data were corrected for non-ideal flow
in the plug flow reactor and in the CSGSR the experimental
results of both reactor types were described excellently

with one set of estimates for the parameters k, KE and KS.
A statistical analysis of the kinetic results is made; the
confidence regions of the parameter estimates are given.

From estimates of rate constant k an activation energy

of 23 kcal mol-! is calculated. Because of the high rela-
tive errors of the estimates of KE and KS no heats of ad-
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sorption for ethylbenzene and styrene are calculated.

The hydrogenation-~dehydrogenation reaction takes place
on one complex U02 site on which ethylbenzene or styrene
and hydrogen are adsorbed. Analogously to hydrogenation—
dehydrogenation reactions on chromia and zincoxide the
following mechanism for the dehydrogenation of ethylbenzene
on uraniumdioxide is proposed:

CH,-CH, ~C-CH, NC=CH, ~C =CH,

§ HoH
U o o U

O--L

o u o 0 0 U 0
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SAMENVATTING

Voor de dehydrogenering van ethylbenzeen tot styreen
is een nieuwe katalysator ~ uraniumdioxide UO2 - gevonden.
De reactie is onderzocht over zuiver UG, en over UO, op
aluminiumoxide in een inerte atmosfeer bij temperaturen van
450 - 520°C. Dpe dehydrogeneringskatalysator wordt bereid
door reductie wvan U308 bevattende katalysator met ethylben-
zeen onder reactiecondities., Tijdens deze reductie worden
kooldioxide, water, benzeen, tolueen en styreen gevormd.

Na reductie bestaat de katalysator uit UOZ'OO (met of zon-
der drager) en geeft styreen en waterstof uit ethylbenzeen
met selectiviteiten boven 95%, zelfs bij hoge conversiegra~
den. De reducties van zuiver uraniumoxide en van uranium-
oxide op aluminiumoxide met ethylbenzeen en met waterstof
sijn onderzocht in een thermobalans.

De kinetiek van de dehydrogeneringsreactie over 002 op
aluminiumoxide is bestudeerd in een speciale reactor, die
als continu geroerde gas~vastestof~reactor (CSGSR) of als
propstroomreactor kan worden bedreven, en die gemakkelidjk
kan worden overgeschakeld van het ene reactortype naar het
andere.

Uit differenti€le en integrale propstroomexperimenten
is gebleken dat de dehydrogeneringssnelheid kan worden be-
schreven met: '

k(cgg = cpCge/keg)

1 + KEc¢ + KSc

EB st

Nadat de metingen gecorrigeerd zijn voor niet ideale stro-
ming in de CSGSR en de propstroomreactor, is het mogelijk
de experimentele resultaten van beide reactoren te beschrij-
ven met &&n stel schatters van de parameters k, KE en KS.
Een statistische analyse van de resultaten van de kineti-
sche metingen is gemaakt, en betrouwbaarheidsgebieden voor
de parameﬁerschatters zijn gegeven. Met behulp van de schat-
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ters van de reactiesnelheidsconstanten k wordt een active-
ringsenergie van 23 kcal mml_l berekend. Omdat de fouten
in de schatters van KE en KS relatief éroot zijn, zijn geen
adsorptiewarmten voor ethylbenzeen en styreen bereckend.

De hydrogenerings- of dehydrogeneringsreactie treedt
op aan &&n complexe U0, site waarop ethylbenzeen of styreen
en waterstof geadsorbeerd worden. Analoog aan hydrogenerings-
dehydrogeneringsreacties over chroom- en zinkoxide wordt
voor de ethylbenzeendehydrogenering over uraniumdioxide het
vélgende mechanisme voorgesteld:

““CH,~CH; ~C-CH, ~C=CH, G =CH,

' B
o

' R
U o U o 0 U 0

o=

o uU o
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DANKWOORD

Dit proefschrift is tot stand gekomen door de samen-
werking van alle leden van de vakgroep chemische technolo-
gie. In het bijzonder wil ik hier noemen mevrouw C.G.M.M.
Camp-van Berkel, die met grote toewijding heeft meegewerkt
aan het onderzoek, evenals de afstudeerders H.G.A.Coenen,
W.N.Ch.Heeren, J.A., van Heugten, J.G.Lamkin, A.M.H.Jonker
en M.J.H. van de Weyer. R.J.M. van der Wey en D.Francois
ben ik erkentelijk voor het ontwerp en de opbouw alsmede
het onderhoud van reactoren en apparatuur. R.Kool is een
grote steun geweest bij de computerberekeningen en H.N.
Linssen heeft waardevolle adviezen gegeven bij de statis-
tische verwerking van de meetresultaten. De Engelse tekst
werd gecorrigeerd door H.J,A, van Beckum, de tekeningen
weyden gemaakt door P.P.Hermans en mevrouw P.M.Th.Tilmans-
Berger heeft een groot gedeelte vén het manuscript getypt.
Aan allen, ook diegenen die ik hier niet bij naam heb ge-
noemd, mijn hartelijke dank.
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LEVENSBERICHT

De schrijver van dit proefschrift werd op 11 februari
1946 te Heinsberg (Dld.) geboren. Hij bezocht de MULO-school
te Sittard en behaalde in 1961 de diploma's MULO-A en B.
-Vervolgens verwierf hij in 1965 te Heerlen het HTS~diploma
Chemische Techniek. September 1965 werd hij als student in-
geschreven aan de Technische Hogeschool Eindhoven, afdeling
der Scheikundige Technologie, waar hij na een afstudeerperio-
de bij Prof.drs.H.S. van der Baan in juni 1969 het ingenieurs-
éiploma behaalde. Sindsdien is hij als wetenschappelijk mede-
werker werkzaam in de groep chemische technologie van de
Technische Hogeschool Eindhoven. Na afronding van het afstu-
deeronderzoek naar de continue katalytische dimerisatie van
oliezuur werd in 1971 met het onderzdek, in dit proefschrift
beschreven, gestart.
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STELLINGEN

Cadmiumoxide is niet geschikt als katalysator voor de oxi-
datieve dealkylering van methylnaftalenen in continu door-
stroomde reactoren. ’

C.J.Norton en T.E.Moss, U.S.Patent 3175016 (1965).

De‘suggestie van Bell dat de aciditeit van een geconcen-
treerde oplossing van een sterk zuur evenredig is met de
zuurconcentratie en omgekeerd evenredig is met de vierde
macht van de waterconcentratie is onwaarschijnlijk.

R.P.Bell, "Acids and Bases", Methuen and Co. Ltd., London,
1968, p.47-51.

R.P.Bell, "The Proton in Chemistry", Methuen and Co. Ltd.,
London, 195%, p.74-86.

in het infraroédspectrum van hogedrukpolytheen wordt de ab-
sorptieband bij 893 cm-'l ten onrechte aan methylgroepen toe-
geschreven.

D.C.Hummel, "Atlas der Kunststoff-Analyse"”, Carl Hanser
Verlag, Miinchen, 1968, p.125.

Om de waarde van kinetische experimenten beter te kunnen be-
oordelen zou er meer gebruik moeten worden gemaakt van in-
tervalschatters in plaats van puntschatters.

Het mathematische model voor sproeidrogen van Parti en
Paldncz zal in de praktijk tot onderschatting van de droog-
tijd en daardoor tot onderdimensionering van de sproeidroog-
apparatuur leiden.

M.Parti en B.Palélncz, Chem. Eng. Sci, gg,‘355 (1974).



10.

J

Het is hoogst onwaarschijnlijk dat de laatste piek in het
chromatogram van het door Céntola et al. beschreven propeen
epoxidatie productmengsel, bestaande uit onder andere aceet-
aldehyde :, propyleenoxide, propionaldehyde, acroleine en
formaldehyde, kan worden toegeschreven aan formaldehyde.

P.Céntola, C.Mazzocchia, G.Terzaghi en I.Pasquon, Chim.Ind.
(Milan) 54, 859, (1972).

Het huidige omvangrijke arsenaal van analyse- en rekentuig
brengt met zich mee dat het gevecht om Moeder Natuur haar
geheimen te ontfutselen meer het karakter krijgt van een
slijtageslag dan van een weloverwogen tactische operatie.

Het is te betreuren dat nu ook officiéle regeringspublica-
ties de sombere - maar mogelijk reeds achterhaalde - mede-
delingen van de Koninklijke Nederlandse Chemische Vereni-
ging over plaatsingsmogelijkheden voor scheikundige inge-
nieurs, als waarheid verkondigen.

Straks studeren? Publicatie van het Ministerie van Onder-
wijs en Wetenschappen, zevende jaargang, nummer 1, 1974,

Het verdient aanbeveling om voor een wandeling over de
Strabrechtse heide een zodanige route te kiezen dgt men
het hoofd minstens een kwart slag moet draaien om zich te
kunnen oriénteren op de, de horizon beheersende, Geldropse
flatgebouwen.

Een promovendus kan niet zonder een laatste stelling.

- Eindhoven, 24 september 1974. G.Heynen



