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The‘vapor phase disbroportionation of pr0py1ene was

studied'over tungsten oxide catalyst in an isdthermal 1ntegral
flow reactor =at 4 403 atm between 140 to 490°¢ and space tlme

AW/F) 7.88 g.cat-hr/g mol. The effect of the supportlng materlal,

JUPIRPSSES R R ERTSN SE L

tungsten oxide concentratlon and actlvatlon procedure .
ox;de catalyst fo? propylene dlspr0portlonatlon activity was
studied. A catalyst containing 10 wt$ WOG/Y— Alumina was found.

to be most active. : J . :

It was suégestee that WO3/siliEa-alumina-c0nsiste of
two types of active sites. One site is active_at lower tempera-
tures (=1qp°c) and the other one at highexr temperatures (=356°Ci.
The different supports were shown to have a pronounced effect on
the activit§ and selectivity of the catalyst. A 10 wt% WO3
' supported on y-alumina was active at temperetures 230°C lower than
that supPorted.on siiica gel. It was observed that the conver-
sion of propylene increased with the’ increase 1n.the conicentration

of tungsten 0x1de on Y- alumlna. The actlve p,age of the catalyst

. for the dlsproport;onatlon reaction was found to be Al (WO )

The kinetics of propylene dispr0po;tionationrover a
10 wt$ WO3/Y-alu@ina was investigated in the temperature raﬂge
180-300°C and pressures between 3.041 to 7.124 atm. The effect
of various process variables, namely reaction temperature, initial

pressure of propylene and the product distribution was determined.
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The pProducts and reactants were anaiyzed by gas chromatograpﬁy;

While the convergfsn of propylene increased with increase.

in reaction.temperature "and W/F ratio, selectivity decreased due
) T -
to isomerization of 2-Butene to l-butene.

-

Out of the several mechanlsms proposed for the dispropor-
tlonatlon of propylene over WO3/Y;alum1na catalyst, the experlmental
data was well correlated by assumlng that a Langmulr—Hlnshelwood
dual-site sukface reaction was the rate controlllng step in the
reaction mechaniem;_ The rate of reaction is given by the

I3

following expression

_

2 -
k (Pp PE PB / K)

i 5
(1+ KPPp + KEPE f KBPB)

The mechanism parameters and their temperature dependence were
calculated from the experimental data using a non-linear least-
squares technique. An apparent activation energy of 5.06 kcal/
‘mol was obtained over a‘lO wt & WO /Y—alumina catalyst. The

Present data supports the four- -center mechanism and a quasi-

cyclobutane 1ntermed1ate . 2



I. INTRODUCTION

-+ . -

\ . . ™~ ] ' -

Heterogeneous catalytig. reactions p;;;izzgimportént
roele in today;s chemical industry by providing new and éfficiént
pathways for chemical'syﬁthesesnwhich ére ecoﬁqmically attractave.
Because 'of the ébility of éqﬁalyéts fo sigﬁificantly.modify the
economics-of,chemical-synthesesw’cpnsiderable amount of research

activity has been directed towards discovering new catalysts or

improving existing catalysts. ‘ (:—’
) ]

‘The demand for ethylene as a raw material in the
chemical industry continues to increase at a rapid rate.

However, as the production of ethylene increases so does the.
/

production of bY—products.such as prdpyléne and butenes. While "

4’[ . . '
butenes continue to be in demand due to the growing elastomer -~

v
L]

industry and by gasoLine producers, propylene threatené to remﬁin
surplus on a worldwide basis. Disproportionation reactions
provide the basis for new petrochémlcal processes whlch can inter-
convert commodlty oleflns, e.qg. propylene, into more useful

products.

A commercial application of olefin disproportionation, call-
ed théTriolefin Process, has been used.to convert propylen%/into

ethylene and butene (1,2). Other applications of Triolefin proces’s

Ty

include : The synthesis of detergent-range linear olefins from

A\
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Ipropylene (3 4), the 1ncorporatlon of Trlolefln process with-
naphtha crackln; to increase ethylene and butadiene yleld (5),
and with olefln—paraffln alkylatlon to increase actane rating
of gasollne (6). Laboratory development of the Trloleflnépro-
cess technology . for synthe5121ng 1soamylene, ‘and 1ntermedlate.
in poly-lsoprene productlon, was reportedgby Banks and Regier”.

(7). ;

The commereial future of olefin dispronortionation
teqhnology is strengiy linked to the economics of the'petroii
chemical industry and is highl& sensitive to the relative :*
costs of feedstocks and products.” Currently the economics of
many applications of disproportionation technology are only
- marginal. However, éhe decreasing supply of available" feed- _g
stocks as well as any nunber of possible changes in the inter-
national chemical market place could rapidly alter this situa—:

e
f

tion, . .

[

The cemmercial future of olefin disproportionation
has attracted researchers in this field. 1In an extensive pro-
gram, Heckelsberg et al. (é):produced a large list, of dispro—ﬁ
portienation catalysts including transitien metal bxides,
carbonyls, and metal sulfides on various eupports. The.effedt
of various effects on catalyst activity and selectivity and

; .

temperature’ dependence were investigated. Several patents and

-some publications mention the disproportionation of olefins.
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However, not much is mentioned By way of describing the cata-

lysts used or the mechanism of reaction.

.Mdch 6% the disproportionation data in the literature
are for the cpnéersion of propylene.. This is because of the
donveniencg'éf:prop¥lépe as a test reactant éor catalytic
studies sﬁé because many of the commercial>applications of
disproportionation involve.bropylene‘feed. In the absence. of
catalyst, propylene disproportionation reaction is very diffi-
cult’ to proceed and reqéires very large activétion energy.
Propylene disproportionatiog catalysts lower this energ§ bar-
rier and prgvide pathwéysAfor the reaction. The éptimum cata-
lyst for disproportionation should give high activity, selec-

N

tivity, resistance to pcisons and a stable activity.

Tungsten ox{de catalysts on silica have been "studied

in detail. However, they show activity only at high tempera-

ture,'exhibit an induction'peribd {(up to 24 hours) before
reaching'steady—state activity (37} and show interpahsé'mass
trahsfer effects caused by a heterogeneous surface.

sggaieg have shown Ehat tungsten éxide supported on
alumina shégs a¢?ivity for disproportionation at 200-300°C
Jower than those supported on silica gel (45). |

Tungsten oxide supported on-alumina was investigated

A
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for its disproportionation activity for propylene. The effect
of temperature, concentratlon of WO3,‘1n1t1al pressure of

pr0pylene, and support material on the distribution of preducts,

isomerization activity and selectivity were studied.

In order to adopt a process with optiﬁum performancé;.
“« o it'is desirable to have reliable kinetic -expression for the main
reaction as well as any important secondary reactions. Furthec-

more, kinetic studles aid the determlnatlon of the reactlon
mechanism, which can be the basxs for suggested improvement of .

catalysts as well as add to the general knowledge of catalys;s.

Since the klnetlc study is a fair method of learning the
characterlstlcs of a reactyon , the klnetics of the dispropor- -
tionation of propylene over tungsten oxide supported ony- alumina‘
catalyst was studied.to postulate a reaction mechanism and a rate
equation. The properties of WO3/y-alumina wefe compared wit@
othet disproportionatien catalysts for.activity, selectivity,

-

isomerization activity, active sites, mechanism and rate eguation.

¥y,

A,
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THE OBJECTIVES OF THE PRESENT WORK.

-

1

To design an& construct an apparatus to investigate the
catalytic disproportionation of propylene under controlled

. 4 e
condition (Pressures, temperature and space time)

3

To calibrate analytical equipment (rotameters, pressure

gauges, thermocouples énd-chromatograph)

To study the effect of- tungsten oxide content, support type
and activation procedure for a tungsteﬁ oxide catalyst on
the activity for propylene disproportionation and product

distribution.

To establish the reactor operating conditions to eliminate

the effect of interphase and interparticle mass transfer in

all subsequent éxperiments. : '

To study the effect of process variables(P,T,W/F) on conversion

and product distribution over a 1l0wt$% ‘:103/Y-—A1203 catalyst.

{

N

To establishrq-fate expression based upon the rate
controlling mechanism step and postulate a reaction mechanism

for the catalytic disproportionation of propylene which

would satisfactorily represent the data.

~



II. LITERATURE SURVEY |

e s e ad
A. Disproportionation of Olefins .
]

Tpe disp:oportioh of propylene. was first eﬁcountered
by Schneider and Frolich (9) in 1931 during the non-catalytic
pyrolysis of propylene at 725°C and 0.2 atm, when 48% of the
reacting propylene diséroportionéted to ethylene and butenes.

However, it was not until the discovery of heterogeneous and

homogeneous catalysts, which can profote the reaction at much

lowver temperature and minimizé side reactions, that the application

of the disproportionation'reaction could be bonsideréd.

n + e

Banks and Bailey (18) reported in 1964 that linear
olefins could be catalytically converted with high selectivity
into equimolar shorter‘and longer chains. The reaction
described (18) was of the type:

- . . . (2-1)
-

0 H205-C(n-a) H2(n-a) * C(n+a) H,(n+a)

where n33 and n-;;é, and was referred fo by the authors as

olefin disproportionation.

During the past two decades, olefin disproportionation
has received increasing attention, including commercialization.

The literature containg a large number of patents and publica-

—
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tions related to the subject., The literéture can be classified

into theffollowing:

1 - ReVier and catalogues on, and related to, this tqpic
(4,10,11,12,13) . : " W e,

2 - Industrialization and neﬁ proceéses (l,2,i4,15,165}?§}

3 - Investigation of new catalysts and selectivity improvement
(8,18—235. |

4 - Study of méchaﬁism of dispro?ortionation (24—315.

5 - study of kineticsof the reaction (31-39). . ' e

6 - Investigation of the structure and active sites (40-47).

Thg present review includes a summary of th; published
literature on heterogenecus catalysts for disproportionation oé
olefins. ,Emphasis is placed on the reaction kinetics, the
effegt bf several vagiables on selectivity of these catalysts;
the mechanism of reaction, evidence regarding the influence of

the catalyst active sites on conversion and selectivity, and

the break~in phenomena.

Some of the solid catalysts used for disproportionat-

ion reaction are thosé derived from oxides, carbonyls, or

sulfides of molybdenum, tungsten or rhenium supported on a high surface

area materials such as silica, ‘alumina. or phosphates. Generally,

¢

heﬁsgggeneous catalysts require activation before use. Many of

e
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the_mefal oxide catalyst‘ﬁeed to be heated in a stream of
iﬁerf éas‘or dry air-to temperatures of 500°C. It is believed
~that the-high temperatures cause chemical interaction between
. .
the oxide and support, and also desorb Qolar'material which

may poison the catalyst surface (16).

B. -Several Effects on Activity and Select1v1ty of
Disproportionation Catalysts ¢

In a new catalytic process (18), linear olefins
(Ehree to eight carboﬁ atoms} were converted to homologs of
shorter and longer chains. The disproportionation réaction was
observed first on catalysts céntaining molybdenuh and tunésten
hexacarbonyl on alumina. ACanersioh ranged from 10-60% for
disproportionation of propylene, l-butene, 1-pentene and ﬁexene,
in a continﬁous flow system over Mo(CO)e/ﬁA1203 catalyst in a
fixed bed reactor aﬁ 120°%¢ and 21:4 atm. Tungsten hexacarbonyl
on alumina showed lower activity than Mb(CO)6/$A1203 under the
same condition. Banks and Bai%gy 618) investigated the
disproportionation of propylene over a commeréial'cobalt
molybdate on élumina catalyst in a temperature range 93-299°C
and 31.6 atm. The rates of converéion, double bond isomerization
and product distribution were stgdied-as é function of temper—
ature. The effect of space velocitf at 163°% and ji.G atm with |

propyleﬁe—propane feed containing 60 and 99% propylene was

investigated. Propylene conversion decreased with increase in




‘spaee velocity, while the presehCe of pfepane in the feed acted
as a diluent. J . ) l

The effect of'molybde%um oxide content of an alumina
supported/catalyst in the range 0-13.2% has been studied (18)
'Propylene c0nver31ons were highest with 7-12% molybdena cata-
lyst. The effect of temprature, space velocity and the pres-
ence.of other olefin on disproportionation of propylene were

also examined. Although this investigation was carried out in

1964, it explains the effect of several parameters on dispro-

P

portionatibniof olefins. However, the study does not cover the’

mechanism of reaction or the active sites reponsible for the

-activity of the catalyst.

-

- Heckelsberg et al. (16) have reported that tungsten

oxide on silica catalyst apparently have more desirable

propertles for olefin dlsproportlonatlon than do

[y

molybdena-alumina catalysts. They studied the effect of

temperature, pressure, space velocity and the tungsten oxide
. "
concentration on propylene conversion over a catalyst contain-

&
ing tungsten oxide supported on silica has been carried out in

an integral flow reactor. Conversion of propylene increased

(" when the‘temperatuge increased from1232 to 377°C at 31.6 atm.

Pressure had a similar effect on conversion in the range of 1
to 31.6 atm and at 260°C. The increase in space velocity from

20 to 80 WHSV decreased conversion levels from 45.5 to 41.8%

-
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-'when carried out at 31.6 atm and 39906. The effect of WO, f.

concentration on conversion was sﬁudied in the range from'l to
.75% at 260°C, 31.6 atm and a space Qelocity of 40 WHSV. &
catalyst containing 10% WOj3 supported on silica was most active,
The investigation of‘Heckelsberg et al. (16) showed that air,
 water, adetone,carbqn moﬁoxide, aﬁa ﬁethanol in the_feéd aét like
- temporary poisons. These compounds décreased.catalytic‘activity
;of tungsten 6xide, but on the introduction of pure feed the

original activity was restored.

The:disproportionation of propylene over molybdepum
héxaéérbonyl on séve;al supéorts (éioé, Al,03, Sioz—A1203;’ﬂas
been inv%stiq;ted by Smith et al. (48) in -a sfatib system at-

©25°C and a pregsure-of 0.033'atﬁ. The catalytic activity was
found to depend markedly on the temperature‘of degasification
and activation. éhe‘role of the support in the catalyst was found
to be two fold,; to disperse the molybdengm hexacarbonyi, and to
assist oxidation of the molybdenﬁm to form-the active species.
Maximum activity on_any support was achieved when both ofzthesg 

‘conditions were optimized.
' .

Bradshaw and his coworkers (25) studied the catalytic

s

disproportionation of n-butenes on a commercial cobalt molybdate ©1

-

¥ -alumina over a temperature range 122 to 245°C and at

atmospheric pressure. Much of this work was concerned with the
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n disproportionation of l-butene énd 2-butene. Using a‘feed of
.l-butene, the expected ﬁroducts from disproportionation reaction.
were ethylene and 3-hexene. Thei; data showed a large percentage
of propylene  and n-pentenes. This was easily‘explained by the
‘isomerizét;oﬁ of l-batene to 2-butene. Isomerization was found
to take place on acidic active sites of the catalyst surface.
The effect of space velocity and temperature on product digtri-
bution has been studied. The results of théir investigation '
showed that by suitabié choice of temperature and space veloc%ty
or by careful poisoning of the catalyst with sodiﬁm iéns, the

,.selectivity to certain p;irs of olefin could be raised to a
higher value. Bradshaw et‘al. (25) showed that disproportiona—
tion of o}efins is accompanied by isoﬁerization, which is the
main route for the‘produgtion of a wide spectum of by—p;oducts.
Therefore, in order to have a good disproportionation catalyst

the side reactions should be minimized by reducing the rate of

K
¢

*

isomerization.

The effect of addition of Tl,Na,K;Rb,and Cs to moiybdenum
‘oxide/¥-alumina éﬁ the” selective desproportionation of oleﬁins was
investigated by Kobylinski and swift (19). Disproportionkation
of l-buteﬁe;éhd l—octepeﬂwas carried out in a-conéinuous ow
system over;a catalyst containing 13 wts MOéa/lx"31203 at atmospheric

pressure and temperature befween 120-140%. . The experimertal data
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éhowéd that the addition of 2% thallium incfeased the selectivity
.of l-butene to ethylgné and 3-hexene from 22 to 81l%. While the
selectivity of l~ocﬁéhe to ethylene and 7-tetrédecene increéased
from 17.9 to 89%. The greatest percentage gain in the selectivity
was obtained between 0.5 to 2.0% thallium to MoO3 on alumina,
.howeverfithe conversion decl;ﬁed linearly over the range studied.
"The effect of temperature on selectivity showed a dec%;ne with
inéreasing temperature in the range from 120 to 260°C. The authors
explained this decline with temperature to be due to higher
.activation enerqgy fo; isomerization than for disproportionaﬁion;
This was vgrified by thé increase in the percentage of 2-butene in ¢
the recovered butenes from the dispropoftioﬁation 6f‘l—butene witﬁ
increasing reaction temperature. Several metal ions were evaluated
while attemptiné to improve selectivity over M003/7La1umina (lj),
However it was concluded tha£ only thallium ot Group Ia and ITa

+
metals could improve selectivity.

In a subsequent paper, Kobylinski and Swift (20)

investigated the effect of pretreating McO3/\J'—A1203 with various

.olefins to enhance selective disproportionation of l-octene.

273
195-235°C with olefins resulted in an increase in selectivity

Treatment of a lOwt%:M003/Y—Al 0., catalyst at temperatures from

céused by deposition of a residue on the catalyst. It was

. proposed that this residue enhanced olefin disproportionation
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selectivity by a similar mechanism proposed for a similar én-

hancement, caused by adding a large polarizable cation such

as K, Cs, Rb, and Tl to the catalyst. - A

The effect of pressure on the ‘activity of a M003/3LA120
catalyst for disproportionatien of el§§}p was studiea by Sadesawa
et al. (49). The activity and select1v1ty for propylene dis-

‘vroportlonatlon was studied in the pressure range from 1.033 to
134.32 atm. The selectivity to ethylene and butenes decreased
whiie the amount of polymer formed over the catalyst increased

J
The authors concluded that degrada-

with the reaction pressure

tion of the catalytic activ resulted from the polymer formed

over the catalysti They .reportgd that the catalyst life of
MoQ3/Y A12 3 was increased in the presence of solvents and

that n- heptane was the most effectlve " This indicated that
the catalyst surface was kept clean in the presence of solvents.

However, the maximum conversion-was not affected by the reaction
pPressure. .
L A '
The disproportionation of propylene in the'gaszand
ligquid pheses over a M003/z’—A1203 catalyst has'studied by Ogata -~
and Kamiya (22). All experiments in the gas phase were carried

out in a flow system with a fixed catalyst bed under atmos-

pheric pressure and temperatures betweeQ 0 to 85°C. The product

@ e R
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distribution showed that larger amounts of ethylene than butene result-
ed during the initial périqq of reaction stream and a period of

9 hours was-required until equal amounts came out. The authors
repcrted that the catalyat activity decreased rapidly with

‘reaction timeZaad that the activit&, seleetivity.and deactivation
improved by utilizing regenerated catalysts. The selectivity to
ethylene and butene decreased with temperature increase, which
proved that the activation energy for double-bond shift was

higher than tﬁat of disproportionation. The activation energy

" for propylene dlsproportlonatlon was calculated as 5.0 kcal/mol

over the temperature range from 0 to 50 C. -E;perlmental results

of the dlsprop@rtlonatlon of propylene cver M003/A1203 in the

liquid phaseg showed the catalyst to be. efficient at low temperature

because of its selectivity and durability.

Sadesawa et al. (50) investigated the disproportion-'”w
ation of propylene in a flxed bed flow system over a M003/5102
catalyst treated with HCl and NH4O0H in the temperature range

350-600°C under atmospheric pressure. The act1v1ty of the .

catalyst extracted with NH4OH remalned constant for a long tlme
since most MoO3 was removed from the catalyst_Surface. This gave
rise to an increase in the selectivity for disproportionation

of propylene to ethylene and butene and decrease in selectivity

for hydrogenation, isomerization and polymerization. The cafalyst

b
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t .
showed a higher actlvrty when treated with hydrogen than the
one treated by nltrogen gas. The authors observed an increase
in catalytlc act1v1ty of molybdenum oxide catalyst with the

oxidation state of molybdenum (V) -

a Y

Carrier effects of‘supperted molybdenum ogide catalyst
on disproportionation of propylene have been_investigated by
Nakamura and Ecﬁigoya {(51) at lSOOC and 0.4 atm.. Results shbwed
that the activity increased in the following erder:_ |
Mo03/Ti05>M003/A1,03>Mc0 3/5102>M003/Mg0>Mo0 3/ThO3
The act1v1ties of catalysts were correlated with ESR 1nten51t1es

of Mo +3

and .the amount of CO adsorbed. A linear relationship
between the adsorption of CO and activities was obtained. The’
relatibnshipfbetween theﬂacidity of the carrier and theJaEtivity‘
of M503/A1203 was exblained by assuming that prop&lene was
adsorbed:on these acidic centers of alumiua and reduced the
catalyst to produce new active centers. ﬁowever, the acidic

sites were not the active centers for disproportionation and do

not participate in the reaction.

Yamaguchi et al. (52) investigated the isomerization of

l-butene and cycloprﬁpane and the disproportionatibn of l-butene,
J
propylene and ethylene over tungsten ox1de on dlfferent supports.

The reactlons were carried out by using a .closed recirculation

. system atfloo °ec and under o0.132 atm.. Variation of WO 3 content in

~ [

|
|
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a Ti0, supported catalyst showed -that a'S mol % content of WOy

. A

increaséd the activity for isomerization of l-butene and the
formation: of ‘isobutene from propylene. The order of activity
f6r various supported catalyst for dispropogtionation of propy-

'lene'was:‘ ‘ Y|

-
)

S & , ‘ -

'C. Kinetics of Propylene Disproportionation .

v

Begley and Wilson (32) conducted a kinetic study of
propylene dispropdrtionation over a 9 wts WO3/Si02.‘ In their
%&udy an-integral reactor was used to collect data over a pres-

N :
suraérange from 2.0 to 62.2 atm and temperatures between 316 to

441°d, The data obtained in this study was used to examine the
mode s of two possible mechanisms for propylene disproﬁﬁrtiona—
tion. Th%se two models were: 1) Langmuir-Hinshelwood, a second
order reaction, which hypotﬁesizeé the reaction between two |
absorbed molecules gnd 2) Ridéal, a second ordef reaction,
which is based on the hypothesis of the interaction of an
obsorbed molecule ané a gas phase moleéule. |

~ - The invesfigatoré rejected the Langmuir-Hinshelwood
model because the rate constant for the model shoulé have

apprqgached a limiting value as pressure was increased and the

surface s;tes became saturated with propylene.

-~

T AT b P Ll Sttt



=17 -,

-
v,

~

Rate constants for the Rideal model, however,rwepe found

to be represented by a common goFrelating line with some consi-

derable deviation in some cases.. These deviations were explained

due to differences in the catalyst surface conditions due to

differences in conversion levels or in the amount of.adsorbed

poisons on the catalyst which were not removed in the pretreat-

ment. These variations were also attributed to possible varia-

tion in temperature settings.  Their experimental results did

indicate surface coverage to be independent of pressure over the

pressure range 21.4 to 62.2 atm.

w o Based on the experimental data, the effectiveness

factor for the catalyst particles used (1/8" extrudate) was

found to be near unity, 1nd1cat1ng that pore dlffu51on was not

the rate controlling step. Also, the mass transfer rate from

the bulk of'the gas stream to the external catalyst particle sur-

face was found not to be signifiéant.

Begley and Wilson (32) used two feeds of propylene. One:'.
feed contained 35% propane and 65% propyléne while the other feed

contained more than 99% propylene. The ratio of adsorption coef-

‘ficient calculated from their data indicates. that propane is more

strongly absorbed than propylene. This result is contrary to

established knowledge on relative aBsorption of the two compazgés
}

-~ 1)
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.The.eiglanatiOn offered was the possibility thatla slight_differ—
ence existed in the poison level of the two feeds.
. ft seeTs that the results obtained by Begley and.Wilson
'(32) might have been governed by mass transfer effects (film dif-
fuéion), and it can be easily shown that fifst-order kinetiecs are
to be expected if external mass transfer is the taﬁe determining
st;p. This. objection is supported by recent results of Moffat eg
al. (30,31) who observed severe interphase mass transfe; limita-
tion for the same catalytic system, inspite of calculation thch
predicted that mass transfer rate toc be several o;ders of magni-
tude greaﬁer than the observed rate. As a possible explanation
for this discrepancy, it was suggegted that the reaction occurs
on a small number of very active site areas which are widely
-éeparated on ;he catalyst surface. The activities of these sites
are limited by localized interface diffusional effects. However,
a high activation energy was found, while.in the case of limita-
tion by mass transfg; a very low apparent activatiqn energy is to
be expected. According to Moffat et al. (30,31) this high acti-
vation énergy is éue‘to the fact that the surface of the catalyst
is heterogeneous.

Lewis and Willis (35,36) inveétigated propylene dispro-
portionation over a commercial catalyst containing 3.5 wt.% CoO

and 10 wt.% McO3 on alumina support. Initial rates were measured

L
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between 121 and 205°C, in a pressure range from 1 to 9-atm in a
differential fixed bed r2actor. While a number of Hougen and

Watseon type rate expressions were considered, ,only the dual-

site mechanism (Langmuir-Hinshelwood) proved successful in

correlating the experimental data. The mechanism which assumes a

surface reaction betwen two adsorbed propylene molecules as the
controlling stép)was given by:

7
k(BT I pPa/K)

(2-2)

(1+KEPE +KBPB prPp)Z

where‘Pp, PE and PB are paFtial pressures of propylene, ethylene

. L 3
and butene and Ky, Kp and Ky are adsorption contants of propylene,

ethylene and butene respectively.

.

quétion (2-2) was reduced to the initial rate form

)

2 2 -
P -
r ka /(1+Kp p) . {2-3)

R ¢

(""f"-‘v‘x
. -J"
The values of k and Kp were determined from equation

(2-3) by linear least squares treatment of the initi’al data at

* y ' . » > ) -
each temperature . These values were used as initial estimates
N ' s

and the values of KE.and KB assumed equal to that of propyléne.
The Gaussian non-linear least squares technique was used to

evaluate the rate and adsorption constants in equation (2-2).

The kinetics of propylene disproportionation over a

'
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» Clark (30). The study was carried out in ahn 1ntegral flow reactor

-20- : . .

cobalt molybdate on alumlna has been 1nvestlgated by Moffat and

at 121-205°C and pressures ?g 1.36 to 5.44 atm. Whlle studying
the effect of/temperature from 82 to ZGOOC on conversion of
bropylene at constant space velocity and pressure, the investi-
gafors noted a rate maximum at a temperature (Tmax)’ which was
followed by an indreasing rapid rate of catalyst'Qecay as the
temperature was raised fﬁrther. When a given catalyst sampie

was subjected to three heatiné—cooliné cycles at constant space
veldcity and pressure, the authors noted an irreversible loss

of catalyst activity. They concluded that there was a reversible
deactivation of sites superimposed upon the irrevsible poisoning
of the sites. Two mechanistic models (Rjdeal and Langmuir-
Hinshelwood) were used to correlate the expe;imeptal data. It
was concluded that Langmuir-Hinshelwood model applieé.to the
heterogeneous’éurface and was found consistent with-a} the
observed general kinetics of the disproportionation of propylene
Eflow Tmax' b) “the observed rate-temperature maximum, ¢) the
decrease of Tmax with decrease in pressure éﬁd d) the decrease in

Tmax with decreasing catalyst activity.

e Moffat and Clark (31) have confirmed the kinetics

observed by Lewis and Wills (36). However, they found that

1

Langmuir-Hinshelwood model was_also applicable under integral

B YN




conditions. They observed an increase in conversion to a
maximum at a Tmax, followed by a decréase in conv;rsion as the
témperatpre increased. ' This phenomena has also ﬁeen‘observed by
Banks and Bailey (18) and Bradshaw et al. (25). Moffat and
Clark (31) disagree with Bradshaw et al. who suggested that

these rate maxima are caused by irreversible poisoning of the e

catalyst sitest:?

Takahashi (39) in@estigated the kinetics of propylene
disproportionation in a closéd circulating reactor at ‘
temperatures between 40-170°C and in a ‘pressure range 6,105
to 0.368 atm. The experimental data obtained over a 9 wt% M003/
XTA1203 and 14.5 wt$ Wﬁa/X—A;203 catalysts were well correlated
by a rate expression based updn a dual-site Langmuir-Hinshelwooa
mechanism. However, the adsorption of propylene on a 5.1 wtd
W03/5104 catalyse‘obeys the Freunlich equation rather thaﬁp-

Langmuir isotherm. The apparent activation energies fop the surface

reaction were evaluated to be 5.15 kcal mol on M003/A1203, 14.8

kcal/mol on the WO3/A1203 and 11.5 kcal/mol on W03/ Siozu

. The kinetiecs of propylene disproportionation has been
inéestigatéd‘by Davie et al. (33) on a catalyst containing 5 wtg
molybdenum hgxacarbonyl supported on alumina.’ In their
investigation, they studied the effect of changing the %nitial

pressure of propylene on the initial rate of disproporticnation

[N



in a stétic system ét'temperatures between 0 to 80°C,laﬁd over
a pressure range from 0.005 to'0.197_atm. They ﬁpund that the
initial rate is an assymptotic value of .3.5x 1076 mol/L-~min as
the initial pressure of propylene increased. Initial rate data
‘showed that the rate contolling step is a suffacg reaction
between two adjacently adsorbed propylene molecules (Langmuir-
Hinshelwood mechanism). The energy of activation for propylene

disproporticnation 'was found to be 7.286 kcal/mol.

Luckner et al.. (37) obtained kinetic;data fof the
disproportionation of propylene'over a commercial catalyst’
containing ld% W05 on silica. Initial rate data were measured
at 399 to 454°C and at pfessures ranging from 1 to 9 atm in a
near differentialifixed.bed reactor. The authors chose Fuch
reactor operating conditions that mass transfer effects would

be negligible. o . ’

The  complete rate equations for Langmuir—Hinshelwbod
and Rideal mechanisms were used, and initial assumptions of near
zero partial pressures of products were applied. The initial

rate data was tested by both models. Model discrimination:

between two rival models which has been feviewed by Rittrell (98)

suggests a quantitative method based on examining the linearized

forms of the two rival models. Using this criterion the authors

found. the Langmuir-Hinshelwood form to correlate the data better.




» i
A second éualitative criterion is that the rate and adsorption
constants estimated usiglthese linearized form should be paSitiveu
The Langmuir- Hlnshelwood form, correlated that data with p051t1ve
rate and adsorption constants at each tempe;ature studled. The

~

apparent activation energy‘for the surface reaction was calculated

to be 24.73 kcal/mol. /.

Hattikudur and Thodos (34) used ‘a catalyst similar to that
used by Luckner et al (37) to dlsproportlonate propylene and esta-
blish a‘kinetic modelt In their study, raaction rate data-froﬁ;both
differential and integral bed were collected over a pressure range
from 2.2 to 69.0 atm and at temperatures between 343 and 454°C. The
investigators found that external diffusion and pore diffusion -
effects batame negli§ible when the flow rates weré kept higher.than
2.4 mol/hr and particle sizes kept below -20+30 mesh (718p4.

Beth the,sihgle—site>mechanism {Rideal) and the dual—stte
mechanism’ (Langmuir-Hinshelwood) were considered. Initial rate data
obtained in a differential reactor indicated that the actual rate-

contolling step involves a Langmuir-Hinshelwood type mechanism.

The authors did integral bed studies at temperatures'be-
i

tween 343 and 426°C and pressures up to 36.4 atm. These studies

constituted runs in which the catalyst weight 0.1 to 2.0 grams and

-
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conversion ranged from 8% up to equi}ibrium. ‘The rate constant,
adsorption constants of reactants and producra and eéuilibriuﬁ
constants were given as a function of temperature TheSe
relatlonshlps were used to predlct Space tlme, W/F for the
integral bed data and compared to experimental W/F. This
comparison resulted in an average'deviation of 8.8% for 56 data
points. | .

D. Break-in'Phenomena in Propylene Disproportionation

During the initial contacting of W03 on silica catalyst

with propylene, significant increéase in' disproportionation activity

was observed to periods of up to 24-hours. Luckner and Wills (38)

used a fixed bed differential reactor to perform a quantitative

study of break-in phenomena exhibited by a '10% WO3/silica catalyst.

The rate of approach to steady state activity_(Ks) was found to depend

on both temperature and pressure aocording to the equation:

K, = 1.993 x 10%2 exp (-47.2/RT)P |

rhe authors reported that prior reduction Qﬁ the
catalyst from w04 to W05 in hydrogen at 600°C substantially .
1ncreased the rate of the catalyst break-in but did not ellmlnate
the catalyst- break- -in phenomenon. They found that the steady—
state activity of a catalyst could 5; largely destroyed by a
51mple purge of the system with- hellum for 3 hours. Upon re-

1ntroductlon of propylene, the activity of the catalyst was

greatly ?educed and another break-in period was observed,

e -
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although the break-ln rate was greater than that f6r a freshly

actlvated catalyst.

t

_ Studies by. Pennella et al. (43) have shown that the -
activit&‘!% a tungsteu oxide/silica catalyst can be'quiokly
.and dramaticaily increased by dosing the reactant oletin with.*
certain’compounds, most notably polyenes (i.e.l,Slcyoloocta-
diene). The experimental runs were carried out at
atmospheric ﬁressure and at 21.4 atm and temperatures between
4Q0-560°Cu It was proposed that the dosing'gas bonds toc the

'tungéten and alters the bonds between tungsten and olefin

. in a manner that actlvates prev1ously inactive 51te They

further suggested that normal break-in may be due to a sxmllar
process in which ligands are slowly formed from reaction products
(44) . .In these studies the effects were temporary and continuous

* ]
- . .

dosing was necessary to maintain high activity.

Y

Other suggestions have been put forth to explain the

break 1n effects. Strong adsorption of oleflns during initial

~o LR

'contactlng has been ‘observed in a pulse dosing of a fresh
activated catalyst (37). This has suggested the formatlon Of/f

high molecular weight organic species on the surface~wh1ch mi.

he responsible for the rgcrea51ng activity durlng the gZeak—

period. Another p0551b111ty that has been dlscussed is tAe

’

ht.
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oxide surface by the olefinrwith.the possibility of such
_ vacancies enhancing'catalystyactivity. {43).

~

Wille et al. (54) investigated'the mecﬁanism of break-in
of the dlsproportlonatlon of propylene over W03/5102 catalyst.

The 1nvest1gators showed that rapid, though temporary, increase

1

in activity up to 300% of steady state is observed durlng break-in

"following the dosing of the propylene feed w1th ammonia and
primary amines (53,54). Upon reachlng steady-state, cooling:
folloqeﬁ by reheating or short purges with helium caused the

relaxation of preak—in.
' {

The authors eonE1ﬁBed that the breek—in‘process has a
large activation energy while the relaxation procese has a low
activation enérgy. They suggested that the_overall break-in
phenomenon was due to surface defects formation,'possibiy througﬁ
chemical reductioq, balanced by diffusion oflthdse'defects to

the bulk. ';; - . _ .

ar
Receﬁtly, the effect of parious ehangee in.reection
conditions on the break-in behavior and adtivity of W03/Si92
‘Catalyst in propylene disproportionation ﬁas been studied by‘
Gaqgwal et al. (55). Their.results indicaté that the maintenance

of full catalytic activity requires both temperature and

propylene flow to be maintained, and that the increase in reaction

¥

\
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rate during break-in is due to a decrease in .the activation

energy of the 'reaction, or to an increase in theln

active sites on the catalyst, or to a-combination of both.

E. Active.sites for Catalytic Disproportionation

A crltlcal problem to a ful},understandlng of the
dlsproportlonatlon process is the knowledge of the actual

catalytic species. Such information is difficult to obtain since

-

the catalyst is activated in situ. In general, for a metal to - -
% ) .
function as a catalyst it must possess the proper distribution of !

- . . . : : i
energy levels and vacant cocrdlnatlon sites. These ends can be i
‘achleved by a change in formal oxldatlon state, number and nature
of llgands, eomplex geometry or combination of all three. 1In the

A
Al .

case of disproportionation catalyst many authors have attempted to

A A e s s s

understand the nature of the active sites and 1mprove thelr

catalytlc propertles by determlnlng the effect of various ligands,

and ions on act1v1ty and selectivity.

Tungsten oxide catalysts supported on silica gel have
been used widely for dlsproportlonatlon reactlons Many authors
have attempted to’ study these catalysts in order to understand
their structure and improve their selectivity towards the main

[N
.

products (45).

" Results’ from investigation of the disproporticnation of

propylene qxer a W03/Si02 catalyst in a fixed-bed flow reactor
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are wotth mentioning (37). A significant increase in the activity

of the fresh catalyst was observed during the first few hours after
the propylene flow was started. During this period” the color of'

the catalyst changed from pale yellow (characteristics of st01chio—-‘
netric W03) to blue violet (characteristics of substoichiometric 7'

W63 with an O/W atom of 2.95 or less) (56).: /

-

Luckner and Wills (37) suggested that propylene reduces
the catalyst to form active Sites. The observation that pretreat—
ment of the catalyst uith reducing gas such as hydrogen or carbon _
monoxide, gave an increase in initiai activity and resulted in a
blue colored catalyst, supports this’interpretation. It was 7
suggested that in its active form tungsten oxide is actually a
slightly reduced oxide such'as WZOOSB In view of the XRD results,
Kerkhof et al.(ﬂl)’concluded that in a fresh. catalyst at least ‘
two tungsten species eXist W04 crystallite and a hardly reduCible
material After use, two species, WO; crystallite and W2005¢g
were idéntified. For higher W03 content the authors (41) found

that_WO2 is formed in the first few minutes. This is because large

3 ' .
amounts of water formed from the intermediate.

Pennella and Banks (43) have found that the activity of
the W03/Si02 catalyst can be significantly 1mproved by adding small,

amounts of polyolefins to the propylene feed. The authors conclu-

et e e

R



+ ' ded that such addition could activate sites which could not be_ .

29—

activated by.propylene. ~Similar observation was reported by

™~ -
. Gangwal and Wills (53) when ammonia and certain amines_were

e e

QOsed into the propylene feed. The increase in activity was
cbserved during break~in as Qell as with fully active catalyst.
These effects were temborary in nature sinee the catalfst
activity returned to its original value when these additions were

stopped.
SN

.

Molybdenum oxide supportéd_oh silica shows"liﬁited ‘?
activity when actlvated in nitregen atmosphere. This act1v1ty
increased 51gn1flcantly when the catalyst -is reduced with
hydrogen (50, 51). Sadesawa et al. (50) observed an. increase in
activity and'selectivity‘wﬁen the catalyst was treated with .
agueous ammopia.‘while Nakamura et al (51) observed that the

" activities of catalysts were correlated with ES) intensities of
. . 7
yo+5 and the amount of CO adsorbed. The »#€sults confirmed that the '

- . : - +
active centers may be dispersed lower Mo ion rather than Mo 5.

Molybdenlum oxide on alumina catalyst has been studied
by Nakamura et al. (51). ’ The authors found a relatlonshlp be- | T ¢
tween the acidity of the carrier and the act1v1ty of MoO3/A120
They assumed that propylene was adsorbed on the acidic centers

of alumina and reduced the catalyst to produce fresh active centers,

however, the acidic sites were not the active centers and did not



=
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participate in the reaction. . Giordano et al. (57) studied the

structure end}the catalytic activity of Moo3/FA1203‘£ontaining -t
10-15% Moo

3. Théy presented evidence indicating that dimeric

e et

Mo (V) configuration of bis—molybdenyl type is active in the

reaction. = The disproportionation activ1ty¥was Shownto be related

to the presence of.Mo(V) species originating from the reduction of
o~ .
‘oﬁbmolybﬁeéum species.

' P
The regults of stork et al. (45) reported the existence

of Al (M004)3 on a catalyst containing MO A’Al

3 In the
formation of A12(Moo4)3, Mo*® ions change from octahedral to
tetrahedral coordination. . (59). The occurrence of small MoO3

. crystallite, however, cculd not be entirely ruled out.

Kerkhof et al. (41), studied the relationship between
carrier and.oxioe.for WOj/SiOz'and W03/%A1203 and concluded that
surface compound§ are formed on silica as well as on alumina. '
However, the 1nteraction between alumina and the oxide is stronger,

resulting in better disper51on and the formation of a surface

compound (Al (WO ) )

A number of oxidie'tungsten compounds have been jtested
for propylene disproportionation activity by Stork and Pott (48).
b _
The authors observed a remarkable agreement bhetween WO3/Y-A1 0

and Alz(wo4)3. It was concluded that at SSOOC, in calcined
! . . .
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WO3/Y-A1203 Alz(ﬁ04}3'is formed.

‘e Vries et al (47) studied the nature of activé sites
on alumi®a supported tungsten oxide eatalyst. They assumed that
the active sites are formed on lattice defects which are
statistically distributed over the surface and are easier to

-

reduce than the unperturbed surface sites.

Recently, Thomas et al. (58) confirmed the formation

of Alz(wo4)§(9ﬁ*ﬁ§3/y-A1203 by Raman spectroscopy and X-ray

diffracbiﬁﬁ}\szz¢no crystallite WO3 was observed.
. F. ' Mechanism £ Propylene Disproportionation

In the‘abéence of a catlyst, ,0lefin disproportionation
reactions are "symmetry forbidde '"and require very large
activation eneggiesl Olefin‘disprqportionation«cata;ysts lé@er
this energy barrier and provide “éymmetry allowed" pathways for
the reaction. The means by Yhich a given catalyst performs‘ﬁhis

task has been the subject of a great deal of speculation ff@m

which many proposed mechanisms' have evolved. L

Bradshaw et al. (25) were the first_to'publish a fﬁur-
center type mechanism to explain olefin disproportioﬁétion. They
conducted.experiments'on the aisproportiqnation of l-butene using
cobalt moiybdaté catalyst at different temperatures and space

>

velocities. The clue to the mechanism came’from the observation

that the selectivity to ethylene and 3-hexene varied inversely with
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the isomerization of l-butene to 2-butene. The effect of double
bond isomerizatién and selectivity to ethylene and 3-hexene was
further demonstrated with a series of cobalt m&iybd;te catalysts_
treated with various amounts ofNaHCO3 to poisén the isomerization
sites. These workers suggested that the reaction occurs via

"gquasi cyclobutahe“ intermediate formed by the correct alignment

of the carbon atoms at the double bonds of the two reaction

'olefins. Applied to l-butehe, the reaction was pictured as follows:

C=C-C~-C C—==C=-C-C C C-C-C
+ = ] | = I + 1 (2-5)
. c=C-C-C b——-b-c-C = c-c-C
2{1-Butene) "Cyclobutane" Ethylene 3-Hexene -

The reaction-between ethylene and 2-butene and with

ethylene and 4-methyl-2-pentene provided additional support and

demonstrated thht the disproportionation reaction was reversible.

- ®)
! : Calddron et al. (62) proposed a similar mechanism for

olefin dispropprtionation catalyzed by thé homogeneous complex

obtained from tﬁe interaction of WClG, C2H OH and C.H AlClz.

5 275
They pictured a transalkylidenation reaction as follows.:

R, -CH=CH-R R, ~CH HC~R ‘
1 2 - L o+ Il 2 .{2-6)

leCH?CH—RZ Rl—CH HC—R2

In another publication,'Calderon and Co-workers (98) showed the

intermediate as W*
t ;JC\\
. s "\
Y <
Ste

where W* is the transition metal atom plus the remaining ligands.

T s
. g o g AR i
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.. Mol et al. (62) proposed that a four-center 'intermediate
forms. with the abstraction of two hydioggn atoms by the catalyst,

so that a cyclobutadiene intermediate is gpgmed instead of the
cyclobutane structure. ' '

The experiments of Calderon et al. (26) with butene
plus deuterated butene would appear to rule out the mechanism
suggested by eérlier;workers (62). Further experiemernts by'Crain
l(63) aléo indicated that the cyclohdtqdiene'intermediate_wag not
likely to occur. ‘Crain studied the reaction of 2,3 dimethyl-2-butene
and ethylene over molybdena/alumina -catalyst treated with KOH
_ and obtained isobutene as the ohly product. The cyclobutadiene
ihtermediate would require the migration of 2 methyl éfoﬁps and
2 hydrogen atoms to the_catalyst and ;heir return to the'samg
carbon atoms. The author could no; detect éropyléne, n-butenes
or methylbutenes in the product and conciuded the poséibility of
a cyclobutadiene és an‘intermediate to be remote.

Banks and Bailey (24).noted the occurrence of disproport-
ibnation, isomerization_and polymerizatiqn over similar cgtaiYsts
or simulfangously over the same catalyst which suggeéted a
similarity of mechanism.” They proﬁosed that the ability "of the
catalyst’ to shift-hydrbgen atoms ié the key factor in’determ;niné

the reaction course. .They concluded that disproportiongtion

occurs when two molecules are adsorb with tHe formation of a (A{V,.

e



four-center complex and thén desorbed with the breakage of two
opposite bonds without hydrogen -shift. Polymerization occurs
when two molecules are adsorbed with the formation of four-center

complek and then are desorbed with the breakage of one bond and

'a hydrogen shift. Skeletal isomerization occurs when one molecule

is adsorbed with the formation of a four-center complex and is
then desorbed with the breakage of one bond and a hydrogen shift.
‘Studies on the mechanism of disproportionatiqn using
deuterated propylene have been requted by several investigators
(27,29,62). Clark and Cook (27) di'sproportionated [1-*4cy
propylene and [2—14C] propylene over a Cobalt molybdate catalyst. ~
At 56fc their resultsvwere consistent with the féur-center mechanism.
However at temperatures above GOOC, double bond isomerizaE}on
activity became a factor and up to 160°C, nearly one half ﬁﬁé

1

[l—l4C] propylene was isomerized to [3- 4C] propylene prior to

disproportionation. .
Woedy et al. (29) studied the disproportionafion of
[1—14C] propylene over a Cobalt molybdate catalyst at 149°C and
177°c. Their results were in aéreement with Clark and Cook (27}.
. 'Recently;‘MOl et al. reacted propylene labeled with
[14C] in éach of the three positions over rhenium bxide/alumina

Catalyst at moderate temperétures (62,64). The data were extra-

polated to zerc contact time to eliminate the influence of isomer-
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ization reactions.. In the disproportionétian of [2-14¢]
propylene the ethylene formed sﬁowed no radioactivity, in
contrast with butenes,_which showed a specific radiocactivity
twice as high as that of the starting material. Experimenté have
indicated thét cyclobutane structure plays a part'in'the reaction
mechanism (24,25).

Some of the investigators have concluded that Ehe reac-
tion proceed by a.single step process possibly involving a metal
carbene intermediate. Yamaguchi’'({52) observed the formation of ;

i-butene during the disproportionation reaction of propylene over

W03/Ti0,. Production of propylene was also found in the reaction

of ethylene over the same catalyst. Because of the formation of

i-butene from propylene and propylene from ethylene, the authors
suggested that the reaction proceeds via carbene intermediate
(52). The mechanism explains the various side reaction that

occurs on disproportionation catalyst (dimerization, isomeriza-

tion, Polyherization and disproportionation).
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“III. EXPERIMENTAL

L]

The following section consiéts of the plan of invest-
igation, experimental apparaﬁus and calibration, oéeration pro-
cedures, and informaticgn cbncerningkthe type of reactpr used
and the désign‘of the reactor. Included also is a descgription

of preparation, activation and characterization of the catalyst.

A. Plan of Experimentation

-

The‘overall approach to the experiﬁentél‘work was to
design and construct a reaction sYstem and to-inveStigate the‘
catalytic disproportionation of propylene under various conditions.
In somewhat more detail, the plan consisted of calibration of
analytical equipment,’preliminary studies to determine appropriafé

Vo

operating conditions and collection of integral conversion.data. <

l. Comparison of Integral and Differential Reactors

Kinetic data for‘cafalytic systems are best obtained in
a flow reactor. Any change in the catalytic activity can be
detected and corrected for in a flow reéétor. Flow reactor.may
be either integral or differential depending upon the degfee of
conversion' allowed to take pléce in the reactor. Conversion is

limited in a diﬁfereneiea-fiactor, but may be complete in an -

integral reactor.




The chigf advantage of the differential reactors is that
it measures rate directly. Since most gétalytié kinetic equa-
~tions ére in terms of rate the experimental data can be used
directly to‘cheéfﬁthese equations. One disadvantage is that be-~
cause of_émall conversions involved, the analysis ﬁust be.
extremely accurate. Another disadvantage is that although ini-
tial rates can Be determined easily'enodgh by using puré feed,
rates corresponding to volume element other than' the initial
rates would require the use of feeds consigtinglof he same mix—‘
ture of reactants.and ﬁroducts that corresponds to the desired
value of conversion. This would be virtually impossible in‘% |
system tﬁat involves many side or secondary reactions.

The method often used izjexperimental kinetic work is
the integral-reacto; ﬁtudy.- The "advantage is that qhemical
analysis need not be so rigorous:fof a reasonable degree of
accuracy in the tptél conversion, Also, in each case the-feéd
may be pure reactant (except in recycleastudies). The main dis-
advantage of intergral reactor is that the rate is not mearued
directly. The rate is the slope'of theAtangent to the conversion
veésus W/F curve. Therefore, it is the slope rather than the
value of the ordinate thét determines the rate equatien. Any
slight scattering of the experimental points would have a great
effect dpbn the slopé, The rate equation which can be integratgd'

and the data can be expressed in W/F as a function of conversion.
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However, it is much more difficult to integrate the rate equa-
tions. .

Another disadvantage of the integral reactof is that the
portion of the conversion vs W/é curve which is most important in
determining the meéhanism is at low values of W/F. Yet this is
“_;he'portibn where the accuracy of analysis becomes increasingly )

" * important since the conversion is low. In this study, conver-

sions were measured at low W/F in order to get an accurate slope.

. 2. Criteria for Selectlon and’ DeSLgn of Reactor

Based upcn con51derathns such as those descrlbed
in the previous section an integral reactor was selected for this
" reaction. ' The conversion, rateiand equilibrium constants of the
rate eéuétidn are usually sensitive to tempraturé and pressure.
Therefore, during a test the temperé&hre and pressure should be
kept qpnstant. Température variation‘could be obsérved traver-
sely as well as iongitudinally in a reactor. ’Several methods are
widely used to minimize reactor temperature gradients. In our
investigaticn the reactor was surrounded by a steel metal

.

cylinder. The heat was supplied to the outer cylinder by two

layers of heating wires wrapped around-the cylinder then to. the
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'Schematic Diagram of Expgr\i.mental Apparatus
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Figure 3-1 Schematic Diagram of The Experimental Apparatus.
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'feactor by a'fluidized‘sand_bed. The high heat transfer rate and lérge
masslgf the cylindgr cause a better distribution of heat.

It is imertant,that"Ehe reactants bé brought up to the .
-feacfiop tempgrature befoFe entering the catalyst’bed. This was
achieved witﬁ a spirél p;éheater and introducing the reactants
from the bottom of éﬁé reactor. |

The feédra%é:and pres%ure were maintaihed at aacénstaht
value:du;ing a test by gs;ng a ‘constant upstream reference different-

' : C \
ial flow controller, and a Nupro-needle valve respectively.

-

B. Experimental Equipment

The.DisproQortionaéion of éropylene was ;érfied out in
a fixed bed integral reactor. The experimental equibment used in
this investigation was designed to operate at coptrolled temp-
erature and pressure. A schematic diagram of the apparatus is
shown in Figure (3-1): .

The apparatus may. be divided into three sections:-

(1) feed sectidn (2} reéctor'assembly and (3) product

analysis unit.’

”

2 -

E} Feed Section
This section consisted of six gas streams. Two.

gas streams supplied helium as a carrier gas to the reference and

e et el e
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-sample chromatographic. columns. Helium was obtained from a high

pressure cylinder through a two stage éressure regulator and then
through rotameters (tube and -float 601 Matheson Co Y. .The"

b
gas streams were carried via 1/4" 0O.D. copper tublng. The

third stream, which carried air to the fluldlze sand bed, was made

-of 1/4" 0.D. copper tubing covered with heating tape.

Prior to entering the reactor,‘ail streams passed
through twodryers containing Drierite and Molecular sieve é%
respectively, to remove moisture from>the feed. A transparent
plexiglass dryer containing indicating Drierite was also'used to
indicate moisture in the feed. A Brooks differential-type flow
controller, was used to keep‘a steady'flow to the reactor. a
pressure line‘regulator was used to keep a. constant pressure to.
the reactor. The fourth stream wplch Larried nitrogen in a

1/8" 0.D. stalnless steel tubrng was . obtalned from a high pressure

cylinder through a two stage pressure regulator and then through

.a rotameter . (tube and float 601, Matheson Co )+ An auxiliary

stream whlch could carry (ethylene or . butenes) for calibration

‘purpoées, consisted of a 1/8" 0.D. stainléss steel tublng and a -

flowmeter (tube and float 601, Matheson Co.). Propylene was
obtained from a high pressure cyllnder (136 psig) through a two
stage préssure regulator (model '975-0451) obtained from Matheson

Company,\;Propylene could be obtained up .to a pressure of 130 psig.

I PR
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2. Reactor Assembly

The reactant—lihe was connected to a Swagelock "T"
cqnne&tion. While one branch led to the reactor through a pre-
heater the other by-passed the pyeactor and preheater for cali-

. - 4
bration purposes. The preheater was made of 6 feet long 1/8"

. . . . r
 0.D. stainless steel tubing which was wound around the reactor.

The reactants were preheated to the reaction tempgrature and -

entered from the bottom @f the reactor. Details of pieheéter
and reactor are given in Figure (3-2). ' ' '
,fhe reactor was made of 8 x 1/2" 0.D. 316 stainless

. A}

steel tube. A porous stainless steel plate (supplied by Pall-

Trinity Micro Corp., Cortland, N.Y.) was inserted at the bottom

of the'reaétor‘tube. The Grade D plate had a mean pore size of
65 mic;oné, a normal thickne§§ of 1/16" and produced a pressure
drop of Qpprqximately 0:} ésig per 180 cfm/ftz. An autoclave
reducer was welded below the porous plate and connected to the
feed line from the prehéaper. o

Thé top 0of the reactor wés coﬂnected to a Swagelock
"™ connector.(SS—QOO—B) lhrough a‘l/2“ to 1/4" reducer union
(55-810-6-4) , supplied by Ottawa valve and Fitting Co.). A
staihless steel thermocouple type J (supplied by Honeywell Co.)
was inserted through the upper openinq,of the "T"{_ The iower‘

end of the thermocouple waé kept 1/2"'from the porous plate in

o e Das i it
PP
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contact with the catalyst bed. - The thermocouple was connected

,_-..--—-‘-"—-“‘" - -

to a potentiometer (supplied by Leeds and Northup Co.) for
rMeasuring the temperature during the reaction. A secood thermo-
couglertyﬁe."K".(supplied by Honevwell Co.) was placed in the
fluidized sand bed-and connected to a HoneyWell Pyro-Vane
temperature controller. The temperature controller was:used
with a transducerin.sucﬁ a way that théfoutput signal fromrthe
thermocouple (type K) wes measured by the controller which aotivateo
the relay to maintain constant temperature at the set p01nt
The controller when coupled with a variable transformer could
maintain the reactor temperature to w1th1n + 2°C. The reactor : ?
. . L. —~—
"and reactants preheaters . were;kept immersed.in a constant !
temperatuﬁe flu1dlzed bed. The container for the fluidized bed
was made from a 6" 0.D. and 1/4" thickness steel cylinder. A .
porous stainless steel plate (Pall‘Trinity Micro Corp.p-Cartlaan'
New York} was inserted at the bottom and further welded to a
reducing cone with 1/2" pipe. Clean sand 40-60 mesh size was
used as the fluidizing pediumand was‘placed in the container on
top of the porous plete. fh; reactor was‘held upright‘ the

center of the bed, while the vessél was almosﬁﬁcompletely filled

with sand. ufficient flow of air was passed to keep the sand

fluidized afld to obtain a uniform temperature. The tube carrying
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fluctuations. For heating the reactor, two layers of -

“\
. ceram-A-flex heatlng wire (Chemlcal Rubber Co., Cleveland,
Ohio) with a resistance of about‘50 ohms was wrapped around

the steel cylinder. A paste of asbestos power mixed with

water‘wa,s applied to the wires fox{ insulation aad to fix the
. wires in position.. The‘firSt heating wire was connected to
the temperature conttoller; The second aeating wire was
connected to a l0-ampere powerstat (Fisher Scientific Co.)-
which was adjusted to a sufficient power to maintain the
reactor temperature sllghtly below the required temperature
-set on the temperature contoller. This reduced the heating
18§a in the contrglkler circuit,(inner'heating wire) and made
more precise control of the reaction temperature p0551b1e. ,,1 ) -
The reactor and flu1d1zed bed were placed in an outer steel
cylinder 12 inches in diameter, placed on piece of asbestos
plate, in the center of which a holevwas.provided for air line
to fluidize the bed. The annular space between the steel
cylinder aad the bed was packed with insulaeing.asbestos- g
powder. The surface of the outer cy;inder was coated with a-
layer of fiber glass and asbestps cloth 4" thick for further
insulation. The top of the f1u1dlzed sand bed was covered

with an asbestos plate in order to reduce the -temperature

variation caused by radiation.
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3. Product Analysis Unit

', N The product analysis unit consisted of a liquid
trap, tw®d condensers, gas sampling valve, rotameéer, wet test

‘meter, gas chrbmatograph, integrator, and recordgr} The pressure

. in the reactor was maintained constant by combination of a constant.

upstream reference differential flow controller (Brooks Instrument
Div.),'a pPressure line-regulator'(Matheson Co.), and a Nupro—needlé
valve. By adjustfﬁg the migrometer needle valve and the diff-
erential flow controller resistance valve, véry accurate flow and
pressure settings could be maintained easily. The product stream
from the reactor was filtered by a high purity stainless steel
fllter (Matheson Co.) and kept above 45°¢: by heating the 1/8"

0.D. stainless steel tubing by a h%ating tape contrqQlled by.a
power-stat (Fiéher Scientific). The product stream was con-, g
densed in a two stage condensing tube immersed in an ice-bath

flask. This was done to ensure condensation of olefins higher

than four carbon atoms.

A high-temperature gas sampling valve {Chromatographic
Specialitiés Ltdf) was uséd fo inject samples of the product
'§tream.to the gas chromatograph to pé analyzed. The gas sampling
valve.héd 8 ports. While the ;arrier gésl(helium) continudusly-
passed through the fifst loop (0.70 cm3), tqé'product'stream

L3

passed through the other loop (0.70 ém3).'*When the sampling

Vh s
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valve was turned on, the flow of the product stream and the
carrier gas was switched. A product sample from the sample

lcbp waS'flushed by helium to the chromatographic column for

separaticn. The pressure on the sample loop was kept constant

at each 1nject10n to make- sure that a constant volume was in-

Jected each time. This was done by adjusting the flow before and

-

after the gégﬁéempling'valve. The product Stream after leaving

the gas samp;ing valve was passed through a rotaméter (tube and

float series 602, Matheson Co.) and a wet test meter.

A Gow-Mac W 2X hot wire 333 mount, made of rhenium-

-

tungsten, in a temperature regulated four elements macro cell

(Model TR-IIT AWX) was used to analyze the products separated

by, the column. The detector, temperature was controlled by a

Fenwal thermosw1tch w1th an adjustable range from ambient to

[y

2057°C. Two cartridge heaters were connected in Eeries with‘a
thermoswitch and the temperature of 'the unit could be varied
by turning‘cn adjustable.screw at the;bottom of the case, one:
revoluticn for every 32°% rise in temperature and vice-versa.

The temperature of the detettor was keptlat 70%. Direct

current for the detector was supplied by a Gow-Mac Cell Model 405-C.

. Chromatographic, columns were kept in a water bath, the

temperature of which was maintained at 30°%¢. The temperature

}

of the bath was maintained constant by a thermo-regulator having
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a controlled dev{;;ion within & 0,05°é. The,bath, 10" x 10" O0.D.
(Pyrex-Corning Glass Works) was well insulated with asbestos ' }
cement and glass wool to.reduce'the heat losses to the surrounding.
' The output signal (in millivolts) from the detector

was transferred to an. integrator (Hewlgtf—Packard) where the area of

the peaks were calculated. The signal was then transmitted to

a chart recorder (Fisher Scientific Co.).

C. Expérimental Procedure

1. cCalibration of Equipment

Description of the procedures used for cali-
brating various pieces of equipmemt and procedures for opération
of the catalytic reactor and experimental runs and analyses are

given in detail in the following sections.

(i) calibration of Flowmeters

Flow measurements during this study were

made with Matheson 601 or 602 tube rotameters. The rotameters '

were”calib;ated'with air at atmospheric pressure and 25%c. The
vblumetfic-flow rates were checked by both the soap bubble method-
and a wet test meter (supplied by Precision Scientific Cov ) The

rotameters then were calibrated for propylene at 25°Cc and one
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atmésphere. However,‘the overail equipment design required that ..
certain rotameters be calibrated at pressures higher than one
atmosphere. - In the assemblel equipment a retameter‘(Rl).was—
placed before the reactor. This meant that this rotameter Wf
functioning at the pressure of the reactor. Downstream from the
reactor was another rotameter (R4) functionrhg under atﬂospherie
pressure. Pure propylene was fed to the reactor, without reagtion,
at various‘pressures to be ueed during reaction studies. The
rotametey” was thus calibrated at varioes pressures against the
rotameter downstream at atmospheric pressure. Calibration curves of

34 at atmospheric pressure and R1 at 3.041, 4.403, 5.703 and 7.124

atm are shown in Figure {8-1) and (8-2) respectively and given in

Appendix (B).

(ii) cCalibration of Thermocouples
» . - .

The -thermocouples were calibrated by
inserting them in the fluidized bed furnace with an AST M

Thermometer (100- 600°C attached to it. During calibratlon,

a potentiometer was used to read voltages correspondlng to each
temperature measured. . The reference junction was placed in a
Dewar flask filled with- crushed lce for all callbratlons and

during eguipment operatlon. A calibration curve of temperature

agalnst mllllVOltS is shown in Figure {8-3), Appendix (B).

PRy ST
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(iii) calibration of Pressure Gauges

. These were calibrated against a stain-
less steél test gauge. Gauges being calibrated were placed in

a system pressurized with nitrogen and connécted_to the Test gauge .

. I3

{Previously calibrated by Matheson company). The test gauge was

used to read the reaction pressure. A calibration curve is given

in given in Figuré (8-4), Appendix (B).

~

{(iv) Calibration of Chromatograph

All olefins produced by disproportionation
of propylene were analyzed by gas chromaéography. The chromato- -
graph detector was calibrated for ethylene, propane, proéylene,
l-butene, trans-2-butene, and cis-2-butene. fhe gas chromato-
grabh used in this investigation, which was assembled in oﬁ¥
departﬁént was connected to a gas'sampling valve. This valve
consisted chief1y of a calibrated vblume sample loops of 0.70
cubic centimeter.

Pure components were used to flush the sample loop.
Saﬁples were anaiyzed until only the particular component‘was
detected by the thermal detector. Theh, the pressure on the
sample wvalve monitored by a -mercury U-tube manometer was set at
a given value. From the_pressure'Pl, volume of sample loop Vl{

the temperature Ty the number of moles injected could be cal-

culated as follows:
R

[T SR ERTE s



- 52 - ,
. \y
The area of the peag‘for cdhpqnent (I} was inte-
grated by the_Hewletf—Packaratiétqgtaébr. The thermal con- '
ductivity detector was assumed to have an output .which was-
propé;tional to the humbéf of-mbieg.of a ﬁarticular compound
being injected. . l
Mathematically: ° 'n - £a o {3=2)
The procedure ws fepeated fpf several partial pres#uyes of
pure ethylene, propane, propylene, 1¥bhtene, trans—z—gutene

and cis-2-butene. Using multiple linear regression, Ehe'beét

-

least squares estimates factor f of each component was deter-

* mined. - , ) .

To eliminate the scale of the recordér, the inte-
grator and the constants, the proporticnality factor of each
éomponent was nofmalized by dividing i£ by tﬁe prbleeﬁe cali-
bration factor, since propylene was expeéted‘to be present-in
every sample analyzea during this invesgigation. -
Mathematically: . £ *=f /f
| - 'Ip.order to check the calibration factor of each
component, the particulqr éomponent and propylene were allowed
to flow at ; known flow rate. A sample was injected at a
pressure of 1,092 atm. jhe molar ratio.of the component;to-
‘propylene waé calculated. A plot of‘aréa ratio ofj;omponent
to propyléne versus the'molar ratio of component toléropylene
was prepared. Using the multipie linear reqression, the bes§
1east-squarés estimates of £, * factor of eaggﬁzbmponent was
determined. Calibfé;ion curves for each'cbﬁponent-are given

in Figure (8—5),.Appendix (c).

e ——— i
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A thermal conduct1v1ty detector was used in the ana1y51s

of the various components of the reaction products A column

ﬂ

packed w1th1n 30%. Hexamethylphosphoramlde_coated on chromosorb

P,NAW, 60 -80 mekh was used. Two columns, each flve-meters, were
v J
used in parallel to give a stable base line on the recoerder.

‘For ?ll analyses the same control pOSltlonS (as used during
calibration) were maintained on the chromatoéraph. The detector
brldge was operated at 100 mllllamperes and a temperature cof
70 C, column’ temperature at 30 C, a hellum 1nlet

3.450 atm. at a flow rate of 60 cm /min.

L

2: Leakage Test = ° o . ) k\
The system was tested at 7.124 atm for any

p0551ble leaks ln the following way:

1) propylene gas at a. pressure sllghtly higher than 7.124 atm
was allowed to flow into the apparatus Wlth .the exit.kept closed.
If there was no leak the- rotameter would show np flow. -How-
ever, if a leak.existed, the apparatus was cheoked in.each
eection and the leak was corrected. 5 ‘
2) The system-was pressurized up to 7.1247atmrand5both the‘inlet
and outlet-valvea were closed. The apparatus'%as left for

4 hours to check for any pr_essure drop. 1If a pressure drop,
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served the procedure _was repeated for each section to check
the” source of the leak. o 2N

) . L
"t '

3. OQperating Procedure

t

Detalls of” the experlmental procedure for making

a run w1th a specmfled welght of fresh catalyst are descrlbed

in this section.

. a)
b)

c)

q)

£}

g)

(i) Start up

Test the system for. any leaks by pressurizing the system with
propylene at 7.124 atm.
Turn on departmental‘compressed air to fluidize the furnace

bed. ' , .

~switch heat to various heatlng tapes used for heatlng alr.

+

Turn on the powerstat for’mlrect heater and 1nd1rect heater

setting the temperature at 600°C,

.Charge the reactor with the desired welght of fresh catalyst

and cover it with layers of: glass wool to prevent catalyst

escape from the reaqtor.

-

‘Check for leaks in the reactor by pressurizing with propylene

up to 100 psig. ot
Turn the nitrogen flow at 135-150 cm3/min at a pressure'éf

3.041 atm.

W



h)

i)

3)

k)

1)

.a)

b)

c)

a)

When the temperature 6f the sandbath stabilized at 600°C,

© the reactof was éonneq&sg,tg the system th activate the

catalyst for 12 hogrs at 600°C.

Cool the reactor b§ switching the powerstats direct and

/

indirect heaters. . ' C . //”T—_‘
Open the helium cylinder walve so that a constant pressure
of 3.450 atm. the‘flOw rate was éO cm3/min in both

columns. .

éwitch on, recorder, deieptor'curtent, integrator, heater‘

to'wafer bath, stirrer and thermoregulator. .

Fill Dewar flask and ice bath with crushed ice for product

condensation.

(ii) .Experimental Run

‘When the reaction>£emperature was attained, the powerstat

of direct heater and indirect heater were adjusted to the
appropriate voltage and ;emperature was allowed to
stabilize. -

The pressure of propylene was adjusted to 1.5 atm.higher
thaﬁ the reaction pressure, and propyléne was uQ;d ﬁo
fiqsh the nitrogen from the apparatus, for 20 minutes.

Several samples of product dtream were analyzed to ensure

‘that nitrogén\was completely flushed.

The reaction pressure and® the flow rate were adjustéd by

. controlling the differential flow controller and the

needle valve at the exit of product stream.




e) The éressure on the sample valve was gdjusted_to 7 cm of
mercury by controlling the flow pblthe sample valve and
that by pas?ﬁpg it. | .

£) Continﬁe‘the run, meanwhile injeéting samples every 15
:m nuetes until steady—state was‘reached .

g) .-8Shut off the propylene flow and start nitrogen flow ‘at
135~ 150 cm3/m1n for 1 hour, before: starting another run.

“h) The gas chromatograph calibration was checked peripdically

to assure the stability of the column and detector.

D. PFeparation of Catalysté

‘ Tungsten oxide containing catalysts supporteé on
different material (¢ -alumina,Y -alumina, silica gel, silica-
alumina, kegielghar and zirconium‘oxiée) used in this study
were prepared by the conventional incipient impregnation
method (95). | |

. The carrier of the,required particle size was add-
ed to an aqueous SOlUthD of ammonium paratungstate .
(NHy) gW7044 5(H20) (Supplied by ICN pharmaceutical Inc.,‘
U.S.A.). all supports were crushed to the required size and
dried for three hours at 110°C before being ihpregnatéd. The

mixturg of support and the ammonium paratungstate solution was
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.§;i§red over-niggt and then élole evaporated over a-

ssteambath.. After the removal of water, the catalyst was

- successively heated at 1/2 hour intervals in steps of 100°C up

to 600°C and calcined at 600°C overnight. all catalysts were
!
. : . § '
activated in the reactor in a stream of dry nitrogen (135-150 \
c.c./min) at 600°C for 12 hours. : o P

-

CATALYST, ACTIVATION ' -, -

'
e elide

.Catalyst activation was carried out in-situ in a
4 .

stream of dry propylene. The catalyst (-28+42 mesh) was dried
at 100°C for 3 ﬁours. A weighed sample was placed in the
reactor. The reactar was connected to the apparatus while the
temperature of the fluidized bed was held at 600°C. Nitrogen
flow rate was adjusted at 135-150 cm3/min at atmospheric pres-
sure. The catalyst was activated in the nitrogen stream for
12 hours. Subsequently, the caéalyst was cooled to the re;

gquired reaction temperature, while nitrogen flow was maintain-

-

ed constant. .

During activation of the catalyst a'consideféble
amount of wétef was released. The water was noticeable in the
‘initial period of activation. The ;ﬁitial activity of the
'catalyst was found to decrease slightly, however the decline

being more noticeable at higher temperatures.
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E. Reactants'and Chemicals

Polymerrzatlon grade propylene gas, with a minimum
pur1ty of 99%, wes used for chromatagraphlc callbratlon pur-
'poses and in reaction studles. The ‘gas was supplled by
Matheson Co. in s1ze 1-F cyllnder at a pressure of 136 psig.
Analy31s“of propylene gas by chromatography has shown 0.64% -
"vol propane to be the major .impurity. The _gases used for
callbratlon of the chromatagraph were 1- butene, cis-2- -butene,
~trans—2 butene, ethylene, propane and 1,3 butadiene. aAll

gases used in this study were dried Prior to passing through

the catalyst bed. Actlvated molecular sieve 5x and 1ndlcat1ng

1

drlerlte (10-20 mesh) used for drylng purposes were supplled

-

by Pisher Scientific Co. .
Chromatographic columns packing 308 Hexamethyl—

phosphoramide coated on chromosor! P, NAW, 60-80 mesh |
(catalogue no.'CCPQO) and copper tubing were supplied by
Chromatographic Specialties.Ltoz

| | "Helium, useo as carrier gas in the gas chromato-
graphic amalyses, and nitrogen>used to.condition the catalyst
were high purity grade gases (99%) and were supplied in size

L.B. cylinders by Central Oxygen Ltd.

a1, ke
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‘Catalysts were prepared from ammonium paratung— -

state ((NH4)5W70245(H20)), obtained from ICN pharmaceutlcals,

. Inc., Plain v1ew, N.Y¥. All supports’ used to prepape the cata-

lyst, were supplied by Strem Chemicals Inc., MA, U.s. A. Theée
supports are llsted as follows.
¥-A1umina (high activity) bontaining 96% A1203 was
obtained as 1/8" x 1/8" pellets and had a surface area of 200
m2/g. | |
°‘-A;umina trihydrate was reported to'contain 64.9%

alumina, 34.7% combined watér and 0.35% Nazo. ’ ’

-Silica-alumina contains 12% Al;05 and 87% Sioz in

the form of. 1/8" X 1/8" pellets and reported to have a sufface
area of 425 mz/g

~Silica gel {large pores) was-obtained as 8 mesh

- granules with a surface area of 340 m2/g.
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The results of the experimental-data collected in the

« previouts section are pfesented in this section. More specifically,

this section contains, the catalyst qheracterizetion studies, the
effect of sugppr{iqg material and oxide content ;f tungsten

oRide catalysts for theconversion of propylene and yield of
ethylene and 2-butene, the effect of temperature on conversion,
yield end selectivity, product distribution and isomerization

rates, theeffeétof‘space time (W/F) on conversion, yield and

seleetivity,and.the eﬁfect of pressure onrconversioq,ahd yield.

The experimental data were obtained hy means of a i)

quasi-~isothermal fixed bed reactor at a pressure rande of

3.041 to 7.124 atm. Thefsteady state was inferred from the
operating conditions and from product adalysis." The effect of

. L . .
several variables, namely, the reaction temperature, T, the
: » )

initial pressure of propylene (Pp)o, and the.space time, W/F,

'éfn the conversion of propylen®, X, yield of ethylene and 2- .

butene were studied. - . ' // . :
, R y

The cgnversion (X) was deflned ‘as the ratio of moles

of propylene reacted per hour to the moles of propylene fed into
¥
the reactor per hour. The yield (Y) was expressed as ‘the ratio of
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the moles of ethylené and é—butene formed per hour to'ihe
moles of propylene fed into the reactor per hour. The ratio
~of the moles of ethylene and 2-butene produced per hour to the
moles of propylene reacted per hour has been defined as
selectivity (S). -

In order to obtain a consistent and reproducible
resﬁlts ﬁor.disproportionation catalysts several factors
should be observed. A poor reproducibility can be caused by
many'factors,‘iﬁcluding sensitivity of the catalyst to traces
of poisons in the feactant (such as water '‘and air) and depen-
dence of'the‘ca£alyst activity on activétion procedures and
previous experimental use. Moreover, thé activity of the
cgtalyst may not be constant in time because of the induction
periéd‘§r of the catalyst decay.

The.activity of the catalyst was-monitored'périod—
_iqglig by passing propylené at 4.403 atm and 7.88 g.cat-
hr/g.mol, determining the perceﬁtage conversion and comparing

| with a reference activity. ;
Heterogeneoué disproportiocnation catalysts can’
function over a wide range of temperature, the optimum temper-

ature depending on both the nature of the support and on the

B

e b aead



_oxide employed (48, 52). Tungsten and molybdenum oxides

supported on silica or alumina.are‘some of the qatalysts'
. reported in the literature (39, 45, 51). .
_;-l

s N
Preliminary studies showed unsupported tungsten
oxide or molybdenum'okide to have no activity for prd?ylene
_ . . a ‘

disproportionation up to 550°C, Similarly, all supports. used

in this investigation (silica, silica-alumina, ylalumina,
*-alumina, kesielguhar and zirconium oxide) did not show any

activity towérds this reaction up to 600°C.

The disproportionation of propylene over catalyst

containing 10 wt% MoO3 supported on silica and ~alumina

- showed a remarkable activity and selectivity as a function of

’ >
temperature between 150-490°C ‘at 4.403 atm and 7.88 g. cat-hr/

g.mol. Howevef, M003/jr-A1203 was more active than

-

MoO ;3/8102. Both catalyst éxhibited a fast décline in

activity.

’

<,/2 Tungsten oxide supported on silica gel have been

reported in the literature (82). to give a very high conversion

o et T T
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and selectivity for propylene disproportionation. In this
~ study .the disproportionation of propylene over a 10 wt$
W03/Si02 showed a cqmpafable'acfivity with the literature.

A

Effect of Supbort Material ' -

The effect of température on conversion of
propylene was studigd over catalysts containing 10 wt$% WO3.I
supported on differentféupports af a W/F ratio of 7.88 g.cat—-
hr/g.mol and 4.403 étm.) Preliminary experiments showed th;t
tungsten oxide supported on zirconium oxide, kesielguhar or
-alumina was quite inactive. for propylene dispfoportio%ﬁtiggz
under experimental conditions. On the other hand, W0j éup—
ported on silica, silica-alumina and YLalﬁmina showed activity'
for this reaction. Experimental data obtained for these is
given in Abpendix (C). 'Fﬂghreé 4-1 and 4-2 show the tempera-
ture effect on conversion and yiela for catalytic disprgpérr
ticnation ofﬂpropylene in the range from 150—494°C and over 10
wtg WO3-supported ip‘silica, silica—aluminavand -alumgna.
(i) W03/ Y¥-alumina. From Figure 4 - 2 and the results
sﬁown in Appendix (C) it is clear that -alumina supported WO3

was quite active. at low tempeature i.e. 150°C.. The
-

éctiyity of the catalyst increased with increésing temperature




m e ——

A= - crperoe- - S i e n e [

-64-

.

"Tow'B/1y~3e0'6 gg*/ pue “me £op°p e SISATEIED
SPTXO :mummCBB peraoddng aaa0 sueTAdOId JO UOTSIBAUOD UO musumummsma Jo 10933 T-¥% wusmﬂm

. Do ‘omaeaadimg
"00s “00% "00g "uoz oma

fofre-g /oM 20T - @

. T°0
£

ots/

ots/fam 30T - O

fore-Yors/Fom 30T - o

( X ) uoTszaaucy




e T

~

wﬁ;le its selectivity decreased. The yield followed the activity

trend and reachew, a constant value of 36.5% at 275OC.

(ii) W03/Si02.~ The catalyst was active at higher temperatures
‘i.e. 380°C. The conversion and vield increased as a function of
temperature. Equilibrium conversion was obtained at 494°C while

the yield was 42.5%
. -‘,

(iii) Wb3/Silica—alumina. 'I:his catalyst was dctive about 160°C
and behaved 1n a manner similar to W03/y Al2 3 at lower tempeta—
ture and W03/5111ca,at hlgher temperatures. The activity
increased with increasing temperature to a maxlmum yield of 35. 6%
at 275°C. As ‘the temperature was further 1ncreased the conversion
.and vield . decreased to a mlnlmum of 7.5%, yleld at 350°¢.

The catalyst then regained its. act1v1ty to a maximum yleld of

27.5 at 488°c. It was coneluded that in silica-alumina supported

’

tungsten oxide, there could be two tybee of active sites for
disproportionation;.site (L) and‘eite {(II). Site (I) is active
at lower temperatures (160—2900C) and site (II)at higher'tempera-
ture range (350-488°C). Site (I ), which are active at low ’
temperatures could be poisoned at higher temperatures ecause of
.the ptoducts formed from side reactions such as polymerization.
WO /SlO A1203 catalyst was - found to deactivate faster\t&an

WO3/y— alumina. The catalyst could not regain its original‘

activity after regeneration procedures. All three catalysts

:
1
k)
4
i
3
g
3
4
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.
-,

showed a decrease in select1v1ty ‘with 1ncreas1nq temperature

/
in the follow1ng order-

Silica—alumina > ~alumina > silica.

A_tunsten oxide catalyst supporteﬂxoh —alumina was

4 W

- chosen for the dlsproportlonatlon of- propylene, because it

showed a remarkable act1v1ty and select1v1ty and could be used

.at relatlvely lower temperatures w1th comparable ylelds of

" ethylene and 2 butene. (Flgure l and 2 and Appendlx (C)).

<

- Effect of WO3 Concentration

'actlvated in dry air. However, the air has to beepurged com—

'pletely from the reactor pefOre 1ntrodu01ng'prdpylene. The'

2

s

' Prellmlnary observation on a 10 wt% W03/”V—alum1na

.showed that the catalyst act1v1ty 1ncreased as a functlon of

the actlvatlon bemperature in the _range 450 =650°C. A cataiystf
actrvated in a stream of dry- nitrogen gave a maxlmum activity

at 600°C. Slmllar actFV1ty was observed when the catalyst was

initial perlod of actlvatlon (in, a1r °ﬂ:;i55999n) was accom-—

.‘panled by the llberatlon of water vapor frem the catalystr

)
: .

.

.Figure 4-3 Shows ‘the convession, yield &nd selectiuﬁty

. for disproportionation of propylene at 4.403 atm, 7'88 g.cat-

hr/g mole and 290°C for a series of WO3/¥ —al@@%ﬁ@ hav1ng con-!

centratlons ranglng from 5 to 15 wtd WOj3. The.results are

‘given lh Appendlx (C).*_Whlle the conyersionnincreaSeﬂ with

P

=~ N .

: - . . 3
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- Figure 4-3 Effect of Tungsten

_ T bxide.cdncentration. Supported on —AltJ;tﬁ.na
on Conversion, Yield and Selectivity for Disproportionation of

.Propylene at‘4l40}§ii,2j0 °C and 7.88 g.cat-hr/g.mol.
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the increase with the concentration of W03 on Ytalumina;

~

selectivity decreased. It was observed that iaomerization-of
2-butenie to l-butene was less at lower concentration of WO3.
A catalyst containinc 10 wt% WO3/Al,05 was chosen because: of "1
its activity and selectivity, | . |

The catalystic dlsprg%ortlonatlon of propylene was
' studled over a.l0 wts W03/'X—A1203 at a W/F ratio of 7.88

g.cat-hr/g.mol, 4.403 atm and_ig/fﬁe~temperature range of

150—380°C. Results on thlS ~catalyst are glven in Appendl

(C)f Flgure 4- 4 shows the effect of temperature on conver—

sion, YIEld and select1v1ty.

'The conversion increased from 9.5% at 15D°C to

47.5% at 380°C. The select1v1ty, however decreased from 99.2

at 150°C to 79% at 380°C. The decrease in the select1v1ty was

»

mainly as a result of 1somerlzatlon of cis and trans=2- butene-

P

to l-butene as shown in Table C 5 on page 197. Temperatures
- higher than 300°C, the productlon‘of liquid products (pentenes
and hexenes) starts to become significant.' Therefore the '

temperature range from 180-300°C was considered suitable for ’ .
kinetic studies. - )
. . The effect of temperatures on the product distribution

from the dlsproportlonatlon of propylene over a 10 wt% W03/

L U

x—alumlna at 7.88 g. cat-hr/g mol, 4. 403 atm and temperatures

. . S
i Q "‘ "
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between 150-380°C 1s shown in Flgure 4- 5 and the yesults are given

in Appendlx {(C). The dlstrlbutlon of products wa's/not appreci-.
ably affected by the temperatqre. At?iower temperatures (<218°C)
thegsfin products were ethylene and 2-butene. At higher
temperatures (>218° C) the formatlon of products other than
propane were due to lsomerlzatlon, dlsproport;onatlcn and
polymerization. Propane was formed by self‘hydrogenation
accompanied by dehydrogehation of 'butene to give ‘1,3 butadiene.
The molar.ratiq\cf ethylene to butené‘was about one at
temperatures less than .310°C.- The ratio decreased at higher.

»

temperatures due to the'formationgof higher molecular weight

J
alkenes such as pentene and hexenes. The‘ratio of trans-2-
buterie to cis~ 2 butene was near equlllbrlum calculated at 0 p51g.

Tﬁg/rate of l-butene formation as a functioh of temperature was
faster than any other product The 150merlzatlon of 2- butene

to l-butene favors the cis- 2 butene as shown in Flgure 4-5,

"

Figure 4-6 shows the effect of temperature on. the

l percentage of double bond 1somerlzatlon to 1- butene. The

percentage of 1somerrzatlon.was defined as:

% isomerization =-mole fraction of l-butene x -100 (4-1)

mole fraction of butenes
The production of l-butene increased linearly With‘.

increasing temperature. Afiiﬁ indicates that the activation energy

-
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for isomerization is higher than that of disporportionation.

s -

-

Effect of Space Time
| The effect of space time (W/F) con conversioh,
vield and selectirity for propylene'disproportioh over 10 wtd

WOo3/ ¥-alumina has been studied at 250°C,‘5.763‘atm.in the

7/
space time range from 1.8 to 12.5 g.cat- hr/g mol (Flgure .

4 -7). The data are tabulated in Appendlx (C). The conversion_

and yield increased slightly‘from 90% at 1.8 é.cat-hr/g mol to
87.4% at 12.5 g. cat-hr/g. mole. The frﬁct1on of l-butene in
the product decreased w1th the decrbtase in space time. The
ratio of trans to cis-2-butene at: shorter contacﬁ‘tlme was

?pWer than ‘the equ1l1br1um value. However,-the ratio increas-
d

as the space time increaseq. Appendix (C-1 to C-4). .

Effect of Total Pressure

L

of propylene on’

The effect of-initial pressu
conversion, yield :and selectivity for prop Llene dispropor-

tignation over a 10 wt% ﬁ03/ YLA1203 is given in Figure 4-8.

Data are tabulated in Appendix (C) At 250°C and a W/F ratio

of 10 g.cat~-hr/g.mol, the 1n1t1al pressure of propylene was

varied from 3.041 to 7.124 atmospheres. Both conv4151on and

M
i

A 10 wt% Wo4/ YLalum1na was chosen‘to study the
klnetlcs of catalytlc dlsproportlonkklon of propylene in a

integral reactor. The kinetic data was collected in the
\

1.temperature range 180 300°C, at pressures between 3.041 to.

S
7.124 atm and space time of l 06 to 17 88 g cat hr/g mol.
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3 .
Characterization of the catalyst (10 wtg WOq/V-Alqu)

The catalyst used in‘the kinetic disproportiona-
tion of‘propylene was 10 wt¥ WOy suéporteﬁ on.Y—alumina.

The particle diameter (D ) was determined using a
micrometer. A random sample of 50 granules (28- 42 mesh) was

taken.:and the diameter of each granule was measured w1th a

micrometer. .The arithmetic qverage of* these measuremenfs-gave

A~

" ‘the value of particle diameter as 0,486 mm. However, the

. . r
average size from the screen sizes (28 and 42 Canadian

-

L
Standard Sieve) was 0.478 mm.

The particle density ( p) was determlned by

_we19ht1ng 150 grandules and dlv1dlng it by the volume of 150

-

' grandules calculated on the basis of average diameter of 0.486

mm and assuming the sphericity of the particle to be 0.9. The

- particle density thus determined was 1.664 g/cmg.*

A sample of the catalyst was analyzed by Bondar—
Clegg and Company Ltd The catalyst was found to contain 9. 75

wts WO3 and QOhQéﬁwt% Y—alumlna. A semlquantltatlve analysis

.done by x—ray Fluorescence has shown the catalyst to contaln -

the follow1ng 1mpur1t1es-

| Nay0, Ti0, | 0.01-0.03%

}/\J“FE(FG‘?O:;) o 0.1-0.3%.
‘ cal, Mg0 - . 0.3-1.0%
Mn, Sr,‘'Zr Traces '

e b s e b o



The surface area and the ‘pore volume dlstrlbutlon were - deter-

mined by using a B.E. T. apparatus and m1crobalance by '
Technlcal Marketing Assoc1ates. The surface are (S ) was

.~

found to be 146 m2/g while the pore volume (V ) was determlned

as 0.36 cm3/g.- The average pore radlus (r) was calcuiated as

follows: : : .

. ' . (-
r=2Vg =2x 0.364 cm3/g = 50.0 x 108 cm.. ;
sg 1460000 cmZ/g _ , . (4-2) e :
r = 50,0 M . h ' ' . ;
The color of the WO3/ Y-alumlna was s;mllar to “

i

" that of,Y—alumlna, bluish grey. The catalyst showed no yel-.
lowish . color, characterlsltcs of tungsten oxide. The catalyst

la turned to brownlsh grey after use.

s

The x ray dlffractlon patterns of the catalyst :
‘were studled in the department of Geology, University of |

&1, . Ottawa. Table 1 shows the peak 1nten51t1es and thelr 2-

4 values for several catalysts. Four samples of the catalyst

' ‘ under different conditions~were analyzed. The purpose was to”
detect for any active site responsible for the activity of the
catalyst for the. dlsproportlonatlon of propylene. It'was
observed that all catalysts showed the peaks for ’-alumlna.
However ndne of them showed any d%3 crystallite, which should

appear at 20 = 23 5.

T



P

The activity of the ca alysts for dlsproportlona—.
tion was found to be related ta, Al,(WOy4) 3 complex, which. .
appears in three peaks. 29 = 38.3, 44 5 and 64.35. The act—
ivity of the catalyst 1ncreased with the increase in the in-

tensities of those peaks.t It was concluded that Al;(WO4);

formed at 600°C in a Stream of dry nltrogen from the interac-

tion of Xlalumlna and WO3 (Table 1).
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3 . V. stx;ssxo
v '\-_ . -,
Kinetic An51y51s of Exggfiﬁgqtal/;ata

R

processes is the relatlonshlp, etwéen the reaqtlon rate and

-« [

N -

the operatlng varlables. A kinetic model is a convenient and

"resonable representatlon of a reaction which 'is con31stent

w1th the experlmenbai data and‘permlts both 1nterpolat10n and

some extrapolatlon. A.Kkinetic model is usually derived in

terms of part1a1 press‘[es of reactants and products based on

the well- known Langmulr—Hlndshelwood theory (65). _ When a

" reaction is catalyzed by a solid it is presumed that the

%

“actual- comblnatlon of reactants occurs on the most active

sites of the SOlld surfaég*?GG)) - >

l.

*

Steps in a Catalvtic Reaction

.

When a chemical reaction takes place without the

v

aid of a catélyst,only chemi%al steps qzefinvolved. The cage

Ll

in quite different in a heterogeneous catalytic reaction. .A

complete study of the kinetigs of caPalytic rectiom involves {_

‘the physical ‘laws of diffusion end heat trenéfer as well as

- the behaviour of cszfcalf}eactibn.LlTUEyreaction of a porous

sol;g\sqtelyst may be invalving the following steps:

1=~

Diffusion of the reactant from the - 'n‘gas stream to the

-

external surface of the catalyst.

the interior of the porous catalyst.

’

S BT e
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-

3 - Adsorption, of one or more of the: reactants on the catalyst
- Y
4 - A surface reactlon between adsorbed reactants-or* one of the
gaseous reactants and an adsorbed reactant on the catalyst

‘surface.‘ ’ ' ' ' : ' y

.-l : .

5 - Desorption ofthe prodnct molecules from the catalyst.

6 - Diffusion of the Products from the lnterlor of the catalyst

. - .
- to its surface. . _ : ’

7 - Diffusion of the products from the external surface of the
] » . ® -
catalystktg the main stream. ‘
. /8

and

—T

-Steps 1,246 and 7 are definetely )thSJ.cal st\g
d

the rates: of these steps are determined by the laws of ffusion'.

Steps 3,4 and 5.are chemlcal steps, which give an insight'into

the nature of cahalﬁslc reactlon S;nce the seven steps llsted

above may take plad‘ in consequence, it is possible for'any of them to
control the overall rate of reaction; If the'‘rate of one step is

appreciably slower than the others, the overall rate w1ll adjust

-

itself to that of the slow step. This step is kno s the rate
controlling step or rate determlnlng step, while the others are

considered to be at equilibrium. Obviously 1n maklng a kinetic s

-

L]

studx\of such a sstLm it is necessary to take precautlons to

insure that phy51cal steps such as external mass transfer and pore’

‘dlffﬂSlOQ are not the controlllng steps Some methods have ' )

been proposed by varlous investigators (67, 68) to 1nsure the

-

*
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mihimization of the effect of physical steps on the reaction' rate.

2.' Factors'Affecting the Rate Mechanism - v

. ~Hougen (69) in- an- evaluation of kinetic models and

kinetic rate data in a flow system for heterogenecus reactions -
. . ¢ .

stated five serious sources of error that might arise. These are

: _ . c e
summarized as follows and are arranged in order of. decreasing

importance: - . ' ) .

"1l - Variation in catalyst activity

'

2 - Neglect of pore diffusion

-

-

3 :“NeglECt of external resistance to mass and heat transfer -

4 - Departure from plug flow
5 - Neglect of pressure drgp due to flow

In order to derive a true rate equition, the above

mentioned factors in a¥8dition to heterogeneous reactions

] -
catalyzed by the reactor should be either eliminated

! . - +
or minimized with appropriate corrective measures. These are

discussed in the following section.

1

i. variation in Catalytic Activity

- " There is no literature on tungsten oxide

supported on Y —alumina catalysts, therefore it was necessary
p ‘ :

‘to determine the extent of deactivation of .this catalyst with

time. In order to achieve this, a few tests were made to

-
.




' - study the rate of déactivation as a function of time on

stteam at each of'the'temgetatpres used in this investigation.
Figuré 5-1 is a plot of percent convetsion versus time on ‘ %
stream at 180, 210, 250 and 300%c. All-runs were carried o _ ﬁ_“l
out at a pressure 62-4 1403 atm and space time of 7.88 g.cat-hr/
g.mol. The results are glvenJin Appendlx ).

. Tungsten ox1de catalyst are very sensltlve to p01son

such as waé%r and air (16). These catalysts show an 1nduct10n

w

period when supported on silica gel (29,38,43). However, this -phenomena
was not observed on w03/xﬂq\‘*ira. The activity of the catalyst
used in this study was fairgly constant at 180.to 250 c. L4

However, at 300°C the catalyst lost its act1v1ty espec1ally

i ik e s e s mnsn

when operated at higher values of space time. Thls decllne

in_activity was suspectéd because of polymerization products

which deactivate actiye‘sites cn the surface of the catalyst.

Carbon deposition was observed only when there was a.malfunction
. -

in the.apparatus.' In that case theg ca;aryst was reactivated

in a stream of dry air at 600°c, before being used again.’

The catalyst had a stable act;vity for all temperatures over,

e perjod of five hours with gréﬁual loss of activity thereafter.

The activity of the catalyst was ﬁonitored by checking whether

the activity rema‘ihed the same ad) of initial runs at different

times in the experimental program.
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In a heterogeneocus patalyzed reaction,. most . e

Effect of Internal Diffusion

of the reaction occurs on the inner surface of the porous structure

‘of a catalyst. The diffusion of reactants into and that of the

products out of the pores could become an important factor in

controlling the seaction rate. Depending on whether the mean free

path between intermoleciflar collisions is small or large com-

pared with thé pore radius, two kinds of diffusion in pores
are possible. These are known as (i) molecular diffusion, and . v

(ii) Knudsen diffusion.

Molecular Diffusion ‘”

it predominafes with all catalysts at » -
very high pressures (v~ 100 atm) or atmospheric pressure with .

very large pores {(~ 5000 °a radius). The effect of molecular

diffusion in the present study—was minimized by using high

velocity of gas stream passing through the cétalyst bed.

The effect of molecular diffusion has been studied by vatying
the feed rate while the reciprocal of space velocity was kept
constant. ‘figure (5-2) shows that the conversion ai& not vary
with the flow rate, and it was assumed that molecular diffusioh
had negligible influence on the reaction rate whéen the flow
fates greater than 0.4 g.mol/hr; was chosen. The results

are given in Appendix (C).

T e b .
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(ii) ZKnudsen Diffusion

The Knudsen diffusivity depends on

the molecular velocity and the pore radius, and is independent
. | . .

of pressure. If 'the mean free path for gases is of the order of
1000 °a at atmospheric pressure, diffusion in micropores of
the catalyst .will be predominantly by Knudsen mechanism.

' .

The effective Knudsen diffusivity'is given as:

19400 p2 (5-1)

. 5
g p

_ ;;;]-

Dy eff =

where B = porosity of catalyst

T = tortuosity of catalyst

w3
i

specific surface area of catalyst
= catalyst particle density-

= absolute temperature

= H o

= molecular weight &f the gas mixture

The effect of Knudsen-diffuslon can be evaluated
from the knowledge of effectiveness factor of the catalyst.
This factor is defined as the ratio of the actual reactioﬂ'
rate per unit mass 5f thg catalyst toythe rate which wquld

result when the concentration at all interior surfaces was

the same as the exterior surface of the catalyst.
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An estimate of the éffectivenessﬁfaétdr for the
catalyst used in this study was calculated %y using a modified-
. . N .
Thiele method (67), and a vaer.of nearly ﬁnity was obtained;“
The detailed calculgtions are given in Appendix (E). The
importance of Knudsén diffusion was determined by studying

the effect of particle size on the reaction rate. If pore

diffusion effects are significant, a decreased particie size

q

'Y

results,iﬁ increased reaction rate'due to shorter average .
pore length %n'Smailer particles.. Figure 5-3 shpws a plot of
percent éropylene conversion versus particle size at QOOOC,
4;403 atm and a W/F ratic of.io g.cat-hr/g.mol; This plot
shows particle diameter to have 1ittie Or no effeét oﬁ con-
wersion and therefore Knudsen diffusion effect was not'rate-
controlling aé@b and hence could be neglected between 375 and 1000u.
Catalysts of -28+42 mesh size (479 u} were used for Kinetic

studies. | Results of Figure 5-3 are given in Appendix (C).

D)

i

iii. External Diffusion’

The partial pressure and ‘temperature at the
gas~901idinterracevﬁdch assumed to be that of the bulk, may «.
differ because of the resistance due to heat and mass transfer

effects. " It is therefore necessary to evaluate and eliminate -

these resistances. The rate of mass and heat transfer perhunit

mass are defined by

-
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my T kc;A n ¢(Pa7Fps) (5:2)
and
gmA = r’“;; MM, = hG‘am' $(T-T,) : (5-3)
where
h rﬁA = raFe‘of_reaction Oor mass £ransfer.of A per ._'
unit mass gﬁxcataiyst
gmA ;' heatit;an§fer due to heat of reaction per unit .
ﬁass of catalystf
kGA‘ f ‘mass transfer ééefficient_for component.
hG'.'= ‘heaF tran$fer coefficient per unit - exgerigr
. ' sﬁrfacé of ¢atalyst p@rticle.
an = eXternal surfade area of the catal&st per unit
mass .
¢ = shape factor, equal to 1.0 for spheres and
. 0.9 for irregular grains ‘ : -
Py .; partial pfessure of component A in the ambient stream
PAi = partial pressure of component A at the catalyst
surface .
T = temperature of the ambient stream |
T, = temperature of the catalyst. |
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The transfer coefficients hG(and kG can be calculated from the

dfmensionleSS'Chilton—Colbun1470) j~factor. °

Ip = ¥Pea (y 273 : (5-4) o
) an. pDAMf
- 2/3 ‘
h C S , .
: =(G)fpu) : (5=
JH . ! N f (5)
C G K 5 .
pm .
where o ‘
Pep = film pressure factor, defined by equation (5-11)
U = viscosity of. the gas '
P ='.dénsity of the gas
‘Cp = specific heat of the gas
. _ %
DAM = average diffusion coefficient of component A
K- = thermal conductivity of the gas
Gy = the molal mass velocity of gas based on the total.
cross-sectional area of the catalyst bed
s Cu = .the_diménsionless Pran@tl number -
K. 2
" -~ = Schmidt number
PDan

and subscript f indicates properties at the average conditions

«of the, gas film for Dme/u >350

-

jH and jD can be obtained from Gramson, Thodos and Hougen

, i D G ,-0.41
(71) egquation: JH = 1.06 (Cpm) { (5-6) .

H
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. . ~ -0:41 . .
M = 5_ .
ip = 0.99 (DG - (5=7)
v H ' |
for Dme/u_<350

jH and jD can' be obtained ffom Wilke and Hougen (72) equations:

»

- . = _0-'51
= 1.95(D E m) (5-8)
' (®_c.) © 0.5 ;
. Jp = 1.82 E s (5-9) -

' where (prm/u) modified Reynolds

D, = -effective particle diameter f 3

. . . m

ap = average surfaée,area per particle -

The term PfA the film pressure factor for'component A which

account for the flow of the fluld in equatlon (5-4) for the

reaction .
ahA- = rR + sS
is-defined by: _ .
. PfA =. (™ +BA PA) - .(w + HA PAi)
B iﬁ (m + aA pA)
(m9p Paj)
where 4 = r'+ 3 - a
a

: If the ratio of (n + N ) / (n + a_ P

A Al

(5_10) )

(5-11)

(5-12)

.)

is less

than 1.2, the arithmatic mean is suff1c1ently accurate for

practical purposes. K i

r

.
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Yoshida et-al. (73) have developed a simple and
systematic method for evaluating the dfob,in pressure and ’
- temperature between the bulk-gas stream and the external

catalyst-pérticle. They used modified Reyhoids number and | .

»

dimensionless Prandtland Schmidt numbers to calculate the

pressure and temperature gradients as follows:

o - 2/3 o .
) 'AT - Q(JH) (Pr)f - . (\5_13)
. - _ . . - - 2 ) )
i pY = 4Py = ROp Ty (50123 (5-14)
. PA
‘Mhe:e AT = température drop across the film
APA = drop .in bressure of component A across the gas
S . film
(] i
Qg = r AH . o
. _ my, A ' (5-15) !
. ‘ am ¢Cme !
.Pf f Prandtl number = q u
‘ . _RE__
r l
R= _2
) , a. ¢Gm (5-16}) .
Y i
fa =
3= Pey
~ m

Sc =-Schmidt number = y-



- The j-factor$ are related to the modified Reynolds number

'si'ze and increasing the gas flow rates.

(Gm / av ¢ u) as follows:

For 0.01 <Re <50 |
0.51 .

j, = 0.84 Re” (5-17) -
For 50 <Re <1000 " y

i, = 0.57 re O-4t : o v (5-18) |
and jy = 1.076 jg . . . (5-19)

The terms AT and Q have the dimensions of temperature

while all other terms are dimensionless. ~~ o

Yoshida et al. (73) used the data of many investi- -
gators to find the radiant fall in a narrow band on AY, vs R
and AT vs Q plot indicating that R and Q@ are the moét significant

factors in controlling the pressure and temperature gradients
respectively. A

-

-Both the temperature and pressure drop ackoss the

gas film are broportional to rADpn Gm . since n IT wither

0.41 or 0.51, it would be possible to eliminate heat and

transfer resistances'effectively by decreasing the particle
. -4 . ’

’

A sample calculation based on the method of Yoshida -

-

et al. (73) for estimating the temperature and pressure drops

from the .bulk gas stream to the surface of the catalyst is

>

et S s i S

-
B e LR E R YRR HPETY. TS
N N

e i ¢ et R N F Bt S
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a4

'giveﬁ in Appendix (F). The higheét»partial pressure gradient

thus calculated was found to be of the order of 0.0001 atm and ;
the temperature at the catalyst-surface was calculated to
be 0.1 c hiéhgt than that of the main .gas stream. Hence,

. these effects could bé considered negligible.

L]

—

iv. Appreciable Departure from Plug Flow

For a continuous plug flow réeactor operating Yo
‘at steady state, the félationship between the‘rediprocél of |
space velocity (W/F) and conversion (X) is ;btained by con-
sidering mass balance in aﬁ elementary section of the reactor - '%

* contaiming .an increment mass of catalyst 4W in which a con- i

version dX is producedef’

Thus: FAX = rdw | o (5-20) }

where . r = reaction rate, mgles / mass of catélyst-time' T
. W = mass of catalyst in the reactor.

ﬁ" =. feed :_rat‘e, mol,es/time . ___

_ X = ‘éonvefsion, moles/moles of feed ' -fi

Integration yields ° ) ‘ |

. T s !

When deriving equation :(5-21) it was assumed that the gases
. . N ~ . -+
were passing through the catalyst bed under the condition of

plug flow, i.e. that the velocity profile across the width
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of the reactor is flat. The flow patterns in packed beds are

affected by the packing shape, pécking depth, the position of
<

* flow, packing size, and the tube size. It is répéfted that

the deviation from a uniform velocity profile'is not very
significatn if the ratio of the tube to pellet dlameter is -

greater than 30 (74). The ratio of reactor to particle dia-

‘meter is the present study was about 26. In addition, a

porous stainless steel plate was inserted at the enterence of

the reactor to break the velocity patterns of the incoming

gases. Therefore, it can be assumed that no appreciable error

would be caused by assuming a plug flow.

V. Neglect of Pressure Drop Due to Flow

"By increasing the gas flow rate, several sources
of errérs could be eliminated or minimized. however, this
could cause an increase in pressure drop through the catalyst
bed. The difference between inlet and outlet pressure of the
catalytic bed would therefore become very large. the basis of
arithmetic or logarlthmlc mean of 1nlet and outlet pressures

might not be corrected in determining the total pressure of’

-
1

reaction.

.
LT RN

PR
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pressures might not be cofrect in determining the tqtaf

L]

pressure of reactioh. - -

The preésure drop through a packed bed is gi%en by -

- Ergun eguation (75) for either laminar or turbulent flow.
In this investigation, the pressure drop through the catalyst

bed was measured experimentally. The maximum pressure drop

-

was less than 0.2 atm for the highest flow rate used. Further - -
. - * . . LT ¥

calculations using Ergun equation and the most severe conditions
showed the pressure drop to be 0.001 atm. The reaction pressure s

t
used in this study was the outlet pressure of the reactor.

“vi. Homogeneous Reaction

Propylene disproportionation reactions re- ' N

guire very high temperaQFre to occur. Schneider et al. (9)

reported the non-catalytic pyrélysis of propylene at 725°%

: ) 5
and 0.2 atm. In this study, blank runs of propylene at SQOOC
in an empty reactor did not produce any detectablé products

beside probylene..

- PR

3. cCorrelation of Rate Equations
Among the various steps in heterogeneous catalytic
reactions as described earlier, 'the diffusion stepg (1,2,6 b)

L3 . ) . \
and 7) which are physical steps were eibher eliminated or :
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minimized by appropriate selection of physical conditions

(flo rate, particle size, etc.). The remalnlng steps

(3, 4}and 5) whlch are chem1ca1 steps were examlned in detail

in order

to determine which one offered ‘the greatest-re51st—

- ance tb the evenall reaction. For each of the three steps,

namely} adsorptlon of reactants, surface reactloﬁq“ﬁnd de-

sorption

of products, several mechanisms can be postulated

dependlng 'en whether one or both of the reactants are adsorbed

on the|catalyst surface, and whether these molecules are

dissocia

in the

been fo

1

ted or not.

i. Adsorption Isotherm

Chemical adsorption has two major applications
tudy of heterogeneous catalytid reactions. It has

nd useful in-measuring the fraction of the catalyst

surface |which consists of a catalytically active component

as compa

promoter

catalytﬁ
express
. the part

layer on
“

red to-the portion which acts as a support or as a
In order to‘develop the kinetics of gas-solid

c reactions, it is neeessary to have available an

on relating the rate and the amount of adsorption to

ial pressure of the gas in contact with the adsorbed

the surface.
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At equilibrium and at constant ﬁempefature the
relationship between pressure and quantitf adsorbed ié known
as an adsorption isotherm. Threg theoretiéai isothermé, thos? “
of Langmuir, Freundli@h and Temkin, are well known. Each
is characterized bygcéftain assumptions and eachis applicable .
to certain experiﬁentél'system. Among.these the Léngmuir
isotherm has ﬁeen widely used-for its simplicity. Some of
the key assumptions are: 1. adsorption occurs on a finite
numbef of equivalent s}tes on a uniform surface, 2.  the ¢
adsorption energy of ail sites is the same and is un-=
affected by adsorptiéﬁ on neighboring sites, 3. éach site
éan adsorb one and_oniy one gas molecule, and 4. all
édsorption occur by the same mechanism.

At constant temperature assuming that dissociaéion does
not‘occur upon® adsorption the rates of adsorption (rA ) and.desorp-

. a
tion (r, ) of component 2 are given by: (65)

d .
A, - KAa PA (1-04) (5-22)
and m, = K .}%: - (5-23)
.and therefore at equiiibrium On = KpPp . (5-24)
T +.K,P

' A A

FlE -
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where KA = KAa / KAd.
'For a system with many components N
°2 T KaFa _(5-—25)'
1 +¢ KIPI '
« where 0, = ithe fraction of the catalyst surface cévered.*
by A
+ KA' = the equilibrium adsorption censtant Sf‘cémpoﬁent a
‘ Py, = the partial pressﬁré of compgkén; A.in the
‘ gas phase o - .
kI = the equilibrium adsorption constant of component

I (including A)
P, = the partial pressure of component I (including

A) in the gas phase.

iic Langmuir-Hinshelwood Mechanism

oy

p . The derivation of Hougen-Watson type rate
equationg is based on the Langmuir mechanism for aqso;ption (99)
anq on the aséumption that only one of the'reaction steps is
the rate controlling step, all the other steps are assumed to

be at equilibrium.
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The Langmuir-Hinshelwood mechanism (67) for a:reaction

between adsorbed A and adsorbed B occurs as follows:

B B A ' ‘
* * * * A—--=R * * )
| N |
A + -§5--§5- —= —é-—é- — —é-""s— p— —é——-s— + products
. - g .
(edsorption) (surface (desorption)
reaction)

-

Another type of mechanism for surface reaction is

v .
known as Langmuir-Rideal mechanism, which occurs between adsorbed

B and A in the gas phase. This mechanism may occur as follows:

B A—B

* ‘ - T *
A +.—4.- = ~5— = —5— % Products
(adsorption) (surface reaction) f{desorption)

As an example,”a rate equation for a bimolecular
reaction considered i#f this study 224 R + S 1is developed (76,88)
The réte'determining st of this reaction is assumed to be
a sﬁrface reaction between two adsorbed Afholechles to give.
R and S. The forward regction is proportionél'to the con-

centration of.adjacent adsorbed A-A pairs, Can -

Teo= K, o | C (5-28)
where r. = forward reac;ion rate,\moles of product‘
formed per unit time per unit mass af catalyst
k = reaction velocity constant for surface reaction

c = molal concentration of adjacently A-A molecules

per unit mass of catalyst.

R~ - 1

- erhnear—s e a e s



‘ I\
" Since the surface concentration oﬁ.A is CA'éné each adsorbed
A is surrb;nded by S sites including vacant and occupied,
the .coverage si%es by another A molecule is gA, the surfaci
concentration of A-A pairs would be
T Cpn = 'cA 9 -5 = C . §.C/L = % CA2 (5-27)
whe;e L = total molal active sites per unit mass of
cétalyst | '
" and ' 0p f CAL. ; '
Substituting equation (5-27) in equation (5-26) gives:
. .
r. = k.S .cC,% = ksp-. o2 (5-28)
f =5 A A ‘
OA can be obtained b& substituting equation (5—25).
re = ksL k% p? . (5-29)
(1 + KAPP‘*.+ K Pp + K'SES)
If the reverse reaction is‘included, the net forward reaétion
rate becomes:’ 2 5
r = kSL K,° (P, - PP /K) : (5-30)
(1 + K P, + Ko P + KPy) 2 | '
where K = thermodynamic equilibrium constant for the overall
reaction., | ' - .

Matime

e e, s it

——mae ar -
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The initial rate, defined as the rate when the

. : : ‘ fo _
partial pressure of products is zero, for this reaction:

-

2 p:2 ' oo AT

ro = k5L KA PA . (5_31)

2
(1 + KAPA)

[l

,.
M R

Yang and Hougen .(77) and Hougen and Watson (76)
presented a cqnvenient méthod for develbping the simplified
éxpressions similar to equation (5-=30). Théir-procedure
shows that, in general, rate expressions may be developed . s
by a ‘combination of three terms, a kinetic term, a potentialr

term and an adsorption term arranged in the following manner:
k] * .

r = (kinetic term) (potential term) (5-32)

{absorption term) "

The -kinetic term includes all factors;appearing
in the numerqfor of £he rate equation other than the driving
potential.' The driving potential in any rate équation fulfills
%ﬁe conditions of becoming zero Under equilibrium conditions.
The adsorption term includes any adsofption reactant orlpro-
ducté. It is raised to the power n, whére n is the number of
active sites involved in the reaction.

Following the method of Haugen and Watson (76),

the rate equations for the possible reactlon mechanisms for

the catalytic dlsproportlonatlon of propylene to ethylene and

L

s
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-

butene -have been derived (16 models). These'models are pre-
sented in Table 2.

iii. Assumptions in Deriving the Rate Equations

In the development of the rate equations proposed,
we have madé the following assumptions:
1. The resi%tance té the physical steps is small and only
chemical steps control th? reaction.

2. The resistance to diffusion is negligible that the partial

]

preséure at thé interface if practically the same as that

.of the,bulk stream. e
3. Only one of the steps of the reaction is rate controlling
| and there islno.shift of tpe rété determining step during

the reaction. R
. | - y r
4. The specific te constant and the equilibriuﬁypdsofption

constants are independent of total pressure. -

iv. Model Discrimination of Rate Equation

Modelling of Egaction is vital for the optimum de-
sign and operation of process reactofs as well.as for analysis
of mechanisms of heterogeneousucatalgtic reactions. Recently

a number of mo?ellng studies have been publiShea ana many use-
ful techniques have been developed. These modelling tech-
nigues consist of two principal steps: (a) identification.of
adequate models, and (b) estimation of the parameters in the

best model obtained in the first step.

T

B

P
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