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I. INTRODUCTION 

Heterogeneous catalytic systems play an important role in todays 

chemical industry by providing new and efficient reaction pathways 

for chemical synthesis which are economically attractive. Because 

of the ability of catalysts to significantly modify the economics 

of a chemical synthesis, a considerable amount of research activity 

has been directed towards discovering new catalysts or improving 

existing catalysts. However, the multitude of physical and chemical 

phenomena involved in heterogeneous catalytic reactions have forced 

this research to be largely empirical. 

While~ priori prediction of the ability of a catalyst to pro-

vide a reaction pathway for a given reaction is still rudimentary, 

quantitative correlations of observed steady-state kinetics and 

multi-phase transport processes have advanced to a fairly high level 

of sophistication. Thus, the effects of temperature, reactant con-

centration, extent of conversion, interphase mass transport rates, 

and intraparticle mass transport rates are well documented in the 

literature for a number of catalytic systems. These data provide a 

sound basis for extrapolation to similar systems. However, mechanism 

discrimination and estimation of their associated kinetic parameters 

still must be based upon experimental data for each system of interest. 

In the temporal history of a catalyst, three regimes invariably 

exist. One is the steady-state region, the basis of almost all 

- 1 -
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studies of ca ta.list k:j__netic and t:ranspo:rt phenomena b_ehavtor, The 

two other regtmes whtcli exist are usually classified as a Ereab,,in 

period during wliich the cliange in activity (.increase or decrease) 

is relatively rapid and sometimes erratic, and a deactivation period. 

While work in the area of catalyst deactivation is beginning to pro-

vide significant insights, very few quantitative studies have been 

made of the break~in period and the phenomena involved are not 

clearly understood, 

In the past several years, there is mounting evidence that the 

importance of understanding break~in has been heretofore unappreci-

ated. The role break~in plays in subsequent catalyst activity is 

not clearly understood, Similarily, the use of chemisorption studies 

to aid in the interpretation of steady-state kinetics and mechanisms 

may be very misleading if, for example, break-in results in the mod-

ification of the catalyst surface or the mechanism of reactant-sur-

face interaction, 

While there exists uncertainty as to the phenomena involved in 

break~in, the length of time involved in the transition from a fresh 

catalyst to a steady~state catalyst seems clearly to eliminate trans-

port effects as the major phenomena involved, Several possibilities 

do 1 however, come to mind as possible explanations, such as; 

1, the purging of physisorbed or weakly chemtsorbed 
poisons, present due to activation procedures, 
from the catalyst surface 
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2, changes in surface structure and/or coruposition 
due. to e.tthe-,; ;rea.ctgnt~u:r:f ace o-,; p;r;oduct~urface 
tnte-,;acttons 

3, !,o:nnatton of reactant or product~surface species or 
complexes that are act:tve. sites for reaction. 

The oliject of this investigation was to estaolish the steady 

state kinetics of propylene disproportionation and tlie kinetics and 

mechanisms involved in the transient activity exn.i.6ited By this 

catalyst during its initial contacting with propylene. 



II. LITERATURE REVIEW 

I 1964 B k dB ·1 ( 7) d 1 . . n ans an ai ey reporte a new cata ytic reaction 

th~y called olefin disproportionation. By this reaction linear 

olefins were converted into equimolar homologs of shorter and 

longer linear olefins in a highly specific and efficient manner. 
. (5) 

Several catalyst systems have been reported active for propylene 

disproportionation. Most consist of a high-surface-area refractory 

support on which a promoter has been deposited. One of these is a 

(40) tungsten oxide on silica system. This catalyst operates best 

in the temperature range of 260° to 550° Centigrade. For commer-

cial application, operation in this temperature range offers re-

sistance to poisons and reduces or eliminates costly and time-con-

suming cooling and heating periods during regeneration. 

However, this catalyst has been reported to behave quite an-

omalously when compared to other olefin disproportionation cata-

lysts. Severe mass transfer effects have been discussed by sever-

al authors(64, 63, 61, 2) Surface reaction studies have indi-

cated the controlling mechanism to be a second order Rideal model(lO) 

while kinetic and isotopic mechanism studies of almost all other 

known olefin disproportionation catalysts point toward a Langmuir-. 

1 1 b d d 1 . . h . (51,52,62,24) Hinshe wood mode ase on a ua -site reaction mec anism. 

Perhaps the most interesting behavior, however, is the protracted 

period of transient activity exhibited b): this catalyst on initial 

(5 10) 
exposure to propylene. ' 

- 4 -
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A review of the literature was made to determine the methods 

and correlations normally used for investigating the effects of 

interphase and intraparticle transport limitations in heterogeneous 

catalytic reactions and for methods of kinetic model development, 

discrimination, and parameter estimation. The literature was re-

viewed for examples of transients exhibited by heterogeneous cata-

lytic systems and for methods of modeling catalyst transients to 

ascertain what phenomena are typically responsible for transient 

behavior of heterogeneous catalytic systems. A review was also 

made to determine the techniques normally used to investigate 

these catalyst transients and of typical reactions metal oxides 

can undergo in the presence of hydrocarbons and/or hydrogen. Fi-

nally a review was made of the literature discussing the olefin 

disproportionation reaction on this catalyst and on other metal 

oxide catalysts. 

Interphase and Intraparticle Transport Effects 

In experimental studies of heterogeneously catalyzed reactions, 

one of the first objectives should be to determine whether the 

investigation is concerned with catalytic kinetics of with inter-

actions between the kinetics and transport phenomena. The intru-

sion of temperature and/or concentration gradients can lead to 

severe deviations in a catalyst's performance, in many cases com-

pletely disguising the true kinetics of the reaction. To ensure 

that kinetic data obtained in an experiment reflect only chemical 
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events, both interphase and intraparticle mass transfer effects 

must be virtually eliminated. 

Analytical and empirical criteria are available to estimate 

whether transport effects are significantly altering the experi-

mental results. In deriving analytical criteria, perturbation 

analysis has proved particularly useful for detecting when devi-

ations of the rate start to become appreciable. These criteria 

usually are expressed in terms of dimensionless Damkohler num-

bers. (Z3) 

For vapor-phase systems, the greater part of the resistance 

to heat transfer and/or mass transfer is often in the boundary 

layer or "film" around the particle. (l 6) A criterion for de-

tecting the onset of an interphase heat transport limitation 

has been derived by Mears( 59 ) with the perturbation approach. 

It shows that interphase heat transport limitations can be ex-

pected when reaction heats and rates are high and flow rates low. 

For isothermal cases with first order kinetics, Carberry(lS) gave 

an analytical criterionfor determining the onset of an interphase 

mass transport limitation which has recently been generalized 

to other reaction orders by a perturbation approach. (60) 

These analytic criteria are, however, only as good as the 

data used in their evaluation. Flow reactions in catalyst beds 

frequently take place at very low Reynolds numbers where sufficient 

heat and mass transport data have not been available until recent-

1 (32, 54, 73) y. Of equal importance is the evaluation of the 
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active mass transfer area, which for lack of anything better, 

is usually assumed to be equal to the external surface area of 

the particle. 

A co!IUllon empirical test for the possible influence of inter-

phase transport limitations, which consists of checking the effect 

of flow rate on conversion at constant space velocity, has been 

discussed by Levenspiel. <49 ) Chamber and Boudart (l7) warned 

that this diagnostic test may fail because of its lack of sen-

sitivity at Reynolds numbers of the order of ten. This obser-

vation was based upon a reanalysis of the interphase heat trans-

(26) (32 54 73) fer data of De Acetis and Thodos. More recent data ' ' 

indicate that both the heat and mass transfer coefficients remain 

proportional to between the 0.95 and 0.64 powers of the mass 

velocity to Reynolds numbers as low as one. However, this cri-

teria requires very precise conversion data or an extended range 

of flow rates to be a true diagnostic test. 

Intraparticle transport has been analyzed for a wide variety 

of reaction kinetics, particle geometries, and thermal behavior 

(71 77 76) and has been well reviewed by several authors. ' ' Gen-

erally the objective has been to calculate an effectiveness 

factor. The solutions show that the effectiveness factor becomes 

inversely proportional to the characteristic dimension of the 

particle in the regime of strong intraparticle transport limit-

ations. Unfortunately, direct application of such a solution 
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requires knowledge of the true kinetic behavior and the intrinsic 

rate constant. Weisz and Prater( 90) present a criterion for the 

absence of significant intraparticle transport effects with ir-

reversible reactions which is independent of the rate constant. 

It is based upon Fick's first law of diffusion in a porous medium 

and assumes the effective diffusion coefficient is independent 

of the nature of the reaction and that the intrinsic catalytic 

activity is distributed evenly throughout the catalyst. 

When strong inhibition by the reaction product occurs, Austin 

and Walker(J) and Petersen(lZ) demonstrated that the Weisz-Prater 

criterion can fail. However, Hudgins( 46 ) has recently extended 

this criteria, using a perturbation method, to eliminate this 

problem. 

Empirical criteria are also well established to evaluate 

h ff f . . l (49) tee ects o 1ntrapart1c e mass transport. For such cases, 

the criterion is based on determining the reaction rate at pro-

gressively smaller particle sizes. Both graphical( 90) and ana-

1 . 1(34) ytica techniques are available for estimating the effective-

ness factor in this case. 

Mathematical Modeling of Chemical Reaction 

For any system there exists a precise mathematical and phys-

ical representation of all of the phenomena that make up the 

system. A chemical reaction is no exception, since there is some 

true mechanism that is descriptive of every microscopic detail 
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of the reaction. In practice, of course, a complete description 

of this mechanism cannot be obtained, and approximations must be 

made. For example, for studies of the fundamental nature of 

some heterogeneous reaction systems, this may entail reference 

to some average property, such as an average pore size, an average 

size of particle, an average adsorbed state, or an average mode 

of reaction. 

In contrast to this allusion to a mechanism, the term model 

has been used to describe a wide range of chemical engineering 

subjects. Process models are capable of predicting the steady-

state level of operation at the settings of the process variables, 

and perhaps the dynamic response of the process to any distur-

bance. The development of the process model, in turn, cannot be 

carried out without recourse to phenomenological or mechanistic 

modeling. The mechanistic model must be capable of describing 

adequately the basic physical and chemical steps that take place 

within a process. 

While considerable unification of the concepts of process 

d 1 . h k 1 . (30' 7 5) . h mo e ing as ta en pace in recent years , attention as 

been devoted only intermittently to mechanistic modeling. Re-

action rate modeling, can be divided into three distinct fields. 

These are mechanistic modeling, model discrimination, and param-

eter estimation. In the past, two types of reaction rate models 

have been used for widely varying reactions with great success. 
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They are generally referred to as the power-law models and the 

Hougen-Watson models. Considerable discussion of the development 

of these models is contained in the literature. (45 ) Parameter 

estimation is basically a problem of optimization and the liter-

ature also contains considerable discussion of both linear and 

non-linear methods of parameter estimation by a wide variety of 

techniques. (9l) 

Perhaps the most important phase of any kinetic study in-

volves model discrimination. The use of complex models have 

often been criticized as an attempt to read too much into a set 

of kinetic data. The implicit results of such a misapplication 

would be a proliferation of meaningless parameters; this would 

lead to unnecessary effort in data correlation and interpretation, 

or to misleading interpolations or extrapolations. The only 

course of action is to attempt to include as much theory in the 

model as possible, and to confirm any substantial extrapolation 

by experimentation. It is erroneous to presume that kinetic 

data will always be so imprecise as to be misleading. The use 

of computers and statistical analyses of a model allows rather 

definite statements to be made about the amount of information 

containe'd :in a set of data. However, the amount of error in 

the data is not generally the limiting factor in data interpre-

tation. Rather, the locations at which data are taken most sever-

ly hinder progress toward a mechanistic model. <47) 
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Most reaction rate models can represent directly only data 

obtained from a differential reactor. In many cases, however, 

data are obtained from an integral reactor. Gross elimination 

of rival models is difficult to accomplish using generalized inte-

gral data analysis. Instead, careful comparisons of the features 

of the data and the theoretical surface model are required; and 

these are most easily compared in the simplest possible form; 

i.e., the differential form. The examination of the initial 

rate dependence upon total pressure is by far the most common 

means of examining the various classes of rival models in terms 

of their ability to fit the observed data. <93 ) The dependence 

of reaction rate upon conversion, temperature, and composition 

have not been as widely used. Kittrell( 47 ) has recently pre-

sented an excellent review of several methods of both qualitative 

and quantitative model discrimination. 

Transients in Catalytic Systems 

During the past several years interest in the dynamics of 

catalytic reactors has been steadily growing. Two distinct areas 

of research have developed. One is devoted to the analysis and 

simulation of reactor dynamics due to adsorption-desorption phen-

omena or transport phenomena. The second is devoted to those 

periods of transient activity commonly displayed by fresh cata-

lyst samples on initial exposure to reactants. The phenomena 

involved in this latter areaaregenerally felt to be chemical in 
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nature and to result from reactant-surface interactions which 

are different from but affect the primary reaction mechanism 

being studied. 

Adsorption and Transport Phenomena Transients. Simulation 

of the dynamics of distributed parameter systems has been subject 

to much attention during the past several years. However, the 

extent of study of complicated systems, such as tubular reactors 

with catalytic reactions, has been restricted because of the com-

plicated mathematical descriptions involved. 

Earlier work concentrated on the description of the gas flow 

in the external gaseous phase. Using a plug flow model several 

h (55, 56, 57) d . , h 1 · h aut ors ma e computations comparing t e resu ts. wit 

calculations where an axial dispersed plug flow model has been 

used. 0 h (86 ' 89) 1 d . 1 fl t ers emp eye specia ow models with networks 

of mixing elements in one and two dimensions. In all cases 

simple models were used for heat and mass transport in the cata-

lyst pellets and the transport resistance was thought to be 

mainly situated in the film surrounding each pellet. 

In all the above works the disturbances were large and it 

was therefore necessary to use nonlinear models. However, when 

only small transients are involved, a reasonably accurate. simu-

lation can be obtained from linearized models. Using these lin-

earized models, others( 2l, 22) have computed the frequency re-

sponse of these models and in one case these linear models have 
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been used to compute transfer functions for reactor control. (B4) 

Only two experimental verifications of these works exist(SS, 44 ) 

and in both cases only linear models which neglected intrapar-

ticle effects were used. (94) Recently, Hansen has presented cal-

culations on transients in a tubular reactor using a catalyst 

model which includes both film and intraparticle resistances to 

heat and mass transport. A computational method was used which 

was a combination of orthogonal collocation and the method of 

characteristics and allows the calculations to be performed 

within a reasonable amount of computer time. 

Transient Catalyst Activity due to Reactant-Surface Inter-

actions. Periods of transient activity are commonly exhibited 

by catalyst during the initial contacting of a fresh catalyst and 

the reactants. Baddour( 4) has coined the term catalyst break-in 

to identify these transients and their associated phenomena. 

These transients are so commonly exhibited by catalysts that 

they are rarely reported in the literature. Moreover, very few 

quantitative studies have been made of break-in, and, hence, the 

phenomena involved are not clearly understood. A review has been 

made of the literature for quantitative studies in this area and 

these studies will be classified into three general categories. 

These were outlined in the previous section and basically are: 

a purging of a temporary poison from the catalyst surface, a 

modification of the surface due to reactant-surface interactions, 
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and a formation of a reactant-surface species or complexes, 

The presence of a catalyst poison. in reactor feed streams 

results in the reduction of catalyst activity. Depending upon 

the strength of the poison-surface interaction, this reduction in 

activity may be either permanent or temporary. Permanent poisons 

are chemisorbed on the active sites, and, usually can only be 

removed by flash desorption at high temperatures or by chemical 

reaction with a special activating species. A temporary poison, 

on the other hand, may only have a larger adsorption coefficient 

than any of the reactants, and thus occupies a large fraction of 

the active sites. As a result, as long as the poison is present 

in the feed, there is a drastic reduction in the number of sites 

upon which the reaction can proceed. When the poison is elimi-• 
nated from the feed, the partial pressure of the poison approaches 

zero and the poison is purged from the catalyst surface. Heckels-

berg et. al. (40) present an example of such a phenomenon which 

also serves to illustrate the rate at which one can expect the 

poison to be purged from the catalyst surface. A reproduction 

of their data is shown in Figure 1. 

Recent literature on catalytic reactor transients contain a 

number of examples of surface modification during the initial exposure 

of a catalyst sample to reactant. These examples encompass not 

only metal and metal oxide catalysts but provide data indicating 

that a large variety of modifications may be possible in other 
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types of surfaces. The common tie between all these systems, 

however, is the protracted period of transient activity exhibited 

by these catalysts and the intimate connection between the sur-

face modification and the catalyst activity and selectivity. 

Several examples exist of reactant-surface interactions 

which result in physical modifications of the surface. Schmidt 

and Luss(]S) report significant increases in catalyst surface 

area during the oxidation of ammonia over a platinum-rhodium gauze. 

Scanning electron microscope studies have indicated the surface 

area increase is due to the formation of randomly oriented facets 

on the surface of the catalyst and these result in substantial in-

. 1 . . ( 69) B dd (4) h creases in apparent cata yst activity. a our as re-

cently discussed another type of physical modification which may 

occur due to reactant-surface interaction. During the oxidation 

of carbon monoxide over a supported palladium catalyst, a signifi-

cant increase in the dispersion of the supported metal was re-

ported which had substantial effects upon both the activation 

energy and reaction rate constant of the reaction. Some of the 

results of this study are reproduced in Figure 2. It will be. 

noted that final catalytic activity was obtained only after pro-

tracted contact between the catalyst and the reactants and that 

the approach for steady-state activity appeared first order in 

time. 

While physical changes in the surface can have an effect on 

the activity of a catalyst, there is mounting evidence that in a 
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large number of systems the reactant-surface interactions result 

in chemical changes in the catalyst surface and that the active 

catalyst may be ·quite different from the initially prepared or 

regenerated catalyst. By far, the most common chemical reaction 

between reactants and the surface is a chemical reduction of the 

catalyst surface. Two systems, in which quantitative studies 

have been made of the relationship between the extent of sur-

face reduction and catalyst activity, are the copper-X zeolite 

catalyzed isomerization of l-butene(Z 7) and the commercially im-

portant cobalt-molybdenum oxide on alumina catalyzed hydrode-

sulfurization of petroleum. (53 ) Generally metal oxide reduction 

occurs in stages and the extent of reduction is governed by the 

operating temperature through thermodynamic equilibrium consider-

ations. In the above two systems surface reduction was felt to 

be due to the presence of hydrogen, present either as a reactant 

or in trace quantities due to dehydrogenation or cracking re-

actions. 

In a whole series of chemical reactions which are at the 

heart of many of today's petrochemical processes direct reduction 

of a metal oxide is possible without the formation of intermediate 

trace quantities of hydrogen. These are the catalytic oxidation 

. (79, 87) f . . 1 1 reactions o various organic mo ecu es. The most notable 

examples are the oxidation of ethylene to ethylene oxide, propyl-

ene to acrolein, acrylic acid, or acrylonitrile, butene to 

butadiene or methacrolein, benzene to maleic anhydride, and 
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napthalene to phthalic anhydride. 

While these reactions are normally carried out in the pres-

ence of oxygen, there is mounting evidence that the hydrocarbon 

reduces the surface by reacting with a o2- surface oxygen. This 

reduction is followed by a reoxidization of the surface by the 
(9 43) excess oxygen present. ' The v2o5 catalyst has received 

considerable experimental attention and has been found to catalyze 

the oxidation of o-tolualdehyde, for example,at high selectivities 

in the absence of oxygen and there results a simultaneous reduction 

of the catalyst to v2o4 • Low energy electron diffraction studies 
· (28) of a freshly cleaved (010) plane of v2o5 indicated a rapid 

transformation of the (010) plane to v12o26 . With respect to 

catalysis, this is a very significant result, as various authors 

report that the composition of the vanadium oxide catalyst in the 

steady-state of catalytic oxidation is very nearly v12o26 . 

Simard( 3l) and Vol•fson( 88 • 39) believe that this phase is, in 

fact, the active catalyst or that the simultaneous co-existance 

Formation of Reactant-Surface Complexes. During the initial 

exposure of a catalyst to feed it is somet{mes possible to complex 

a small amount of the feed with the surface and form a tightly 

adsorbed residue. Such complexes may have little or nothing to 

do directly with the catalysis of reactions on the surface, or they 

may be directly involved in the reaction either as an active center 

or as . . d" (18) a reaction interme iate. 
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In the isomerization of linear olefins over silica-alumina, 

spectroscopic evidence has been given(lO) for the formation of 

a polymeric species. Ozaki and Kimura( 6S) were the first to 

show.that these residues were an active catalyst for olefin iso-

merization and that during isomerization some hydrogen transfer 

with the residue also took place. Others< 29 ) have since con-

firmed the catalytic activity of these residues for olefin iso-

merization. Although most of the original work was with butene, 

Fl.·nch and Clark< 29) found th t 1 1 h t 1 a propy ene, eye o exene, oc ene-, 

and 2,3-dimethyl butene-1 all form polymeric species on silica 

alumina and that the polymer is active in !-butene isomerization, 

indicating that reaction over an adsorbed polymeric phase may be 

a general catalytic phenomenon. Recently, however, Blornfield 

and Little(l 3) have made spectroscopic studies of this system 

using NH3 blocking techniques. Their results point to the exist-

ence of two different types of isomerization sites. Here, not 

only was the adsorbed polymeric residue active for butene iso-

rnerization, but the bare silica-alumina also contributed signifi-

cantly. 

The observation of reactant-surface complexes is not limited 

to metal oxide catalysts. Heinemann( 4l) points to two metal or 

metallic complex catalysts which have exhibited break-in. They 

are the palladium chloride on alumina catalyzed vinylation of 

acetic acid and the copper chloride on alumina catalyzed 
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oxychlorination of ethylene. In both cases reactant-metal com-

plexes must be formed prior to the reaction which make the re-

actant more readily available for metal attack. Such complexes 

have also been found and studied in homogeneous systems carrying 

out the same chemical synthesis. (33 , 33 ) An example of the time 

dependent nature of one of these reactions is illustrated in 

Figure 3. It will be noted that the formation of an ethylene-

catalyst complex is required to obtain steady-state catalytic 

activity. Sinfelt( 82 ) has recently studied the hydrogenolysis 

activity of unsupported molybdenum and reports the specific 

activity of molybdenum for ethane hydrogenolysis depends upon 

the extent of metal carbiding. Thus, in this example the re-

actant-surface complex is quite different than either the original 

surface or reactant. An interesting observation was also that the 

phenomenon seems to involve more than carbiding of the surface, 

for the catalytic activity did not fully develop until bulk carbide 

was formed. Thus, although catalysis is a surface phenomenon, the 

properties of the surface may depend significantly on the nature 

of the underlying solid. Similar results involving surface ni-

triding for the hydrogenation of nitrogen to ammonia over molybdenum 
(85) has also been reported. 

Metal Oxide Reactions 

As indicated in the previous section, a number of examples 

exist which point to chemical modification of metal oxide or metal 
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catalysts due to reactant-surface interactions. A review of the 

literature was, t_herefore, made to determine the reactions which 

normally result during the contacting of metals or metal oxides 

with either a reducing agent or a hydrocarbon. 

Reduction of Metal Oxides. Both strong reducing agents, 

such as hydrogen or carbon monoxide, (ll) and rather weak reducing 

. (79 87) agents, such as olefins, ' have been found to reduce metal 

oxides at elevated temperatures. In general, these reductions 

occur in a stepwise manner as the reduction temperature increases. 

The formation of these intermediate oxides is governed by thermo-

oynamic equilibrium considerations. Tungsten trioxide, a yellow, 

orthorhombic crystal, is stable in a reducing atmosphere up to 

. (74) 400° Centigrade. Above 400° Centigrade wo2 _9 , a blue, mono-

clinic crystal, is rapidly formed; this 11blue oxide" is stable 

up to 585° Centigrade. <74) Above 585° Centigrade wo2 _9 is re-

duced rapidly to wo2 , a brown, monoclinic crystal. wo2 is stable 

up to 725° Centigrade where the final reduction to tungsten metal 

begins to occur. These color changes are fairly dramatic and 

make visual determination of the oxidation state of the metal 

quite easy. 

Formation of Metal Carbides. In the presence of both a hy-

drocarbon and hydrogen at elevated temperatures, metal oxides 

have not only been shown to reduce to the free metal, but also to 

form various metal carbides. While such experiments are rather 

difficult to perform, references exist for the preparation of both 
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. (82) (67) tungsten and molybdenum carbides. In both cases, the hydro-

carbon content of the feed was slightly less than that which would 

deposit carbon due to coking. Tungsten carbide was formed above 

1000° Centigrade while molybdenum carbiding was not complete 

until temperatures of the range of 600° to 700° Centigrade were 

reached. 

Methods of Transient Reactor Analysis 

Two experimental methods for the investigation of the trans-

ient activity of a catalyst system prodorninate the literature. 

These are step function studies and pulse function studies. A 

review of the literature was made to determine the specifics of 

these studies and their respective advantages and disadvantages 

for use in studying the transient activity of a catalyst system. 

Step Function Studies. Step function studies basically in-

volve the sudden introduction of a reactant gas to a fresh cata-

lyst in a flow reactor. The reactor is thereafter maintained at 

a constant input composition while the reactor effluent is sam-

pled until steady-state is reached. This has been, by far, the 

. . (4 27 29 69) most commonly used experimental technique. ' ' ' This 

technique has the advantage of maintaining constant bulk reactant 

composition and thus allows the study of the rate of catalyst 

break-in under controlled conditions. It is also easily adapt-

able to methods of catalyst evaluation other than activity such 

as infrared spectroscopic studies of surface species. (4) Its 
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main disadvantages are the requirement of inferring surface re-

actions from gas phase rneasurements and the large volume of re-

actants required if the period of transient activity is rather 

protracted. (69 ) 

Pulse Reactor Studies. Less than three years after the first 

gases were successfully separated with a gas-liquid chromatograph, 

Kokes, Tobin, and Emmett( 4S) combined a chromatograph and a micro-

catalytic reactor to form a pulsed reactor system. Since then 

such systems have been frequently utilized in the study of hetero-

geneous reactions. (Z, JS) This technique has found extensive 

use in both the rapid screening and evaluation of various cata-

lysts and in studying the initial interactions between surface 

and reactants. In this latter role it can provide information 

about many kinetic parameters such as intrinsic reaction rates 

and orders, poisoning effects, and other phenomena which depend 

primarily upon the extent of exposure of fresh catalyst to a re-

actant gas. It is also particularly suited for isotopic or radio-

active tracer studies where the cost of the reactant is too great 

to permit the use of the large quantities needed in step function 

studies. However, in this method the reactant gas concentration 

is continually changing making true transient activity phenomena 

difficult to separate from kinetic effects. 

The greatest advantage of a pulse microcatalytic reactor is 

its ability to provide information about initial interactions 
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which reactants undergo with a catalyst while the surface is 

still in a relatively uncontaminated state. In some cases the 

first molecules striking the surface are strongly adsorbed as 

f 1 · 'd (42 ) A · 1 . 1 b 1 some type o po ymeric resi ue. sirnp e rnateria a ance 

taken over the first few pulses will determine how many molecules 

are retained. 

However, this technique does have its limitations. The 

greatest weakness lies in the difficulty in obtaining quantitative, 

meaningful kinetic data. This is due mainly to bulk gas phase 

dispersion and chromatographic fractionation of the pulse which 

produce continually changing reactant and product partial pressures 

during the contacting of the pulse with the catalyst. While first 

order reactions have been effectively investigated in pulse re-

actors, ( 3l, 30) non-first order reactions are much more difficult 

to analyze. In these cases, the size and shape of the reactant 

pulses and reactor and dispersion in the connecting lines all may 

have significant effects on the reaction rates. Significant 

theoretical contributions, however, have been made for non-dis-

persed, mathematically describable pulses for several reaction 

orders( 12 • 31 • 37 • 38 • 66 ), and the state of the art of this anal-

ysis is rapidly advancing. 

Olefin Disproportionation 

Disproportionation Catalysts. Since the introduction of 

olefin disproportionation or dismutation in 1964( 6 , 7) a large 
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number of catalysts have been reported active for this reaction. 

Bailey(S) has recently reviewed these catalysts. Most of these 

consist of a high~surface-area refractory support on which a pro-

moter is deposited. Two systems which have received considerable 

attention are cobalt and molybdenum oxide on alumina and tungsten 

oxide on silica. Whereas the cobalt-molybdenum catalysts operate 

best in the range 200 to 400 degrees Fahrenheit, (7) the tungsten 

oxide catalysts operate best in the range 500-1000 degrees Fah-

renheit. ( 6) This higher temperature operation offers resistance 

to poisons and reduces costly and time-consuming heating and 

cooling periods during regeneration. 

Mechanisms of Disproportionation. After a study of the dis-

proportionation of n-butenes over cobalt molybdenum catalysts 

Bradshaw et. al. (l 4 ) have proposed that the reaction proceeds 

via the formation of a "quasi-cyclobutane" intermediate. This 

intermediate is formed by the correct alignment of the two carbon 

atoms at the double bonds of two reacting olefins. With allowance 

for the isomerization of I-butene to 2-butene, the disproportion-

ation of !-butene is pictured in Figure 4. (65) Mol et. al. 

studied the disproportionation of propylene over a rhenium oxide 

on alumina catalyst. Using 14c labeled propylene additional evi-

dence was gathered supporting a "quasi-cyclobutane" intermediate 

and the mechanism was classified a "four-center mechanism". 

Clark(ZO) et. al. and Woody(gz) et. al. also report tracer 
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experiments on propylene disproportionation over a colbalt-moly-

bdenum catalyst which support the "four-center mechanism" and 

aiso cite experimental evidence of significant propylene isomeri-

zation prior to disproportionation above 60 degrees Centigrade. 

Rates of Propylene Disproportionation. Several kinetic 

studies on the propylene disproportionation reaction have been 

recently published. Lewis et. al. (5!, 52) and Moffat et. al. <62) 

report the kinetics of the surface reaction on the colbalt-moly-

bdenum catalyst to be best described by a second order reaction 

between two adjacently adsorbed molecules (Langmuir-Hinshelwood). 

It has been shown that interphase and intraparticle mass transfer 

effects can be eliminated in this system. <52 , 64) Davie et. al. <24) 

report the kinetics of the surface reaction on a molybdenum hexa-

carbonyl catalyst also to be described best by a Langmuir-Hinshel-

wood model. 

Begley and Wilson(lO) conducted a kinetic study of propylene 

disproportionation over a tungsten oxide on silica catalyst in 

an integral reactor. They, however, report their data were best 

correlated by a second order reaction between an adsorbed.molecule 

and a gas phase molecule (Rideal). Although they provide empirical 

evidence that interphase and intraparticle mass transfer were 

not the rate controlling steps in their system, Clark(l 9) has re-

ported experimental evidence that interphase mass transfer is the 

rate controlling step for propylene disproportionation in this 
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system. 
(63, 64) Nore recently, Moffat et. al. have shown that 

reaction conditions could not be adjusted to eliminate the effects 

of interphase mass transfer. They also mention severe intra-

particle mass transfer limitations in this system, arid thus, cast 

some doubt on the Rideal model proposed by Begley and Wilson.(lO) 

Disproportionation Catalyst Break-in Phenomenon. Mention 

has been made in the literature of catalyst break-in during pro-

pylene disproportionation over several different catalysts, al-

though no study has been made which quantifies the behavior or 

sheds light on the mechanisms involved in this phenomenon. Begley 

and Wilson(l~ present data indicating almost a 40 percent increase 

in the activity of a freshly regenerated tungsten oxide on silica 

catalyst during the first two hours of propylene exposure. During 

this time significant changes in product distribution were also 

noted. Moffat et. a1.< 64 ) mention 12 to 24 hours of propylene 

conditioning were required to assure constant activity in fresh-

ly activated tungsten oxide on silica. A recent review article(S) 

also alludes to the existence of break-in during olefin dispro-

portionation over tungsten oxide on silica and reports break-in 

can be substantially reduced or eliminated by treatment of fresh 

catalyst with hydrogen or carbon monoxide prior to propylene intro-

duction. 

(45) Hecklesburg and Banks report a time dependent product 

distribution for butene isomerization over ruthenium oxide on 

silica catalysts and a similar phenomenon has been mentioned for 
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propylene disproportionation over a colbalt-molybdenurn oxide on 

1 ' 1 b L . (SO) a umina cata yst y ewis. Thus, the concept of catalyst 

break-in during olefin disproportionation appears to be a fairly 

general phenomenon about which there is qualitative data but no 

quantitative data. 
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The following sectton consists at tne plan of investigation 1 

the materials and experll!lental equipment used 1 and the methods of 

procedure. 

Pl~n of Investigation 

The overall plan followed in this investigation was to estab-· 

lish first the reactor operating conditions to eliminate the effects 

of interphase and intraparticle mass transfer in all subsequent ex-

periments. The steady state kinetics and mechanism of propylene 

disproportionation over tungsten oxide on silica were then estab-

lished. This was followed by a study of the transient activity 

initially exhibited by the catalyst, which hereafter will be refer-

red to as catalyst break-in, to establish the kinetics and mecha-

nisms of this phenomenon. In somewhat more detail, the plan con-

sisted of system selection and design, system construction and cali-

bration, catalyst characterization, preliminary studies to determine 

appropriate operating conditions, collection of initial rate data 

on the steady-state catalyst system, and finally a collection of 

break-in rate and mechanism data. 

System Selection and Design. Due to the rather broad scope of 

the above plan of investigation, it was necessary to select and 

design a reactor system which could be easily modified to adjust to 

the various types of studies to be performed. The system consisted 

- 32 -
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of a feed preparation section 1 a microcatalytic reactor, and a pro-

duct analysis section. 

The feed preparation section consisted of gas cylinders of 

chemically pure feeds which were connected to a gas manifold system. 

All flows from the gas :manifold system passed through a rotameter, 

a Moore differential flow controller, and a molecular sieve drying 

column before entering the microcatalytic reactor. This provided 

an accurately metered feed stream to the reactor which was free of 

a known catalyst poison, water. 

The microcatalytic reactor section construction varied accord-

ing to the type of study being performed. In the preliminary inves-

tigation into the effects of interphase mass transfer on the observed 

rates of reaction, a split bed reactor similar to that described by 
(63) 

Moffat et. al. was selected. The reactor is shown in Figure 6. 

This experimental configuration permitted the comparison of different 

weight catalyst charges with exactly the same activation history, 

and thus eliminated the experimental problem of exactly reproducing 

catalyst activities from run to run. In all other investigations 

in this study, a single bed reactor was used as a near-differential 

reactor. This reactor is shown in Figure 7. Near-differential con-

ditions were achieved by a combination of small catalyst charges 

and high flow rates. The selection of near-differential operation 

was made because it allows direct observation of the rate of re-

action, the variable most kinetic equations predict to be a function 
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of'operating conditions in the near-absence of reaction products. 

Although near-differential operation requires extremely accurate 

procluct analysis because of the low conversions involved, the accu-

racy required was well within the limits of the analytical system 

chosen. 

The micro-catalytic reactor was fitted with temperature and 

pressure control systems which were selected for accuracy and con-

trol performance. Since the parameters in kinetic rate equations 

usually vary widely with temperature, the data must be gathered 

isothermally. The combination of a long spiral preheater, a small 

catalyst charge, and a low heat of reaction essentially eliminated 

any axial or radial temperature gradients in the catalyst bed. 

The product analysis section consisted of an in-line gas chro-

matograph fitted with a dual flame-ionization detector. This de-

tector was calibrated using pure samples and prepared mixtures of 

all components present in the reactor effluent. This section also 

contained an in-line wet-test meter and bubble-flow meter for exact 

determination of product flow rates. 

Preliminary Studies and Steady State Kinetics. Preliminary 

studies were made to determine whether or not the effects of inter-

phase mass transfer could be eliminated at sufficiently high bed 

Reynolds Numbers and whether the effects of intraparticle mass trans-

fer could be eliminated at sufficiently small particle diameters. 

Operating at conditions where the surface reaction was the rate 
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controlling step 1 as deterJJJined hf th.e above preliminary studies, 

the rate of propylene disproporttonation was determined as a func-

tion of propylene partial pressure at several temperatures, These 

data were used to determine the mechanism of the surface reaction 

and to evaluate the constants in the corresponding kinetic equation 

for the steady state catalyst. 

Break-in Phenomena Studies. The system selected allowed two 

types of the transient kinetic studies of break-in: 1) step func-

tion studies in which the reactant gas is suddenly introduced and 

thereafter maintained at a constant input composition while the re-

actor effluent is sampled until steady.state is reached; 2) conven-

tional pulse studies with an in-line gas chromatograph. 

Step function studies were made on freshly activated catalyst 

samples to determine the rate of approach of the catalyst system to 

steady state. Various catalyst pretreatments and reactor operating 

conditions were used to determine the nature of the phenomena in-

volved in break-in. By the nature of such studies, a priori plan-

ning of this portion of the plan of investigation was not possible. 

The various break-in mechanisms found in a review of the literature 

did, however, suggest a series of initial experiments. The results 

of these experiments were then used to define the direction of fur-

ther experimentation. 

Pulse studies were used to determine average product distri-

butions and reactant adsorption following contact with a known amount 
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of reactant gas. These data were used to determine whether any ir-

reversible adsorption o:l; rea.ctants occurred or whether any extraneous 

chemical species were formed during the initia.l contacting of the 

reactant gas with freshly activated catalyst. In this technique the 

bulk reactant gas composition is continually changing,making the 

true transient phenomena difficult to separate from effects of tran-

sients in transport and adsorption phenomena, but this technique is 

well adapted to the study of phenomena depending primarily upon the 

extent of exposure of the fresh catalyst to the reactant gas. 

Experimental Equipment 

The equipment used in this investigation consisted of a feed 

preparation section, a microcatalytic reactor, and a product analysis 

section. This section is restricted to the equipment specially con-

structed for this investigation. Figure 5 shows the complete system. 

Equipment and materials shown in this figure which were used as com-

mercially available are presented in Appendix A along with their 

complete specification. 

Split Bed Reactor. The split bed reactor used in the inter-

phase mass transfer rate studies was constructed of two 3/8 inch o.d., 

316 stainless steel tubes six inches long. A 1/8 inch "Swagelok" 

male connector was welded into the top each reactor tube and a 1/8 

inch hole was drilled into the si~e bf each fitting. A 3/8 inch 

11Swagelok 11 male connector was attached to the bottom of each reactor 

tube. An 1/8 inch hole was also drilled into the side of the 3/8 
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inch male connecto;r attached ta the bottom of the first reactor 

tube. An 1/8 inch stainless steel transfer line was then installed 

from the 1/8 inch hole in tIIB fitting at the bottom of the first re-

actor tube to the 1/8 inch hole in the fitting at the top of the 

second reactor tube and welded in place. 1/4 inch "Whitey" Kel-F 

tip stem valves were attached to the bottom of each reactor tube. 

A preheater was formed by winding a seven foot section of 1/8 

inch o.d., 316 stainless steel tubing into a coil approximately one 

inch in diameter. The end of this preheater was welded into the 

1/8 inch hole in the fitting at the top of the first reactor tube. 

This preheater was of sufficient surface area to provide effective 

preheating of the feed at all feed rates. 

Two thermocouple wells were constructed of six inch sections 

of 1/8 inch o.d., 316 stainless steel tubing, one end of which was 

welded shut. These thermocouple wells were passed through the 1/8 

inch male connectors on the top of each reactor tube. A detailed 

drawing of this reactor is shown in Figure 6. 

Single Bed Reactor. The single bed reactor was constructed 

of a 3/8 inch o.d., 316 stainless steel tube six inches long. An 

1/8 inch "Swagelok" male connector was welded into the top of the 

reaction tube and an 1/8 inch hole drilled into the side of the 

fitting. The bottom of the reaction tube was fitted with a 3/8 

inch "Swagelok" male connector to which was attached a 1/4 inch 

"Whitey" Kel-F tip valve. A preheater was formed by winding a 
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seven foot·section of 1/8 inch o.d. 1 316 stainless steel tubing into 

a coil approximate!? one inch :j..n diameter. The end of this preheater 

was then welded into the 1/8 inch hole in the fitting at the top 

of the reaction tube. A thermocouple well was constructed of a six 

inch section of 1/8 inch o.d., 316 stainless steel tubing, one end 

of which was welded shut. This thermocouple well was installed in 

the 1/8 inch fitting on the top of the reactor tube. A detailed 

drawing of this reactor is shown in Figure 7. 

Reactor Furnace. During each study, the reactor in use was 

placed in a six inch long, tubular resistance heating furnace. The 

reactor temperature was maintained by controlling the mid bed tem-

perature at the desired temperature. In the split bed reactor, the 

mid b~d temperature of the first bed was used. One bank of resis-

tance elements in the furnace was adjusted so that if used alone 

it would maintain the reactor approximately 5°C below the desired 

reactor temperature, and this bank remained on continuously. The 

second bank of elements, activated at a reduced power level by a 

thermo-regulator whose sensor was an iron-constantan thermocouple 

in the reactor thermocouple well, was used to control the reactor 

at the desired temperature. Temperature control was a sinusoid of 

0.5°C amplitude about the desired temperature. 

Methods of rrocedure 

Described here are the procedures used for calibrating the 

various pieces of equipment and procedures for operation of the 
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catalytic reactor. Calibration procedures for common pieces of 

equipment are briefly presented wlu_le operating procedures for the 

reactors are described in detail. 

Calibration of Thermocou£les. Three iron-constantan thermocou-

ples were prepared from 30 B & S gage wire. These thermocouples 

were connected to a Rubicon precision potentiometer for calibration. 

A one gallon insulated bath was filled with Teressa 65 heat transfer 

oil and an immersion heating coil installed. An agitator was in-

stalled and the bath stirred vigorously during each calibration. 

The thermocouples were placed in the thermocouple wells previously 

described and these were immersed along with a platinum resistance 

thermometer in the oil bath. The platinum resistance thermometer 

and its associated bridge circuits were used to calibrate the thermo-

couples over the temperature range from 22° to 214° Centigrade. 

One high temperature point was also obtained from a cooling 

curve of molten lead using each thermocouple. The thermocouple 

voltages were determined at the 327.5°C melting point of lead. All 

calibrations were made with the thermocouple reference junction 

placed in a Dewar flask filled with crushed ice and water. 

Calibration of Pressure Gages. All pressure gages were cali-
' 

brated against a twelve inch U.S. Standard Test gage. Gages being 

calibrated were placed in a system pressurized with nitrogen and 

connected to the test gage. Individual calibration curves were pre-

pared for each gage. 
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Calibration of the Chromatograph. 
q ( 4 '• <... \ I . 

Since all olefin analyses 

in this investigation were by gas chromatography, the chromatograph 

detector was calibrated for ethylene, propane, propylene, 1-butene, 

2-butene, and 1,3-butadiene. The F and M Scientific Research chro-

matograph used during this investigation was equipped with a 0.5. 

cubic centimeter gas sampling loop. 

For calibration purposes the gas sampling loop was connected 

to a vacuum system. The loop and auxiliary components could be evac-

uated with the pressure monitored by a mercury U-tube manometer. 

The initial step in all calibrations was evacuation of the system. 

Then the olefin for which the detector was being calibrated was al-

lowed to fill the system to some predetermined pressure. This sample 

was injected and the peak area determined as the product of the peak 

height, the peak width at half the peak height, and the chromatograph 

attenuation factor for the recorded detector output. 

The flame-ionization detector has an output which is proportion-

al to the number of moles of a particular compound being ionized. 

Mathematically this is 

n. = f.A. 
l. l. l. 

(1) 

where 

n. = number of moles of component i in sample 
l. 

A. = area of detector response to component i 
l. 

f. = proportionality factor for component i 
l. 
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By sununing of all components present in the sample the total moles 

in the sample can be determined as 

N = 
n 
I: 

i=l 
n. 

l. 
= 

n 
I: 

i=l 
f.A. 

l. l. 
(2) 

The total number of moles injected could also be calculated by 

where 

and 

N = 

PL = pressure in the sample loop 

z = average compressibility factor of the 

TL temperature in the sample loop 

VL = volume of the sample loop 

R = gas constant, 

Combining equations 2 and 3 and rearranging gives: 

n f. 
I: V1 A. 

i=l L 1 
= 

(3) 

sample 

(4) 

Pure samples and prepared mixtures of known composition were in-

jected into the chromatograph and component areas determined. Using 

multiple linear regression, the best least squares estimates of the 

fi/VL factor of each component were obtained. 

To eliminate the scale of the recorder and the constant but 

unknown sample loop volume, the fi/VL factors were normalized by 
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dividing each by the fi/Y 1 of propylene as 

(5) 

since propylene was expected to be present in every sample analyzed 

during this investigation. 

For all experimental runs, the control positions used during 

calibration were maintained on the chromatograph. These were oven 

temperature 25° Centigrade, detector temperature 120° Centigrade, 

helium carrier gas pressure forty pounds per square inch gage at a 

flow rate of sixty cubic centimeters per minute, air pressure 

thirty pounds per square inch gage, and hydrogen pressure fourteen 

pounds per square inch gage. 

Calibration of Rotameter. The rotarneter in the reactor feed 

line was calibrated at one atmosphere pressure for propylene flow. 

This calibration, however, was only used to set initial flow rates 

in all runs. Direct measurement of all product flow rates in each 

run were made using the in-line wet test meter or in-line bubble 

flow meter depending on the magnitude of the flow rate. These 

direct measurements, when corrected to standard conditions, were 

used in all subsequent calculations. 

Preparation of Reactants. All reactant gases were obtained in 

gas cylinders and were reported to be 99.0 percent minimum purity. 

Checks were made by gas chromatography to verify these compositions. 
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Prior to entering the reactor system, all reactant gases were passed 
0 

over freshly activated 5A molecular sieves to remove all traces of 

a known catalyst poison, water. 

Preparation and Characterization of the Catalyst. The catalyst 

used in this investigation was prepared by the Davidson Chemical 

Division of W.R. Grace and Company and was designated SNR 7-3322. 

It consisted of ten percent tungsten oxide on silica gel prepared 

by impregnating 3/16 inch silica extrusions with ammonium tungstate. 

The initial step in catalyst preparation was to crush and 

screen several grams of pellets. This gave fractions from -16/+18 

mesh (1095 microns) to -60/+70 mesh (230 microns). Catalyst sam-

ples were then dried for ten hours at 120° Centigrade and were 

stored in a desiccator until used. 

In order for the results of this investigation to be as gener-

ally applicable as possible, it was necessary to characterize the 

catalyst. Catalysts are normally compared on the basis of promoter 

concentration, surface area, and pore volume. 

The catalyst was reported by the manufacturer to have been pre-

pared to contain ten percent tungsten oxide. To verify this com-

position and to determine the radial distribution of promoter within 

a pellet, several electron probe scans were made of the cross-section 

of a typical catalyst pellet. During these scans, the intensity 

of the radiation emitted by the sample at the Ka energy level of 

silicon and the La energy level of tungsten were recorded as a 
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function of the radial position on the pellet of the electron beam. 

The detector was calibrated prior to the analysis using pure samples 

of silicon and tungsten. 

By assuming all the tungsten observed was tungsten trioxide 

and all the silicon observed was silicon dioxide, it was possible 

to determine the weight fraction of tungsten oxide as a function 

of radial position within a pellet. The average weight fraction 

of tungsten oxide in the catalyst was then determined by integration 

of this distribution. 

A nitrogen adsorption isotherm of the catalyst at 77° Kelvin 

was determined by Dr. J.P. Wightman, Professor of Chemistry, Vir-

ginia Polytechnic Institute and State University in his surface 

chemistry laboratory. The resulting isotherm was analyzed using 

the BET theory of multilayer adsorption to determine the volume of 

a monolayer of nitrogen. 02 By assuming a 16.3 A effective area for 

an adsorbed nitrogen molecule, the effective surface area of the 

catalyst was determined. 

Because of a lack of experimental equipment, no attempt was 

made to determine the pore volume of this catalyst. The manufac-

turer was contacted concerning this parameter and reported the 

silica gel used to prepare this catalyst had a pore volume of one 

cubic centimeter per gram. 

Catalyst Activation. A standard method of catalyst activation 

was employed in all studies to remove this procedure as a variable 
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in the study. This p):"ocedu.re was to charge a known weight of dried 

catalyst to the reactor. A plug of stainless steel mesh was in-

serted to hold the catalyst charge in a position such that the ther-

mocouple well tip was at the midpoint of the catalyst charge. The 

reactor was placed in the reactor furnace and the ends of tube fur-

nace plugged with glass wool to minimize convection currents within 

the furnace. The catalyst was heated to 600° Centigrade for five 

hours while dry air was passed over the catalyst at a rate of two 

to three cubic centimeters per second. At the end of the five hour 

activation period, dry nitrogen was passed over the catalyst at 600° 

Centigrade for thirty minutes at a rate of two to three cubic centi-

meters per second. At this point the catalyst was termed freshly 

activated and was ready for the various experiments outlined below. 

Interphase Mass Transfer Rate Studies. Interphase mass transfer 

studies were made to determine whether or not the effects of interphase 

mass transfer could be eliminated in this catalyst system. The split 

bed reactor shown in Figure 6 was used in this study. One gram and 

one half gram of 327 micron catalyst particles were placed in the 

first and second reactor tubes respectively. The standard activation 

procedure outlined above was then followed with the valves arranged 

to give flow over both beds. The freshly activated catalyst was then 

allowed to cool to 427° Centigrade while dry nitrogen was passed 

over the catalyst. After the catalyst had equilibrated at 427° 

Centigrade for fifteen minutes, the nitrogen purge was stopped and 



- .'.t9 -

p~opylene feed started at 6 WR.SY and atmospheric pressure. This 

was continued for :'-i2hteen houx$ before any experimental runs were 

made, to. insure a stable, rep.n,ducible catalyst activity, The 

catalyst produced by th.is procedure was termed ste.:;J;· .,,cate cata-

lyst. Conversion was then determined as a function of reactant 

flow rate over the range of 1.5 to 120 WHSV with reactant flowing 

over both beds. Reactant flow rates were determined using a fifty 

milliliter bubble flow meter in the product line. This was then 

repeated with the reactant flowing over only the first bed. 

Plots were prepared of reactant space time versus conversion 

for both sets of data. At a given space time, the curve obtained 

using both beds represents the effect of increasing only the re-

actor Reynolds Number by a factor of 1.5 while maintaining all 

other reactor conditions the same as when only the first bed was 

used. 

Another pair of plots of conversion versus space time using 

the split bed reactor were obtained on a catalyst of reduced activ-

ity. The reduced activity of the catalyst in this run was obtained 

by bypassing the feed dryers and allowing a slightly moist feed to 

contact the catalyst. In both runs a wide range of reactant flow 

rates were investigated with particular attention being paid to 

obtaining data at high flow rates. 

Intraparticle Hass Transfer Rate Studies. Intraparticle mass 

transfer studies were made to determine whether or not the effects 

of 1ntraparticle mass transfer could be eliminated in this catalyst 
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system. Using the single bed reactor shown in Figure 7, 1.5 grams 

of steady~state catalyst 0£ a certain particle diameter were pre-

pared as outlined above. 

The rate of reaction of propylene disproportion over this cat-

alyst sample was determined at 90 WHSV, 427° Centigrade, and atmos-

pheric pressure, operating conditions at which the interphase mass 

transfer studies indicated that interphase mass transfer effects 

were not significant. This test was repeated using various particle 

diameters ranging from 230 microns to 1095 microns. These data were 

used to prepare a plot of reaction rate as a function of catalyst 

particle diameter. 

Using the split bed reactor shown in Figure 6, steady-state 

catalyst charges of 1.0 gram of 387 micron particles in the first 

reactor tube and 0.25 grams of particles of a certain particle diam-

eter in the second reactor tube were prepared using the above out-

lined procedures. The rate of propylene disproportionation in the 

second reactor tube was determined at 315 WHSV, 427° Centigrade, 

and atmospheric pressure using the partially converted feed from 

the first reactor tube. This test was repeated using various par-

ticle diameters over the range of 230 microns to 1095 microns. From 

these data a plot of reaction rate as a function of catalyst par-

ticle diameter was prepared. In both tests reactant flow rates were 

determined with a fifty milliliter bubble flow meter in the product 

line. 
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Initial Rate Studies. Initial rate studies were made at 399°, 

427° and 454° Centigrade and at pressures from one to nine atmos-

pheres using the single bed reactor shown in Figure 7 as a near-dif-

ferential reactor. Steady-state catalyst charges of 0.07 to 0.3 

grams of 387 micron diameter catalyst particles were prepared accord-

ing to the above procedures. Conversion was determined as a function 

of total pressure over the range of one to nine atmospheres at flow 

rates which were chosen to maintain the conversion in the four to 

twelve percent range and to insure that interphase mass tr2nsfer 

effects were negligible. These data were then used to determine the 

mechanism of the surface reaction and to estimate the mechanism pa-

rameters and their temperature dependency. 

Step Function Studies of Catalyst Break-in. A series of step 

function studies was carried out to determine the nature of the 

catalyst break-in exhibited by this system using the single bed re-

actor shown in Figure 7. Freshly activated catalyst charges of 0.07 

to 0.3 grams of 387 micron diameter catalyst particles were prepared 

according to the above procedures. The reactant gas, propylene, 

was then admitted and thereafter maintained at constant input com-

position. Propylene conversion was determined as a function of pro-

pylene contact time until a level of conversion was observed which 

was essentially invariant with time. Reactant flow rates and cata-

lyst charges were chosen to maintain conversion in the four to 

twelve percent conversion range and to insure that interphase mass 

transfer effects were negligible. 
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To insure that the observed transient activity was not due to 

the purging of temporary poisons from the catalyst, which might have 

been inadvertently introduced during the activation procedure, two 

variations in the activation procedure were used. The first was to 

follow the normal activation in dry air at 600° Centigrade with a 

three hour purge in dry helium at 600° Centigrade and then slowly to 

cool the system to the desired operating temperature in dry helium. 

The second was to follow the normal activation in dry air at 600° 

Centigrade and purge in dry nitrogen at 600° Centigrade with three 

hours at 100 microns total pressure and 600° Centigrade, and then 

slowly to cool the system down to the desired operating temperature 

in dry helium. Propylene was admitted following both special acti-

vations and propylene conversion was determined as a function of 

time until a level of conversion was observed which was essentially 

invariant with time. 

Runs were made at 399°, 427° and 454° Centigrade and at various 

pressures in the range of one to eight atmospheres on freshly acti-

vated catalyst samples to determine the rate of propylene dispro-

portionation as a function of time during break-in. These data were 

then used to determine the temperature and propylene partial pressure 

dependency of the rate of catalyst break-in. 

To determine if chemical reduction of the surface was involved 

in the transient activity exhibited by this catalyst, partially reduced 

catalyst samples were prepared from freshly activated catalyst. 
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wo2 . 9 was prepared by the pretreatment of freshly activated cata-

lyst with hydrogen at 400q Centigrade for two hours in one run and 

with carbon monoxide at 400° Centigrade for two hours in a second 

run. wo2 was prepared for a third run by pretreatment of freshly 

activated catalyst with hydrogen at 600° Centigrade for four hours. 

A one-half hour purge in dry helium followed each pretreatment dur-

ing which the reactor was brought to 427° Centigrade and one atmos-

phere. Propylene was then admitted and the rate of propylene dis-

proportionation was determined as a function of time during break-in 

for each run. These data were used to determine the effect of cata-

lyst reduction on the rate of catalyst break-in and of the extent of 

catalyst reduction on the steady-state rate of propylene dispropor-

tionation. 

To determine if the break-in exhibited by this catalyst was 

reversible, a sample of catalyst was allowed to reach a steady-state 

level of conversion at 427° Centigrade and one atmosphere. Propylene 

flow was stopped and the catalyst purged with dry helium at 427° 

Centigrade and one atmosphere. Propylene was readmitted and the 

rate of propylene disproportionation was determined as a function 

of time during break-in. 

Pulse Studies of Catalyst Break-in. Pulse studies were carried 

out to determine the product distribution and the extent of any ir-

reversible, or difficultly reversible, adsorption of hydrocarbons 

during the exposure of freshly activated catalyst samples to pulses 
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of prop:ylene. The reactor syste.Ill was valved so as to allow the 

helium carrier gas from the chro~atograph to pass through a sam-

ple valve and the single~oed reactor shown in Figure 7 prior to 

entering the chromatographts column and detector. The 0.5 cubic 

centimeter sample loop was connected to a vacuum pump through the 

gas manifold system and a U-tube manometer. Column back pressure 

restricted reactor operation to thirty pounds per square inch, 

gage and a 427° Centigrade operating temperature was selected. 

The sample valve was used to introduce a number of pulses of 

propylene into the carrier gas which was flowing over the bed of 

freshly activated catalyst. The chromatograph's detector was cali-

brated prior to each run by injecting several propylene pulses 

while bypassing the reactor and was used to determine the total 

moles in the exit pulse from the reactor and the composition of 

each exit pulse. These data were used to determine the extent of 

irreversible and/or strong adsorption of propylene by the catalyst 

and the reactor product distribution as a function of the total 

amount of propylene pulsed over the catalyst. After each pulse re-

actor run, the catalyst was exposed in situ to propylene at 427° 

Centigrade and 0.94 atmospheres for twelve hours and then recon-

nected to the chromatograph. fulses of propylene passed over this 

catalyst were used ta obtain the product composition after the ex-

posure of the catalyst to extremely large quantities of propylene. 



Data and ~esults 

The results of the experimental procedures outlined in the 

previous section are presented in this section. More specifically, 

this section contains the gas chromatograph calibration factors ob-

tained during system calibration, the results of the catalyst char-

acterization studies, the minimum operating conditions found neces-

sary in the preliminary studies to insure that the surface reaction 

rate was controlling, the initial rate model and final parameter 

values for the steady state catalyst system, and the results of the 

various studies of catalyst break-in. 

Gas Chromatograph Calibration. Pure samples and prepared mix-

tures of ethylene, propane, propylene, 1-butene, 2-butene and 1,3 

butadiene were injected into the chromatograph. The recorded area 

of the detector response for each component was calculated for each 

sample. The pressure and temperature in the sample loop for each 

sample was also recorded. These raw data are listed in Appendix B. 

Arranging this data in the form 

A S N (6) 

where area of the .th component in h .th sample a .. = J t e 1 
1J 

s. = f/VL' the jth component calibration factor 
J 

n. = (P1 /zRT)i, the moles per unit volume of loop 
1 

f h .th or t e i sample 

the component calibration factors were estimated using multiple 
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linear regression. To eliminate recorder parameters and the un-

known but constant sample loop volume, the fi/V 1 factors were nor-

malized by dividing each by the fi/V 1 factor for propylene as fol-

lows: 

f.* = 
1 

(7) 

These coefficients are given in Table I along with their 95 percent 

confidence intervals. 

As a check on this calibration, three samples of known com-

position were prepared and analyzed in the gas chromatograph. Table 

II compares the actual sample compositions with the sample compo-

sitions calculated using the component calibration factor estimates 

shavm in Table I. 

Catalyst Characterization. The raw data from the electron probe 

scans were used to calculate the weight fraction of tungsten oxide as 

a function of radial position within a typical catalyst pellet. This 

data is presented in Figure 8. The pellet selected for analysis was 

found to have an average composition of 11.6 percent tungsten oxide. 

As will be observed in Figure 8, there was a large radial variation 

in the amount of tungsten oxide present within the pellet. The 

pellets were prepared by the manufacturer to contain an average of 

ten percent tungsten oxide. 

A nitrogen adsorption isotherm at 77° Kelvin was also deter-

mined for this catalyst. Using the B.E.T. theory of multi-layer 



Component 

Ethylene 

Propane 

Propylene 

1-Butene 

2-Butene 
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Ta,ble J. 

Gas Chromatograph Detector 

Component Calibration Factors 

Calibration Factor, fi* 
and 95% Confidence Interval 

1.587 + 0.601 

1.007 + 0.425 

1.000 + 0.226 

0.7169 + 0.309 

0.8221 + 0.335 

1-3 Butadiene 0.4390 + 0.372 
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3 
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T&ble II 

Comparison of Composition of Three ~repared Samples 

With Sample Compositions Calculated Using 

Gas Chromatograph Detector Calibration Factors 

Component 

Ethylene 

Propylene 

2-Butene 

Ethylene 

Propylene 

2-Butene 

Ethylene 

Propylene 

2-Butene 

Actual Mole 
Fraction 

0.131 

0.703 

0.167 

0.109 

0.791 

0.100 

0.199 

0.591 

0.210 

Calculated Nole 
Fraction 

0.129 

0. 711 

0.160 

0.101 

0.805 

0.094 

0.203 

0.583 

0.214 
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adsorption, the data obtainedwereplotted as shown in Figure 9. 

From this,an estimate was made the volume of a monolayer of nitrogen 

adsorbed on the surface of the catalyst (i.e., the reciprocal of 

the slope of this plot). 
o? . 

Assuming a 16.3 A- effective area for ad-

sorbed nitrogen molecules, the 50.82 cubic centimeter per gram mono-

layer volume, found from the slope of this plot, gives a catalyst 

surface area of 223 square meters per gram. The manufacturer re-

ports that the silica gel used as the catalyst had a surface area 

of approximately 300 square meters per gram prior to catalyst prep-

aration. 

Interphase Mass Transfer Studies. Data were obtained using the 

split bed reactor system to determine whether or not interphase 

mass transfer effects could be eliminated in this catalyst system 

by using a sufficiently large Reynolds Number. Figure.10 shows two 

runs typical of the results obtained. Both sets of curves were ob-

tained at 427° Centigrade and 0.94 atm using 387 micron diameter 

catalyst particles. Appendix B contains the tabulated results of 

these runs. At a given space time, the upper curve in each set rep-

resents the effect of increasing the reactor Reynolds Number by a 

factor of 1.5 while maintaining all other reactor conditions the 

same as in the lower curve. The upper pair of curves are character-

istic of normal catalyst activity. The lower pair of curves were 

obtained at reduced activity by bypassing the feed dryers and allow-

ing.slightly moist feed to contact the catalyst. 
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The reactor Re¥nolds Number has an effect on conversion only 

if interphase mass transfer effects are significant. It will be ob-

served that space times on the order of one minute or less are 

needed to gain substantial convergence of the pair of curves for 

the catalyst of normal activity. This corresponds to a Reynolds 

Number of 6.8 or greater. 

Intraparticle Mass Transfer Studies. Data were obtained using 

both the split bed reactor and the single bed reactor to determine 

whether or not intraparticle mass transfer effects could be elimi-

nated by reducing the catalyst particle diameter. Figure 11 shows 

the variation in the observed reaction rate with catalyst particle 

diameter. These results were obtained using the single bed reactor 

operated at 427° Centigrade and 0.94 atm. Figure 12 shows similar 

data obtained by charging various size catalyst particles to the 

second reactor tube in the split bed reactor and feeding partially 

converted feed from the first reactor tube. The first reactor tube 

was charged with 1.0 gram of 387 micron diameter particles in all 

of these runs and this served as a check on the reproducibility of 

the catalyst activation procedure. The data for these figures are 

given in tabular form in Appendix B. It will be observed that below 

a diameter of 400 microns, intraparticle mass transfer resistance 

appears negligible and an effectiveness factor of one can be assumed. 

Initial Rate Studies on Steady-State Catalyst. Initial rate 

studies were made at 399° 1 427Q and 454° Centigrade and at pressures 
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of from one to nine atmospheres. The single bed reactor was used 

as a near-differential reactor with propylene conversions in the 

four to twelve percent conversion range at each temperature level. 

These data are graphically presented in Figure 13. Appendix B con-

tains this data in tabular form. 

For the catalytic disproportionation of propylene in a system 

where the reaction rate is controlled by a dual site surface re-

by (45) action, the complete rate equation is given 

= (8) 

for conversions below ten percent, the initial rate assumption of 

near zero partial pressures of products should be valid. Using 

this initial rate assumption, equation 8 reduces to 

k p 2 
p 

Equation 9 may be rearranged to give 

1 

~ 
+ 

(9) 

(10) 

Thus a plot of Pp/;;;_ versus propylene partial pressure should be 

linear if equation 8 represents the rate controlling step in the 

reaction mechanism. Figure 14 illustrates the data of Figure 13 
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correlated by equati_on lQ. Using li_near least squares, the rate 

constant and the propylene adsorption coefficient we.re determined 

from the slope and intercept of Figure 14. These values are tabu-

lated in Table III. Figure 15 illustrates the temperature depen-

dency of these two parameters. Assuming the temperature dependence 

of these parameters could be described by the Arrhenius activation 

theory, the activation energy and the frequency factor of the rate 

constant and the heat of adsorption and entropy of adsorption were 

obtained by linear least squares. These parameters are presented 

in Table IV. 

Step Function Studies of Catalyst Break-in. Figure 16 illus-

trates the typical transient activity or catalyst break-in exhib-

ited by freshly activated tungsten oxide on silica gel upon the 

introduction of propylene at 427° Centigrade and 0.94 atmospheres. 

It will be noted the steady-state rate of propylene disproportion-

ation is some 750 percent greater than that of the freshly acti-

vated catalyst and that the transition to a steady-state catalyst 

system requires some 900 minutes of propylene contact time at these 

conditions. 

To insure that the phenomenon illustrated in Figure 16 was not 

due to the purging of temporary poisons from the catalyst, which 

might have been inadvertently introduced during the activation pro-

cedure, two variations in the activation procedure were made. One 

involved an extended helium purge of the freshly activated catalyst 

and the other involved an extended evacuation of the freshly acti-
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Table IU 

Least Squares Estimates of Langmuir-Hinshelwood 

Initial Rate Parameters for Propylene Disproportionation 

Temperature 
oc 

399 

427 

454 

Rate Constant 
gm - moles 

. 2 
gm.cat.-hr-atm 

0.7928 

1. 3279 

3.2876 

Propylene Adsorption Coef. 
-1 atm 

0.3933 

0.4087 

0.5166 
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Table IV 

Temperature Dependency of Langmuir - Hinshelwood 

Initial Rate Parameters 

Parameter 

Rate Constant Frequency Factor 

Apparent Activation Energy of 

the Reaction 

Entropy of Adsorption for 
Propylene 

Heat of Adsorption for 
Propylene 

Value 

7 gm. moles 8.196 X 10 --'-"----- 2 gm.cat-hr-atm 

-24.73 Kcal/gm. mole 

4.853 cal/gm mole °K 

-4.550 Kcal/gm.mole 
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vated catalyst. Figure 16 compares the transient kinettcs of these 

two activation procedure yariations with the normal activation pro-

cedure. It will be noted that these variations in the activation 

procedure had essentially no effect on the observed catalyst break-in. 

The form of the data in Figure 16 suggests the variation in 

the initial rate of propylene disproportionation with time may be 

approximated by a first order expression which is mathematically 

given as 

r - r(t) ss 
r - r ss 0 

-kt 
= e (11) 

Thus, a plot of the logarithm of the left side of equation 11 versus 

time should be linear and the rate of catalyst break-in, k, may be 

obtained from the slope of this plot. 

Tests were conducted to determine if the rate of catalyst break-

in, k, was a function of temperature. Figure 17 contains the vari-

ation in the rate of propylene disproportionation with time as cor-

related by equation 11 during break-in at 399°, 427° and 454° Centi-

grade at 0.94 atmospheres. Table V contains additional data on 

these tests. It will be ooserved that the rate of catalyst break-in 

is a strong function of temperature. Figure 18 illustrates the tem-

perature dependency of the rate of catalyst break-in and predicts an 

activation energy of 47170 calories per gram mole. 

Tests were also conducted to determine if the rate of catalyst 

break-in was a function of propylene partial pressure. Figure 19 
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Table V 
wo3 Catalyst Activity and Break-in Rate during Propylene Disproportionation 

for Various Reaction Conditions and Catalyst Pretreatment 

Pretreatment Reaction Conditions Steady-State Initial Steady-State Break-in 
after air activation T p Conversion Rxn Rate Rxn Rate Rate oc atm of Propylene gm moles min-1 

gm cat-hr 

30 min N2 purge 427 0.94 0.0869 0.0790 0.6060 0.00351 
120 min Vacuum 427 0, 94 0.0932 0.0766 0.6500 0.00347 
120 min He purge 427 0, 9-4 0.0194 0.0734 0.6371 0.00358 

30 min N2 purge 399 0,94 0.0293 0.0712 0,3800 0.00107 

30 min N2 purge 454 0,94 0.1025 0.0473 1.3240 0.01556 

30 min N2 purge 427 0.94 0,0869 0,0790 0.6060 0.00351 -..J 
y, 

30 min N2 purge 427 1. 95 0,0872 0,3158 1.5606 0.00768 

30 min N2 purge 427 2, 98 0,0952 0. 5723 2.4026 0.01067 

30 min N2 purge 427 4.00 0.1194 0. 7996 3.0601 o. 01342 

30 min N2 purge 427 8.08 0.1089 0.7068 4.6840 0.02844 

12 hr c3H6+ 180 min He 427 0.94 0,0883 0.2745 0.6155 0.02500 
120 min CO at 400°C 427 0.94 0.0861 0.0134 0.6070 0.01538 

120 min H2 at 400°C 427 0,94 0,0865 0.0125 0.6100 0.01504 

240 min H2 at 600°C 427 0.94 0.1145 0.0203 0.8075 0.01245 
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contains the variation in the rate of propylene di.sproportionation 

with time as correlated by equation 11 during break-in at 427Q 

Centigrade at various pressures over the range of 0.94 to 8.00 at-

mospheres. Table V contains additional data on these tests. It 

will be observed that the rate of catalyst break-in is a function 

of propylene partial pressure. The order of the dependence of the 

rate of catalyst break-in on propylene partial pressure. is shown in 

Figure 20. A first order dependency is predicted from these data. 

A consistency check on this first order dependency, which requires 

a zero rate at zero propylene partial pressure, is shown in Figure 

21. 

It was noted that a definite change in the color of the cata-

lyst was associated with catalyst break-in. The freshly activated 

catalyst was yellow, characteristic of the presence of wo3 ( 74 ) 

while the steady-state catalyst was found to be blue, characteristic 

Of T.ro2.9(74). A . 1 . d T.TO . h h IV s was previous y mentione , IV 2 _9 is t et ermo-

dynamically favorable state of tungsten oxide in a reducing atmos-

phere over the range of 400° to 540° Centigrade. Tests were con-

ducted to determine if reduction of the promoter was the phenomenon 

responsible for the region of transient activity exhibited by this 

catalyst. Figure 22 illustrates the variation in the initial rate 

of propylene disproportionation with time during the break-in of 

freshly activated catalyst samples which were reduced to the wo2 _9 

state with either carbon monoxide or hydrogen at 400° Centigrade 
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prior to the introduction of propylene. Both tests were conducted 

at 427° Centigrade and 0.94 atmospheres. Table V contains sup-

plementary data concerning these runs. Several points will be 

noted concerning these tests. Prior reduction of the catalyst to 

the wo2 •9 state substantially increases the rate of catalyst break-in 

but does not eliminate the catalyst break-in phenomenon. Also the 

activity for propylene disproportionation exhibited by these reduced 

catalysts just after exposure to propylene and at steady-state was 

found to be essentially the same as the unreduced catalyst samples 

at the same conditions. 

A test was also conducted to determine if the extent of re-

duction of the promotor had any effect on catalyst break-in or on 

the steady-state catalyst activity for propylene disproportionation. 

Figure 22 illustrates the variation in the initial rate of propylene 

disproportionation with time during the break-in of freshly activated 

catalyst, which was reduced to the wo2 state with hydrogen at 600° Centi-

grade prior to.the introduction of propylene. This test was also con-

ducted at 427° Centigrade and 0.94 atmospheres. Table V contains 

supplementary data concerning these runs. It will be observed that 

prior reduction of the catalyst substantially increases the rate of 

catalyst break-in but, once again, does not eliminate the catalyst 

break-in phenomenon. It is very interesting to note, however, that 

while there was no initial increase in activity of this catalyst for 
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propylene disproportionation over that normally found just after 

exposure to propylene 1 th.e steady~tate catalytic activity of the 

wo2 state was found to be some thirty percent greater than that ex-

hibited by the normal steady~state catalysts at similar conditions. 

To determine if the break-in exhibited by this catalyst system 

was reversible in an inert atmosphere, steady-state catalyst samples 

were purged in helium at 427° Centigrade and then propylene flow re-

introduced. Figure 23 illustrates the effect of a three hour helium 

purge on the initial activity displayed by this catalyst and com-

pares the ensuing break-in with that of a freshly activated catalyst. 

It will be noted that the initial activity of this catalyst 

was reduced by some sixty percent from the steady-state activity. 

The catalyst, however, returned to steady-state at a rate comparable 

to that exhibited by a freshly reduced catalyst. Figure 24 illus-

trates the relationship between the length of helium purge and the 

catalyst activity exhibited on readmission of propylene. It appears 

that the phenomenon responsible for this reduction in catalyst ac-

tivity during helium purging at 427° Centigrade occurs fairly rapidly 

but cannot completely reduce the activity of the catalyst to that of 

a fresh catalyst. Appendix B contains the results of the above 

studies in tabular form. 

Pulse Reactor Studies o~ Catalyst Break-in. Hicrocatalytic 

pulse studies were made on freshly activated catalyst samples at 

427° Centigrade and 3.0 atmospheres. For each pulse of propylene, 
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a mass balance was made around the rea.ctor to determine the extent 

of any irreversible or strong adsorption of hydrocarbons By the 

catalyst. Figure 25 illustrates the results of these mass balances 

made during the exposure of fresh catalyst to a number of pulses of 

propylene. It will be noted that approximately thirty five percent 

of the first few propylene pulses were irreversibly adsorbed and 

that this fraction steadily declined as the total catalyst exposure 

to propylene increased. The chromatographic analyses of the re-

action products are illustrated in Figures 26 and 27. While signifi-

cant amounts of 1,3-butadiene were found the initial reactor pro-

ducts, the activity for the production of 1,3-butadiene declined 

to zero with continued exposure to propylene. Simultaneously, the 

amount of 2-butene increased and the amount of ethylene decreased 

with continued catalyst exposure to propylene until an equimolar 

production of ethylene and 2-butene was observed after catalyst 

exposure to large quantities of propylene~ 

Sample Calculations 

This section contains examples of calculations made in the 

course of this investigation. 

Reduction of Chromatographic Analysis Data. From the recorded 

chromatographic analysis of a sample, the peak height and the peak 

width at half the peak height were obtained for each component in 

the sample. These data plus the attenuation used to record each 
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peak and the detector calibrati.on f,actors given i.n Table J: were 

used to calculate the mole fraction ot the six components: ethylene, 

propane, propylene, !··:-butene, trans-2.,,-butene, and cis-2-butene ac-

cording to the relationship 

where f. = 
l. 

A. = 
l. 

h. = 
1 

w. = 
l. 

M. = 
1 

detector 

recorder 

response 

height of 

width at 

recorded 

6 

f .A.h.w. 
l.l.1.1 

r f.A.h.W. 
j =l J J J J 

calibration 

(12) 

factor of component II i" 

attenuation used to record the detector 

to component II i" 

the peak recorded for component liill 

half the peak height of the peak 

for component "i" 

Conversion Calculations. Conversion of the pure propylene feed 

was calculated as the average of the amount of propylene which dis-

appeared due to reaction and the amount of product formed by the 

relationship 

{(l-m 2) - m3J + fml+m4+m5+m6J 
(13) X = 

2 II - m2J 

where ml = mole fraction of ethylene 

m2 = mole fraction o;f; propane 

m3 = mole fraction of propylene 

m4 = mole fraction of !-butene 
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ro5 ~ mole.f.r~ctton of trans,2~butene 

m6 ~ ~ole fractton of. cts~2~butene 

Reactant Feed Rates Calculations. Reactant feed rates were 

calculated from experimentally measured product flow rates and were 

expressed in terms of a unit gram of catalyst charge, under the 

name of weight hourly space velocity, by the relationship 

where 

grams (14) gm catalyst - hour 

3 Q = experimentally measured volumetric flow rate, cm /hr 

W = weight of catalyst charge, grams 

P = pressure at which flow rate was experimentally 

determined, atm 

z = compressibility of product= 0.9847 

T = temperature at which flow rate was experimentally 

determined, °K 

R = 82.06 cc - atm 
gm. mol. - °K 

C = correction for water saturation of gas prior to 

measurement= 0.96848 

M = molecular weight of product gas 

During interphase mass transfer studies, reactant flow rates 

were expressed by the relationship, 

Space Time= (15) 
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-where WHSY = weight hourly space yelocitf 1 gms/gm cat. ~ hr. 

Rea~tion Rate Calculations. Fropylene reaction rates were 

calculated in each run according to the relationship 

r = ] (16) 

where WHSV = weight hourly space velocity of c3H6 , gm/gm cat-hr 

x = observed fractional conversion of c3H6 



IV. DISCUSSION 

Discussion of Literature 

Since the introduction of tungsten oxide on silica gel as 

. 1 f 1 f . d . · · ( 40 ) b an active cata yst or o e in isproportionation, a num er 

of very competent experimentatlists have only succeeded in illus-

trating the very anomalous behavior of this catalyst system. 

Severe mass transfer effects had yet to be resolved and thus cast 

doubt on previous kinetic studies made on this system. Similarly, 

the initial period of transient activity exhibited by this cata-

lyst and its effect on the steady-state activity had yet to be 

determined. 

Interphase and Intraparticle Mass Transfer Effects. A review 

of the literature on mass transfer effects in hetergeneous cata-

lytic systems indicates that, in general, the phenomena involved 

are fairly well understood and documented. However, the conditions 

determining whether or not diffusion limitations do exist in a 

catalyst system depend not only on the phenomenological relations 

describing the rates of mass transfer but also on the catalyst 

structure, the bed particle size, and the specific rate of re-

action at which the catalyst is operated. Fairly accurate cor-

relations of mass transfer rates exist which can be extrapolated 

to other systems with some confidence. The critical data needed 

to provide~ priori predictions of whether or not diffusion limi-

tations will exist are those which physically characterize the 

- 94 -
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catalyst and the activity of the catalyst. These data can only 

be experimentally obtained. It is also impossible to insure 

that, for example, the external mass transfer area or pore size 

distribution determined in the absence of the reaction are the 

same as those which apply in the presence of the chemical reaction. 

Therefore, it appears best to experimentally determine the con-

ditions necessary to eliminate interphase and intraparticle mass 

transfer effects for any specific catalytic system. Recent liter-

(l7) 1 · d · h h d d . 1 d ature a so 1n icates tat t e stan ar experimenta proce ures 

--used in these studies may be fairly insensitive to the existence 

of mass transfer effects and recommend that care be taken to in-

vestigate a wide range of experimental conditions. 

Mathematical Modeling of Chemical Reactions. A kinetic 

study of a catalytic reaction system is a formal method of learn-

ing the characteristics of the reaction. Such a study usually 

encompasses not only mechanistic modeling but also model dis-

crimination and parameter estimation. 

The methodology of mechanistic modeling has developed to 

quite a high level of sophistication. As such, a fair amount 

of theory can be included in a kinetic model to allow extrapolation 

or interpolation with some confidence. The models also suggest 

the most appropriate means of model discrimination and thus serve 

as a basis for the experimental design. 

Model discrimination procedures have also evolved to a con-

siderable level of sophistication since the linear least squares 
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t ·h · fi t t db H and Watson.( 3l) ec nique rs presen e y ougen This pro-

cedure was often criticized because the linearization procedure 

applied to the rate equations often necessitated the combination 

of independent variables (partial pressures) with dependent vari-

ables (reaction rates). The first significant improvement over 

this procedure was presented by Yang and Hougen. (93 ) They pre-

sented a compact, yet general, procedure for discrimination among 

various Hougen and Watson models. (3l) Their major contribution, 

however, was a method of model discrimination prior to regression 

analysis. This was the method of initial rates. The initial 

rate assumption of near zero partial pressures of reaction pro-

ducts greatly simplified most models. These simplified models 

could then be easily analyzed by linear least squares or more 

simply could be plotted to determine the effect of total pressure 

on the rate of reaction. By either procedure many mechanisms 

may be readily eliminated while,at the same time,good initial 

estimates of model parameters are generated for later use in 

more sophisticated discrimination techniques. 

Model discrimination was still rather qualitative in nature 

until the widespread availability of high speed digital computers 

' allowed more sophisticated non-linear treatments of data. These 

new modeling tools, along with the development of various dis-

. · · . h · b d d · · ( 47) h crimination tee niques ase on iagnostic parameters, ave 

done much in the way of quantifying model discrimination pro-

cedures. There are two primary advantages to the use of 
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diagnostic parameters in reaction rate modeling. first, the use 

of these parameters provides an easy and relatively unbiased anal-

ysis of the adequacy of a model. Second, in some cases, the diag-

nostic analysis not only indicates model inadequacy but also can 

suggest the precise nature of the inadequacy. 

Transients in Catalytic Systems. During the contacting of 

freshly activated catalyst samples with reactants, a period of 

transient catalyst activity is commonly observed. This type of 

phenomenon is so commonly observed that it is rarely reported in 

the literature. These transients are generally thought to be due 

either to adsorption and transport processes or to a chemical in-

teraction between the reactants and the surface which results in 

a change in the essential nature of the catalytically active sites. 

Models based on adsorption-desorption and transport processes 

in catalyst systems, while steadily becoming more sophisticated and 

therefore closer to reality through the increasing use of high 

speed computers and numerical techniques, still cannot explain the 

rather protracted periods of transient activity displayed by some 

catalyst systems. For these systems, reactant-surface interaction 

apparently effects changes in the essential character of the 

active sites and may in fact be responsible for the activity of 

the catalyst. The review of the literature in this area 
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yielded a numbe~ of e.xamples of catalyst transient activity which 

were classified according to the. type. of surface~reactant inter-

actions involved. 

In a number of examples, these reactant-surface interactions 

resulted in changes in the crystal structure or composition of 

the catalyst surface. Crystal structural changes appeared to 

be most often associated with highly exothermic reactions and are 

thought to be the result of highly localized energy releases due 

to chemical reaction on widely separated sites. These localized 

energy releases can momentarily create surface hot spots and thus 

provide the surface atoms the mobility necessary for surface re-

arrangement. In some metal oxide catalysts, however, it appears 

that these interactions may actually result in a chemical reduction 

of the catalyst surface. The cobalt molybdenum oxide on alumina 

catalyst provides an excellent example of how such reductions 

can have a substantial effect on the nature of the catalyst. This 

unreduced catalyst, at low temperatures in the absence of hydro-

gen, is a very selective olefin disproportionati·on catalyst while, 

at high temperatures in the presence of hydrogen where it is par-

tially reduced, it is a highly efficient hydrodesulfurization 

catalyst. The surprising ease with which partial reduction of 

the surface can take place is illustrated by a whole series of 

olefin oxidation reactions. This important petrochemical process 

is based upon the reduction of a metal oxide catalyst by a very 
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weak reducing agent, an olefin~ The extent of this reduction 

is determined through thermodynamic considerations of equilibrium 

and is highly specific. 

Another class of surface-reactant interactions appear to 

result in the formation of surface complexes or species. This 

area of research, while relatively new, is yielding some inter-

esting studies. Most of the work in this area has been in the 

metal oxide catalyzed isomerization of olefins. Here, it appears 

that the surface sites are so acidic that they actually promote 

the formation of a layer of polymeric material over each site. 

This surface complex or "polymer" then acts as an active site 

for olefin isomerization through an induced polarization which is 

due to the strongly acidic substrate on which it rests. 

I~ can be seen that while a number of reactant-surface re-

lated phenomena can result in changes of the intrinsic activity 

of a catalyst surface, it also must be noted that the existence 

of a period of transient activity during which catalyst activity 

develops appears to be a fairly general phenomenon. 

Olefin Disproportionation. Begley and Wilson(lO) reported 

that the results of their kinetic investigation of propylene dis-

proportionation over a tungsten oxide on silica catalyst indicates 

the reaction mechanism to be of a Rideal-Eley type. This mechanism 

requires only one of the reacting molecules to be chemically ad-

sorbed while the other molecule is either physically adsorbed 
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or is in the gas phase. This is opposed to a Langmuir-Hinshelwood 

model in which both reacting molecules are chemically adsorbed. 

Their discrimination between these two mechanisms was based upon 

the qualitative comparison of the ability of each model to cor-

rectly predict the observed pressure dependency of this reaction. 

While this result is at variance with one of the conclusions of 

this thesis, it should be noted that the discrimination made by 

Begley and Wilson(lO) was based upon integral data, and such 

data would be expected to be less sensitive to the reaction model 

than the near-differential data of this study due to the inte-

gration process inherent in integral data. Since the work of 

. (10) (20 24 51 52) . Begley and Wilson, several authors ' ' ' have in-

vestigated other olefin disproportionation catalysts and report 

their data were best correlated by a Langmuir-Hinshelwood mecha-

nism. While different catalysts were used in the above studies, 

it is not unlikely that the reaction occurs by the same mechanism 

on all of these catalysts due to the highly specific nature of 

the reaction. 

(14) The work of Bradshaw et. al. also lends support to the 

Langmuir-Hinshelwood mechanism. They state that all their re-

sults support the theory that catalytic disproportionation occurs 

via a "quasi-cyclobutane" intermediate formed by the correct align-

ment of the carbon atoms at the double bonds of the two reacting 

olefins. A specific reaction in the above group which was quite 
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informative was the reaction between 4-methyl-pentene-2 and 

ethylene as: 

C C 

C - C = C - C - C C - C C - C - C 

+ .. II + " 
C = C C C 

The major product was 3-methyl butene-! as indicated with 

the only other product present in significant quantities being 

2-methyl butene-2. This secondary product requires a bond mi-

gration and therefo~e indicates it was probably adsorbed at some 

time during the reaction. Ethylene is only somewhat more strongly 

chemisorbed than 4-methyl butene-2. The Rideal mechanism, however, 

usually occurs when a considerably more strongly adsorbed molecule 

on the surface reacts with a less strongly adsorbed molecule. 

Also, the specificity of this reaction alone seems to indicate a 

highly stereo-specific intermediate which would not be likely in 

a Rideal mechanism. 

The recent indication of anomalous interphase mass transfer 

ff (61, 63, 64) . th .d ·1· 1 e ects in e tungsten oxi eon si ica cata yst, 

which were not experimentally considered by Begley and Wilson, (IO) 

also cast some doubt on the Rideal model obtained by them for this 

catalyst. These anomalous interphase mass transfer effects are 

also interesting in themselves, for they point out the necessity 

of obtaining experimental evidence of the elimination of mass 
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- transfer effects in any hetergeneous kinetic study. James Wei in 

a recent book review in Journal of Catalysis( 95 ) states that some 

thirty percent of all papers given at the 1960 International Con-

gress on Catalysis were not free from diffusion effects. The 

examples of how diffusion effects may influence kinetic modeling 

are all too well documented in the literature. While most exper-

imentalists usually make calculations based on generalized cor-

relations to predict the extent on any diffusional effects, such 

calculations invariably use the entire external surface area of 

the catalyst to estimate the area over which diffusion occurs. 

However, with few exceptions, only a very limited fraction of 

the total catalyst is active, and there is reason to question 

any~ priori calculation which rules out interphase diffusion 

limitations on the basis of external surface area. 

A third area of anomalous behavior of the tungsten oxide on 

silica catalyst to which this study directed itself was the rather 

protracted period of transient catalyst activity which occurs 

on the contacting of freshly activated catalyst with propylene. 

While Begley and Wilson(lO) provide some limited data on the 

transient activity of this catalyst, no attempt was made to 

determine the phenomena involved in this activation procedure or 

the effects this activation procedure has on steady-state activity. 

Others( 63 • 64 ) have also alluded to this regime and mention initial 

pretreatment of the catalyst with olefin at temperatures above 
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the expected operating temperature and of rather protracted 

periods of transient activity. Thus, while the literature 

gives some hints as to procedures which will likely shed some 

light on the phenomena involved, these phenomena and their im-

plications on steady-state activity are not clearly understood. 

Discussion of Experimental Procedures 

This section contains a discussion of the catalyst activation 

procedure, the disproportionation reactor procedures, and an anal-

ysis of the contribution of the various experimental errors to 

error in the calculated results. 

Catalyst Activation. The catalyst activation technique used 

in this investigation was based upon the experimental techniques 

d . h 1· (40, 63, 64) f . k h" reporte int e 1terature . or prior wor on tis 

catalyst system. Air and water vapor are known to be strong 

temporary poisons for this catalyst •. This combined with the re-

quired activation temperature of 600° Centigrade were strong fac-

tors in the developed method of in situ catalyst activation. Fol-

lowing activation, the catalyst was normally purged for at least 

sixty minutes with anhydrous nitrogen to remove any traces of 

air from the reactor. This method of catalyst activation appeared 

to be very reproducible and little trouble was experienced in 

obtaining a uniform initial activity, providing the necessary 

steps were taken to insure the nitrogen purge was essentially 

anhydrous. 
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The series of studies, made during the transient activity 

portion of this investigation, on the effects of variations in 

the activation procedure also provides proof that the activation 

procedure used in this study resulted in the preparation of an 

active catalyst free of temporary poisons. 

Disproportionation Reactor Procedures. During the prelimi- · 

nary mass transfer studies and the subsequent steady-state kinetic 

studies the reactor operating procedures involved preparation of 

a steady-state catalyst sample prior to performing the study of 

interest. Preparation of the steady-state catalysts was carried 

out at a fixed flow rate, temperature, and pressure. 

In situ preparation of a steady-state catalyst sample simply 

involved controlled exposure of freshly activated catalyst to 

propylene at 6 WHSV for eighteen hours at 427° Centigrade and 

0.94 atmospheres pressure. The results of the catalyst break-in 

studies indicate that this allowed more than sufficient time for 

the catalyst to reach steady-state at these conditions. 

Reactor pressure was controlled by a "Mity Mite" back pres-

sure controller. This was a very simple, rugged, piece of equip-

ment which gave excellent pressure control over a wide range of 

flow rates. This ability to set reactor pressure independent of 

product flow rates eliminated a problem normally associated with 

this type of micro-catalytic system without the need of compli-

cated pressure sensors and feed back control instrumentation. 



- 105 -

To maintain adequate temperature control it was necessary to 

independently activate the two banks of resistance elements within 

the reactor furnace. The combination of a continuous source of 

energy and an intermittent source of energy at a reduced level 

resulted in a sinusoid of 0.5° Centigrade amplitude about the de-

sired temperature. Based on the activation energies found in 

this study, these temperature variations resulted in less than a 

one percent variation in the rate of propylene disproportionation 

and less than a two percent variation in the rate of catalyst 

break-in. During all studies,care was always taken to sample 

the product stream only when the temperature was within 0.15° 

Centigrade of desired temperature. This procedure substantially 

reduced the effects of errors in temperature control on the 

various model parameters estimated in this study. 

Flow control, through the combination of a two state regu-

lator on each gas cylinder, a Moore differential flow controller, 

and a needle valve, provided a stable, accurately metered reactor 

feed throughout this investigation. However, during all experi-

ments direct measures were made of the reactor flow rate using 

an in-line wet-test meter or a fifty milliliter bubble flow 

meter, d~pending on the magnitude of the product flow rate. This 

procedure provided an accurate measure of the reactor flow rate 

and eliminated the necessity of accurate rotameter calibrations 

at each operating pressure. 
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During step change studies of catalyst break~in, the same 

methods of reactor pressure, temperature, and flow control were 

used. Flow control proved to be the most difficult and continued 

experimental determination of the product flow rate was required 

to eliminate slow drifts in the reactor feed rate during the cata-

lyst break-in period. Temperature and pressure control proved 

very satisfactory. 

Pulse studies of catalyst break-in involved the calculation 

of a mass balance around the reactor for each pulse of propylene. 

The experimental apparatus allowed the calibration of the gas 

sampling valve prior to each run by routing the flow of carrier 

gas around the catalyst bed. Several pulses at a predetermined 

sample loop pressure of propylene were injected into the carrier 

gas and the total area of the detector output to each pulse was 

recorded. During pulse studies, the carrier gas was routed over 

the catalyst bed. The ratio of the total area of the detector 

response to each pulse which passed over the catalyst to the 

average total area of the detector response from the initial 

calibration pulses gave an accurate measure of the fraction of 

each pulse which was strongly adsorbed by the freshly activated 

catalyst. The pressure to which the sample loop was pressurized 

for each pulse allowed a reasonably accurate calculation of the 

absolute amount of propylene the catalyst was exposed to by each 

pulse, although no attempt was made to determine the sample 
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loop volume any more acc~rately than the reported 0.5 cubic 

centimeter value reported by the manufacturer. It should be 

noted that these pulse studies allowed no discrimination to be 

made as to whether the apparent loss of olefin on contact with 

the catalyst was due to an irreversible adsorption of olefin or 

to a strong adsorption of the olefin which resulted in consider-

able tailing in the exit pulse. No attempt was made to calculate 

the activity of the catalyst during these pulse studies because 

of the wide distribution of products found and of the inability 

to differentiate between the amount of olefin which was retained 

by the catalyst and the amount which disappeared or appeared due 

to the disproportionation reaction. 

The gas chromatograph, once c~librated, provided an accurate 

and easy method of on-line analysis of the reactor product com-

position. Care was taken to always maintain the detector gas 

supplies of the same pressure as was used during the calibration. 

The detector circuit was balanced and zeroed prior to the record-

ing of each sample to eliminate any recorder non-linearities. A 

reference detector was not necessary because the low temperature 

isothermal operation of the chromatograph oven essentially elimi-

nated column bleeding. The recorder was operated at a fairly 

high chart speed and at various attenuations to enlarge the re-

cording of low concentration components for accurate integration 

of the chromatograms. 
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Experimental Errors. In developing the equipment and oper-

ating procedures used in this investigation considerable time was 

devoted to developing a system in which experimental error could 

be kept to a minimum. 

One of the prime objectives of any experiment involving 

chemical reactions in the attainment of isothermal operations. 

The goal is to have the same constant temperature at all positions 

within the catalyst bed. The combination of large flow rates, 

effective reactant preheating, small catalyst charges, and a 

near-zero heat of reaction essentially eliminated radial and 

axial temperature gradients within the catalyst bed. The effect 

of the temperature variations due to the temperature controller 

has been previously discussed. 

Pressure measurements were a possible source of error, es-

pecially at low pressures. The gage used for readings up to 

400 pounds per square inch gage was divided into five pound sub-

divisions. Pressure readings between these subdivisions could 

be estimated to within one pound and probably contributed little 

error for readings above thirty pounds. The major error in pres-

sure measurements would have therefore occurred at zero pounds 

per square inch gage. However, during atmospheric runs the pres-

sure gage was replaced with au-tube mercury manometer which 

allowed the pressure to be determined within 0.05 centimeters of 

mercury. To obtain the absolute pressure in the reactor during 

each run, the daily observed barometric pressure was added to 
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the experimentally determined gage readings. 

Each study in this thesis invariably involved the calculation 

of a propylene disproportionation rate of reaction. It is, there-

fore, worth while to estimate the contributions of the errors in 

the various experimental measurements to the total experimental 

error in the rate of reaction. The principal measurements in-

volved in this calculation were the product analysis, the product 

flow rate, and the weight of the catalyst charge. They are related 

according to the relationships 

where r = rate of reaction, gm moles/hr-gm cat. 

M = molar flow rate of propylene, gm moles/hr 

W = weight of catalyst charge, gm 

x = fractional conversion of propylene 

(17) 

The contribution of the error in each variable to the error in 

the calculated reaction rate can be estimated by 

2 a = r 
X • 
W aM 

2 
+ 

. 
M -a W X 

2 
+ Mx -a w2 w 

where a1 is the standard error of term "i". 

2 
(18) 

A typical set of operating conditions are those listed for 

the first run of Table V. They are: 

r = 0.6060 gm moles/hr-gm catalyst 
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W = 0.3004 gm catalyst 

X = 0.0869 

3 8 = 3.75 seconds/50 cm flow. 

The principal error in the experimental determination of 

molar flow rate is the error in the time recorded for fifty cubic 

centimeters of product to flow from the reactor. This error was 

reduced to a minimum of 0.05 seconds by replication of the experi-

mentally determined time. This is equivalent to a standard error 

in the measurement of molar flow rate of 0.0585 gram moles pro-

pylene per hour. 

Replicate analyses of a sample of typical reactor effluent 

composition by gas chromatograph established the standard error 

in the calculated mole fraction of propylene to be 0.00443. To 

a first order approximation, this is the standard error in the 

calculated conversion. 

Catalyst charges were dried and weighed on an analytical 

balance to the nearest 0.00005 grams prior to charging to the 

reactor. 

Combining the above data and typical standard errors yields 

an estimate of the standard error in the calculated rate of re-

action. This was found to be 0.03523 gram moles per gram catalyst 

per hour. Almost 87 percent of this error is due to the error 

in the chromatographic analysis, with the other 13 percent coming 

almost entirely from the error in the molar flow rate. As was 
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pointed out earlier, the accuracy of the product analysis pro-

cedure is critical in near-differential rate data, and this is 

certainly supported here. It should be noted, however, that this 

is only a six percent error in the calculated rate of reaction. 

While this was acceptable in the break-in studies, in the initial 

rate studies, and especially in the interphase mass transfer 

studies, it was necessary to reduce this error. This was accom-

plished by replicating the product analysis at each experimental 

point at least three times and reporting the average of these 

replicates. 

Discussion of Results 

This section contains a discussion of the results obtained 

in the five phases of this investigation. These phases consisted 

of catalyst characterization, interphase mass transfer studies, 

intraparticle mass transfer studies, steady-state initial rate 

studies, and transient activity studies. 

Catalyst Characterization. Electron microscopy was used to 

determine the distribution of promoter within the catalyst pellet. 

Information supplied by the catalyst manufacturer indicated the 

catalyst was prepared by impregnating 3/16 inch diameter, 1/2 

inch long cylindrical extrudates of silica gel with enough am-

monium tungstate to produce a final pellet containing ten percent 

tungsten oxide. The electron probe scans across the cross-section 

of a typical catalyst pellet indicated large radial variations 
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in the amount of tungsten within the catalyst. Certainly only 

pores communicating directly with the surface of the original 

pellets will be impregnated with promoter, and it seems probable 

that the interior of the pellet may well have blind pores which 

are completely free of promoter. An additional effect contri-

buting to a radial distribution of promoter within a pellet could 

be a type of chromatographic effect within the pores of the pellet 

during impregnating. This may result in the major portion of the 

promoter being deposited in the vicinity of the pore mouth with 

the inte~ior regions of the pellet receiving significantly less, 

if any, promoter. Such an effect would be greatly amplified during 

the preparation of catalysts of low promoter levels. Upon crushing 

and screening of the pellets to prepare small particles, a random 

distribution is obtained of the original pellet, some particles 

coming from the center of the pellet, some coming from the regions 

nearer to the surface, and some actually containing a portion of 

the original surface of the catalyst pellet. Thus, a distribution 

of particle catalytic activity would be expected for a bed prepared 

in this manner. The determination of catalyst surface area from 

a nitrogen adsorption isotherm is the accepted method of surface 

area determination. The result of 223 square meters per gram com-

pares favorably with the 300 square meters per gram reported by 

the catalyst manufacturer for the starting support material. Such 

data are required if the propylene disproportionation rates re-

ported in this study are to be useful in predicting the activity 
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of other tungsten oxide on silica catalysts of different surface 

areas. 

Interphase Mass Transfer Studies. Figure 10 shows the ef-

fects of interphase mass transport rates on the rate of propylene 

disproportionation. There are two pairs of curves. The upper 

pair are data from a high activity catalyst, and the lower pair 

are for a catalyst which was partially poisoned by water vapor 

in the reactor feed. Each curve in a pair represents conversion 

versus space time for a particular weight of catalyst charge. 

The upper pair of curves in each pair are data for a catalyst 

charge fifty percent greater in weight than that used to generate 

the associated lower curve. Thus, at a particular space time, 

the linear velocity in the upper curve is 1.5 times that in the 

lower curve. This difference in linear velocity has an effect 

on conversion only if interphase mass transfer effects are signi-

ficant. It will be observed that space times of the order of one 

minute or less are needed to gain substantial convergence of the 

curves in each pair. 

One explanation of why conversion is a function of linear 

bed velocity at constant space time is that each catalyst particle 

is surrounded by a gaseous film through which reactants must dif-

fuse to reach the catalyst surface. Increasing the linear veloc-

ity decreases this film thickness and thereby decreases the dif-

ference between the bulk gas reactant composition and the composition 
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of the external surface of the catalyst. In the limit of suf-

ficiently high velocity, the composition at the particle surface 

becomes essentially the bulk gas stream composition. Similarly, 

the gaseous film tends to retard transport of products away from 

the catalyst surface, and this can become an important factor at 

conversions approaching equilibrium values. 

It is to be remembered that the essential factor is whether 

or not there is a significant concentration difference across 

the gaseous film clinging to the particle. This depends not 

only upon the film thickness (which is a function of linear veloc-

ity) but also upon the molar diffusional flux of reactant across 

.the film, and this flux is related to the activity of the cata-

lyst. The reactant composition difference across the gas film 

can be obtained by equating the molar flux of the reactant to 

an empirical mass transfer coefficient, kx, as follows: r 

N ro 
n 

x .E1 N. = kxr(xro - xrb) , ro J= JO (19) 

where: = effective diffusion coefficient for r, 
Film Thickness 

the reactant 

For an equimolar reaction, such as propylene disproportionation, 

the second term on the left side of equation 19 is zero. 

The mass transfer coefficient, kx, is a function of the r 

linear bed velocity and could, in principle, be determined using 

the correlation of Petrovic and Thodos( 73) for low Reynolds Num-

bers. This is: 



= 
G 

0.357 o e1-1i, 

- llS -

N -0.359 -2/3 
Re NSc (20) 

However, the point to be made is that the important quantity 

is the reactant composition change across the gas film, (X -X b). ro r 
This, in turn, is equal to the flux divided by the mass transfer 

coefficient, kxr' with the flux, N , proportional to the activity ro 

of the catalyst. 

A reasonable criterion for negligible interphase mass trans-

fer effects would be that the concentration difference calculated 

by equation 19 be less than some small, constant value. That is: 

!5.X. 
l. 

< small, constant value 

In comparing data with different experimental conditions: 

or: 

k'. I N. 
Xl. l.O 

pt = N'.' x. l.O 
l. 

Theory predicts that kx r 

kx, a[~] [G~dE] -0.359 
varies as follows: 

[+-]-2/3 
p rm 

k' xr 
k" xr 

= [G~][Nb]['Nie] -0.359 [N;c]-2/3 
G" }l' N" N" o l> Re Sc 

assuming a constant bed void fraction. 

(21) 

(22) 

(23) 

(24) 
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For constant physical properties and catalyst particle size, 

this reduces to 

k' 
X r 

k" 
X r 

= [G~] 0. 641 
G" 

0 

(25) 

One point that can be obtained with fair confidence is the 

intersection of the curves for the low activity tungsten catalyst 

in Figure 10; at this point interphase mass transfer effects have 

just become negligible. The conditions at this point are: 

Space Time= 2.21 minutes 

G 70.554 c3H6/hr-cm 2 = grams 
0 

Nr 0.2903 X 
-3 moles c3H6/hr-cm 2 = 10 gm 

0 

NR = 3.4033 e 

Ns = o. 755 
C 

assuming an effective external surface area of 250 square centi-

meters per gram. 

Using equations 22 and 25, one can predict the space time 

at which one would expect negligible interphase mass transport 

effects for the high activity catalyst shown in Figure 10; the 

result is that a space time of 0.42 minutes or less is required, 

and this is reasonably confirmed by the data shown in Figure 10. 

This point corresponds to a Reynolds Number of 17.4. The maximum 

(63 64) Reynolds Number used by :Moffat et. al. ' for a catalyst of 
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similar activity was about 3.1, but from the trends of Moffat's 

data for 6.8 percent and 5.0 percent tungsten oxide catalysts, 

one would expect negligible interphase mass transport at Reynolds 

Numbers comparable to those found in this study. However, the 

predictions of this study fail to explain why significant mass 

(63 64) . transfer effects were observed by Moffat et. al. ' with 

the 1.0 perc~nt and 0.2 percent tungsten oxide catalysts. Further-

more, calculation of absolute mass transfer coefficients using 

equation 19 gives very small differences between bulk and surface 

concentrations, even when significant mass transfer effects are 

observed. For example, a l1X of 0.6242 x 10- 3 is calculated for 

a space time of 2.21 minutes for the low activity curves in 

Figure 10, and this appears low by a factor of about ten. The 

low prediction from this calculation is also noted by Moffatf 64 ) 

but Begley and Wilson(lO) used this type of calculated result 

to conclude negligible effects of interphase mass transport in 

their kinetic studies of the tungsten oxide-silica gel system 

promoting propylene disproportionation. 

Moffat also considered the cobalt-molybdenum-alumina cata-

lyst, and similar calculations using the data of Lewis( 30) sub-

stantiate Moffat's( 64 ) findings that anomalous interphase mass 

transfer effects are not observed with this system. 

By using equation 19 only to obtain kx ratios, it has been r 
possible to predict operating conditions which will give negligible 
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interphase mass transport effects for tungsten oxide-silica cata-

lysts containing five to ten percent tungsten oxide. However, 

use of equation 19 to predict absolute ~r values gives results 

which appear to be about a factor of ten low, for the five to 

ten percent tungsten oxide catalysts, and an even greater dis-

crepancy is observed for lower promoter concentrations. An ex-

planation for this discrepancy, based on assuming widely separated 

active sites, is outlined by Moffat. (Gl) Another possible ex-

planation could be that most of the active sites are within macro-

pores whose mouths are widely spaced. If this were true, then 

the effective area of the gaseous film would be just the areas 

in the vicinity of the pore mouths. Hence, the effective external 

surface area of the particles would be only a fraction of the 

true external surface area. As a result, the fluxes across the 

effective parts of the external surface would be much larger than 

those predicted assuming a uniform flux across the total surface 

area. Significantly lower surface concentrations would be pre-

dicted using such reduced areas. For example, if only ten percent 

of the particle surface area were effective, the kx values cal-r 
culated from equation 19 would be quite reasonable. 

A possible reason for widely spaced pores is that the impreg-

nation procedure does not give a uniform distribution of promoter 

within the initial pellets, as was found in the catalyst character-

ization studies. Upon crushing and screening of the pellets to 
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prepare small particles, a random distribution is obtained of the 

original pellet. For a reactor charge of these particles, the net 

effect is that the area for mass transfer is much less than the 

actual external surface area. There would also be a wide spacing 

of active pores since pores not communicating directly with the sur-

face of the original pellet would contain no promoter. If these 

effects become magnified as the promoter level is reduced, due 

to incomplete impregnation of pores communicating with the surface 

of the original pellet, then the anomalous effect of promoter on 

interphase mass transfer effects also becomes reasonable. 

Another possibility is that only interstitial macropores 

are effectively impregnated with promoter because of hydrodynamic 

considerations. The dry support is contacted with an aqueous 

solution of ammonium tungstate and capillary action carries the 

solution into the interior of the pellet. One would expect the 

macropores to receive a disproportionate share of the solution, 

not only because of the larger pore diameter, but also because 

the larger pores offer much less resistance to flow than do the 

smaller pores. Upon drying one would then expect the promoter 

to be primarily deposited in the widely spaced macropores. 

Intraparticle Mass Transfer Studies. Intraparticle mass 

transfer studies were made using both the split bed reactor and 

the single bed reactor. In these tests only small variations 

were found in catalyst activity from activation to activation. 
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Care was taken to operate in the region of negligible interphase 

mass transfer effects. In the dual bed reactor, particle size 

was varied only in the second bed, with the first bed charged with 

a constant particle size to serve as a check on activation repro-

ducibility. 

Intraparticle mass transfer resistance is commonly expressed 

as an effectiveness factor. Satterfield( 76) develops an analytical 

expression for the effectiveness factor as a function of pore 

length and several other variables pertaining to the reaction 

system and temperature. Assuming that the pore length is propor-

tional to particle diameter, the effectiveness factor is predicted 

to be a function of the catalyst diameter. When intraparticle 

mass transfer resistance is significant, changes in particle 

diameter result in substantial changes in the observed reaction 

rate. In regions where intraparticle mass transfer effects are 

not significant, changes in particle diameter have essentially 

no effect on the observed reaction rate. 

Some scatter exists in the data presented in Figures 11 and 

12, but it is apparent that although particle diameters were 

varied by almost an order of magnitude, there was only a slight, 

if any, increase in the observed reaction rate with decreasing 

particle size. Thus, for particle diameters below 400 microns 

intraparticle mass transfer effects appear negligible, and an 

effectiveness factor of one can be assumed. 



- 121 -

Initial Rate Studles, of St~ady-State Catal;7st. The initial 

rate data presented in :Figure 13 was found to be well correlated 

by a rate expression based upon a Langmuir-Hinshelwood mechanism( 45 ) 

in which the rate controlling step in the reaction has been assumed 

to be a dual site surface reaction. 

. (10) Begley and Wilson have proposed a rate expression based 

R.d 1 h · (45 ) · h. h h 11· · upon a i ea mec anism in w ic t e rate contro ing step in 

the reaction has been assumed to be a reaction between a chemi-

sorbed molecule and a gas phase or physisorbed molecule. The com-

plete Rideal mechanism is given by: 

k(P 2 - PEPE/KE) p q (26) 

Again applying the initial rate assumption of near zero par-

tial pressures of products, equation 26 reduces to 

Equation 27 may be 

2 
~ 
r2 

= 

2 
k Pp 

(1 +KP) 
p p 

rearranged to 

K 
= 1. + __p_ p 

k k p 

give 

Thus a plot of 2 
P/r 2 versus P should be linear. Figure p 

trates the data of Figure 13 correlated by equation 28. 

linear least squares, the rate constant and the propylene 

tion coefficient for the Rideal model were determined. 

(27) 

(28) 
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Sever.al other rate expressions were developed based on 

various controlling mechanisms, Table YI contains a partial 

list of the mechanisms considered and the initial rate form of 

each mechanism. 

Mechanisms 3, 4, 5 and 6 were immediately ruled out on the 

basis of improper initial rate dependency on total pressure. Mech-

anisms 5 and 6, where the desorption of products is controlling, 

indicate that the initial rate would not be a function of total 

pressure if this type of mechanism were appropriate. Mechanism 3 

where the adsorption of propylene is controlling, indicates that 

the initial rate would be linearly dependent upon total pressure if 

appropriate and mechanism 4 would require second order dependence 

of initial rate upon total pressure. Visual inspection of the ex-

perimental initial rate curves shown in Figure 13 indicates that 

none of the above mechanisms is likely to be controlling. 

A visual discrimination between mechanisms 1 and 2 was not 

possible based on Figures 14 and 27. Model discrimination between 

two rival models has been reviewed by Kittrell. (47) Outlined are 

both qualitative and quantitative methods of model discrimination. 

Quantitative methods are most generally successful when applied 

to the simplest possible model form, such as the initial rate 

form. One qualitative method is based on linearized forms of 

the two rival models. In comparing Figures 14 and 27 using this 

criterion, the Langmuir-Hinshelwood form appears to give a 



1. 

2. 

3. 

4. 

5. 

6. 
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Table VI 

Partial List of Possible Controlling 

Mechanisms and Initial Rate Forms 

Controlling Mechanism Initial Rate Form 

kP 2 
Dual site surface reaction r = 

0 l+K P 2 
p p 

kP 2 
Single site surface reaction r = E 

0 l+K P p p 

Adsorption of propylene r = kP 
0 p 

Adsorption of propylene with 

dissociation r kP 2 
0 p 

Desorption of ethylene r = k 
0 

Desorption of 2-butene r = k 
0 
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Table VII 

Least Squares Estimates of the Rate Constant and 

Propylene Adsorption Coefficient for the 

Langmuir-Hinshelwood and the Rideal Models 

Temperature Langmuir-Hinshelwood Rideal 

oc 

399 

427 

454 

k 

gm-moles 

gm cat-hr-atm 

0.7928 

1. 3279 

3.2876 

K p 

2 atm 

0.3933 

0.4087 

0. 5116 

k 

-1 gm-moles 

gm cat-hr-atm 2 

-1.0052 

-1. 0501 

-1.1704 

K p 

-1 atm 

-2. 7243 

-1. 6937 

-0.9054 
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slightly better correlati-_on of the data. A second q_ualita.tive .. . 

method ·1s that the rate and adsorption constants estimated using 

these linearized forms should be positive. The least squares 

estimates of the rate and adsorption constants for the two models 

under consideration is given in Table VII. The Langmuir-Hinshelwood 

form, mechanism 1, correlates the data with positive rate and adsorp-

tion constants at each temperature studied. The Rideal form, mech-

anisrn 2, correlates the data with negative rate and adsorption con-

stants at each temperature. Thus, the Rideal form yield unreason-

able values based upon this criterion. 

Kittrell (47 ) also describes a quantitative method of model 

discrimination based upon a nonintrinsic parameter. This method 

involves the definition of a new dependent variable as 

(29) 

where r is the observed reaction rate of a given set of conditions 

and r 1 and r 2 are the predicted reaction rates of the two rival 

models at the same conditions using the least squares estimates 

of the parameters within each model. This variable is then used 

to estimate the discrimination parameter, A, by least squares 

using the following model. 

(30) 

If r 1 is the correct model, A should equal - 1/2, while if r 2 

is the correct model, A should equal +1/2. Table VIII contains 
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Table VIII 

Discrimination Between Langmuir-Hinshelwood 

Temperature 
oc 

454 

427 

399 

and Rideal Models 

Discrimination Parameter 

>. 

-0.4932 + 0.2136a 

-0.4480 + 0.3236a 

0.2788 + 1.0105a 

a95 percent confidence intervals 
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the discrimination parameter found by this method at each tempera-

ture studied and 95 percent confidence intervals. Although no 

discrimination can be made by this method at the lowest temperature 

studied, the Langmuir-Hinshelwood form, mechanism 1, is unequivocal-

ly the better model at the two higher temperatures. 

These results are at variance with the disproportionation 

kinetics proposed by Begley and Wilson(lO) for this system. 

Others have since shown( 63 , 64 ) that severe mass transfer effects 

existed in their _study. Such effects make the model discrimination 

made by them somewhat questionable. Also, the data of Begley and 

Wilsonwereobtained in an integral reactor, and such data would 

be expected to be less sensitive to the reaction model than the 

near-differential data given here. 

This work brings the steady-state reaction model of propylene 

disproportionation over tungsten oxide on silica into agreement 

. (24 51 52 62) with the reaction models obtained by others ' ' ' on 

similar systems used for propylene disproportionation and sub-

stantiates the concept of a quasi-cyclobutane intermediate as 

is now generally accepted( 5) for this reaction. 

Step Function Studies of Catalyst Break-in. Figure 16 illus-

trates the typical transient or catalyst break-in exhibited by this 

catalyst. The term catalyst break-in has been introduced by 

Baddour( 4) and refers to those transients in activity or selectivity 

exhibited by a freshly activated catalyst on initial exposure to 
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a reactant. This term seen1s appropriate to apply to the transient 

activit:y displayed by tungsten oxide on silica gel upon initial 

exposure to propylene and has been used throughout this study in 

this connotation. As was noted, break-in in this catalyst system 

involves substantial increases in catalyst activity which are 

quite prolonged in nature. The length of time involved in these 

transients alone seems to eliminate transport delays or transients 

~n adsorption or desorption as possible explanations of this phe-

nomenon. 

One possible explanation of a period of transient activity, 

put forward in the introduction, was the possible purging of a 

temporary poison from the catalyst surface. Known temporary 

poisons include water, air, carbon monoxide, acetone, hydrogen, 

and methanol. As such, they decrease the catalyst activity for 

propylene disproportionation, but on reintroduction of pure feed 

h . . 1 . . . d . · 1 h ( 40 ) t e origina activity is recovere in approximate y one our. 

The first series of studies of catalyst break-in involved attempts 

to eliminate the period of transient activity through variations 

in the activation procedure. The literature( 40) reports a minute 

or so flushing with dry nitrogen after air activation or even after 

pretreatment with known temporary catalyst poisons gave catalysts 

of good activity. Normal air activation was followed by a thirty 

minute anhydrous nitrogen purge. While this should have been suf-

ficient to purge any air from the system, there were two variations 

in the post activation purge procedures. One involved an extended 
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purge in anhydrous helium and the other an extended evacuation 

of the reactor. It was found that neither variation produced a 

significant change in the rate of catalyst break-in or in the 

steady-state activity of the catalyst. This suggests that the 

purging of a temporary poison from the catalyst during its initial 

exposure to propylene is not responsible for the observ~d~trans-

ient activity of the catalyst. 

The form of the data in Figure 16 suggests the transient 

activity of this catalyst may be approximated by a first order 

expression which can be mathematically stated as 

r - r(t) ss 
r - r ss 0 

-kt = e (31) 

While such an expression is admittedly an approximation to reality, 

the approximation is surprisingly good. For example, the line in 

Figure 16 is the best least squares fit of the data for the cata-

lyst break-in exhibited by the normally activated catalyst. 

Equation 31 suggests that a plot of the logarithm of the fraction 

approach to steady-state, the left side of equation 31, versus 

time should be linear. Such a correlation allows the rate of 

catalyst break-in to be expressed quantitatively. The rate of 

catalyst break-in, k, may be obtained from the slope of such a 

plot by a linear least squares technique. 
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Su~h an estimation of the rate of catalyst break-in is, 

however, only the best least squares estimate of the logarithmically 

transformed data. Because of the asymptotic approach of this data 

to steady-state, such a transformation tends to weigh too heavily 

the data obtained at long times and not to weigh heavily enough 

the data obtained at short times. This can be significant be-

cause it is the complete inverse of the actual accuracy of the 

data. At long times the difference between the steady-state ac-

tivity and the observed activity approaches the limits of the ex-

perimental techniques, and thus the relative error in the data 

can grow quite large. To minimize such an effect, the linear 

least squares estimate of the rate of catalyst break-in obtained 

from the transformed data was used only as the starting point 

for a non-linear search technique, i.e. pattern search, which 

was used to obtain the actual least squares estimates of the rates 

of catalyst break-in reported in this thesis. 

The two other possible explanations of a region of transient 

activity for a catalyst system presented in the introduction both 

involve the chemical interaction of the reactants and the cata-

lyst surface. The rate of a chemical reaction is invariably a 

strong function of temperature and is also usually a function 

of the concentration of the reactants. Thus, if the transient 

activity exhibited by this catalyst is the result of a reactant-

surface chemical reaction, then the rate of catalyst break-in 
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should be a strong functi9n o~ temperature and probably a function 

of propylene p~rtial pressure. The strong temperature dependency 

of the rate of catalyst break-in on temperature, shown in Figure 

18, and the first order dependency on propylene partial pressure, 

shown in Figures 20 and 21, suggest that a chemical reaction be-

tween the catalyst and the propylene may indeed be involved in the 

catalyst break-in phenomenon exhibited here. 

The independent observation of the change in the color of the 

catalyst during break-in, characteristic of the partial reduction 

of the tungsten oxide promoter, suggests that reduction of the 

catalyst from wo3 to the wo2 _9 may be directly related to the initial 

transient activity of the catalyst system. This hypothesis is di-

rectly supported by the results obtained on freshly activated cata-

lyst which was reduced with either hydrogen or carbon monoxide at 

400° Centigrade prior to the admission of propylene. The substantial 

increase in the rate of catalyst break-in suggests that it may be de-

termined by the rate at which the surface is being reduced. It is im-

portant to note, however, that prior reduction of the catalyst to the 

steady state oxidation state of wo2 _9 only increased the rate of cata-

lyst break-in and did not eliminate the phenomenon as would be ex-

pected if only surface reduction were involved in observed transient 

activity. This is supported by the fact that reduction to wo2 _9 also 

had essentially no effect on either the initial or steady-state ac-

tivity of the reduced catalyst when compared to a freshly activated 
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catalyst at similar conditions. 

Prior reduction of the catalyst suggested an additional 

study. Thermodynamic equilibrium considerations normally re-

strict the reduction of the catalyst to wo2 _9 over the normal 

operating range of temperatures used for propylene dispropor-

tionation. The next stable oxidation state is reported to be 

wo2 • <74) A reducing atmosphere at 600°Centigrade is required 

to reach this state. This is an oxidation state which is not 

attainable when freshly activated catalyst is directly contacted 

with propylene,due to excessive coking at these high temperatures. 

Prior reduction of the catalyst promoter to wo2 with hydrogen, 

however, allowed the determination of the catalytic activity of 

this oxidation state. The results of this experiment proved most 

interesting. As with the wo2 . 9 catalyst, a break-in period was 

still observed and the rate of catalyst break-in was significantly 

increased to a rate essentially equal to that of the wo2 _9 cata-

lyst. While the initial activity of this catalyst was comparable 

to that of the wo3 and wo2 . 9 catalysts, the steady state activity 

of the wo2 catalyst was some thirty percent greater than the 

normal wo2 _9 catalyst. 

Reduction of the catalyst surface, while a necessary step in 

catalyst break-in, does not appear to be the only phenomenon in-

volved, for prior reduction of the catalyst indicated the existence 

of a second type of phenomenon which, at similar conditions occurs 

' ' 
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at a £aster rate than the surface reduction and may be directly 

responsible for the activity of this catalyst. The reyersible 

nature of this phenomenon, as illustrated in Figures 23 and 24, 

suggests this phenomenon may involve the strong adsorption of 

some hydrocarbon which is slowly purged from the surface during 

these inert purges. Upon reintroduction of propylene, the steady-

state activity returned at a rate comparable with that exhibited 

by the freshly reduced catalysts, suggesting that the same phe-

nomenon is involved in both transients. 

Pulse Studies of Catalyst Break-in. The pulse studies made 

during this study allowed the direct observation of any irreversible, 

or difficultly reversible adsorption of hydrocarbons during break-

in. This data indicated that some thirty five percent of the first 

pulse of propylene was either irreversibly or strongly adsorbed by 

the catalyst, and that the fraction of each pulse adsorbed declined 

with continued exposure to propylene. Because of the wide distri-

bution of reactor products during these initial pulses, it was not 

possible to relate the catalyst activity to either the total amount 

of propylene exposure or the amount of hydrocarbon adsorption. 

The products observed in the.reactor effluent did indicate a pos-

sible mechanism of catalyst reduction. Two mechanisms of promoter 

reduction were considered possible. One was the production of 

hydrogen in trace amounts by propylene dehydrogenation and/or 
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cracking and the subse~uent promoter reduction by this hydrogen. 

The second was the direct oxidation of the olefins present, the 

propylene converted to acrolein or acrylonitrile and the butenes 

to 1,3-butadiene. The presence of 1,3-butadiene and the simul-

taneous absence of 2-butene in the reactor product during these 

studies suggest that the latter is at least in part responsible 

for the promoter reduction. This type of surface reduction by 

an olefin was discussed in a review of the literature and appears 

to be a fairly general type of reaction between olefins and trans-

ition metal oxides. The other possibility for the initial presence 

of butadiene is the possibility that during activation a layer of 

chemisorbed oxygen was formed on the surface and subsequently reacted 

with the olefins during the pulse studies. This method cannot dif-

ferentiate between these two mechanisms. 

Recommendations 

This section contains recommendations for further study that 

are suggested by the results of this investigation. Such recom-

mendations consist of extension of this work to confirm some of 

the tentative conclusions made here. 

Spectroscopic Surface Studies. Since this thesis proposes 

the existence of strongly adsorbed hydrocarbons, in situ spectro-

scopic examination of the steady-state catalyst is proposed to 

provide evidence of any strongly adsorbed organic species via 

infrared studies using either transmission or reflectance tech-

niques. Also proposed is a continuous spectroscopic examination 
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of the catalrst surface from inltial contact until steady-state 

kinetics are established. This would be possible either through 

repetitive scans of selective frequencies or temporal monitoring 

of selected frequencies. 

Radioactive and Isotopic Tracer Studies. To verify the for-

mation of active sites by the strong adsorption of olefins, iso-

topic tracer studies in a pulse reactor are recommended using 

perdeuterated propylene. If such residue molecules serve as 

active sites, their hydrogen atoms may undergo exchange readily 

with molecules from subsequent pulses. Thus, by making the first 

few pulses perdeuterated, later nonisotopic pulses of propylene 

should contain significant amounts of deuterium if these residues 

were catalytically active. Radioactive ( 14c) propylene also can be 

used to gain insight into surface complex-reactant interactions. 

Using radioactive propylene for the first few pulses, followed by a 

quantitative determination of radioactivity in subsequent, initially 

non-radioactive pulses, the extent of reactant-complex interaction 

and/or exchange can be determined. 

X-Ray Diffraction Studies. It is recommended that x-ray dif-

fraction studies be made on the purported wo3, wo2.9 and wo2 cata-

lyst samples of this thesis to independently verify their existence. 

Similarly, the crystal structure and composition of the promotor, 

present on a steady-state catalyst sample, should also be determined 

with particular attention being paid to proving the presence or 

absence of tungsten carbide in the steady-state catalyst. 
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Thermogravimetric Studies. It is recommended that thermo-

gravimetric studies be made on freshly activated and on freshly 

reduced catalyst samples to detennine the change in catalyst 

weight as a function of propylene contact time, until steady-state 

activity is indicated. Also recommended are thermogravimetric 

studies, similar to the studies of this thesis involving the par-

tially reversible nature of the catalyst break-in phenomena, to 

determine the rate and amount of change in catalyst weight during 

an inert purge of steady-state catalyst. 

Olefin Oxidation Studies. The presence of butadiene in the 

first few pulses of the pulsed microreactor studies suggests 

that tungsten oxide on silica gel may be a new olefin oxidation 

catalyst. Evidence of this property does not exist in the liter-

ature reviewed. Therefore, it is recommended that studies be 

made of the olefin oxidation activity of this catalyst by methods 

similar to those used to study the olefin oxidation activity of 

. (38 39) copper oxide and molybdenum oxide catalysts. ' 

Kinetic Studies. It is recommended that additional studies 

be carried out to determine the product adsorption coefficients 

of the full Langmuir-Hinshelwood model for propylene dispropor-

tionation proposed by this study. Recommended procedures include 

studies using an integral reactor followed by a near-differential 

reactor to determine the disproportionation reaction rate of a 

partially converted feed. Because this reaction is equal-molar, 

it would also be necessary to perform studies using a mixed feed 
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stream 0£ ethylene and propylene so as to independently deter-

mine the ethylene and butene adsorption coefficients. 

Rhenium Oxide Catalyst. Temporal variations in catalyst 

selectivity have been alluded to in the literature( 39) and it is 

proposed that this catalyst be studied in an attempt to find 

collaborative existance of catalyst break-in phenomenon on other 

catalyst systems used for olefin disproportionation. 

Limitations 

This investigation was conducted under the following limit-

ations: 

1. A single commercial tungsten oxide on silica gel cata-

lyst, obtained from the Davidson Chemical Division of 

the W. R. Grace Company, was used for all studies. 

2. All reaction rate measurements were based upon near-

differential conversions in the near-absence of 

reaction products. 

3. Temperatures of 399°, 427° and 454° Centigrade were 

used. No higher temperature was feasible due to 

increased coking reactions. 

4. Total reactor operating pressures were from one to 

nine atmospheres. 

5. The catalyst was activated for five hours at 600° 

Centigrade in anhydrous air. This single activation 

procedure was used to minimize initial activity 
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variations. 

6. The rate of catalyst break~in was determined only in 

the presence of propylene, with near-differential con-

ditions maintained to eliminate the influence of re-

action products. 

7. Only the disproportionation of propylene was studied. 



V. CONCLUSIONS 

As a result of this study of the kinetics of propylene dis-

proportionation over tungsten oxide on silica gel, the following 

conclusions were made: 

1. There was a large variation in the radial distribution 

of the tungsten oxide within the commercially prepared catalyst 

used in this study. The outer surface was found to contain over 

four times as much promoter as the center of the pellet. 

2. Interphase mass transfer effects can be eliminated in 

this system at sufficiently high Reynolds numbers, though these 

Reynolds numbers appear anomalously high when compared to similar 

systems. 

3. The effects of intraparticle mass transfer can be essen-

tially eliminated at particle diameters less than 400 microns 

over the normal range of catalyst activities. 

4. Experimental initial rates of propylene disproportion-

ation were found to be best correlated by a Langmuir-Hinshelwood 

mechanism based upon a dual-site surface mechanism. An apparent 

activation energy of 24.73 Kcal per mole was found for this 

catalytic system. 

5. This system was found to exhibit a fairly protracted 

period of transient activity on initial contacting of catalyst 

and reactant. The rate of catalyst approach to steady-state 

activity was found to be first order in propylene partial pressure 
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and depended on temperature with a 47.14 kcal per mole activation 

energy. 

6. Reduction of the catalyst from tungsten trioxide to an 

intermediate oxide prior to the admission of propylene was found 

to substantially increase the rate of catalyst break-in but not 

to eliminate the period of transient activity exhibited by this 

catalyst. 

7. The extent of catalyst reduction, as determined by the 

reduction temperature, was found to be directly related to the 

activity of this catalyst. 

8. The period of transient activity exhibited by this cata-

lyst is related to the strong absorption of an olefin during this 

period and this adsorption is at least partly reversible in an 

inert atmosphere. 



VI. SUMMARY 

This investigation consisted of a study of the kinetics of 

propylene disproportionation over a tungsten oxide on silica cata-

lyst. A catalyst of ten percent wo3 on silica gel (223 square 

meters per gram B.E.T. surface area) was used in a microcatalytic 

reactor. Electron probe scans of the commercially prepared cata-

lyst showed that the standard liquid impregnation technique used 

in preparation of this catalyst can result in large radial vari-

ations in the distribution of the promoter within the pellet. Both 

flow and pulse reactor techniques were used. 

It had been reported that external mass transfer effects 

could not be eliminated in this system. Here linear velocities 

in excess of those used previously were investigated, and it has 

been found that both external and intraparticle mass transfer ef-

fects can be eliminated, though exceptionally high linear velocities 

are required to eliminate the external mass transfer effects. 

Initial rate data were obtained for the disproportionation 

of propylene by this catalyst. Temperatures of 399° to 454° Centi-

grade and pressures from one to nine atmospheres were used. The 

experimental data were well correlated by assuming that a Langmuir-

Hinshelwood, dual-site surface reaction was the rate controlling 

step in the reaction mechanism. The mechanism parameters and their 

temperature dependence were extracted from the experimental data 

using a linear least squares technique. An apparent activation 

energy of 24.73 kcal per mole was found for this catalytic system. 
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During the initial contacting of freshly activated samples 

of this catalyst with propylene, significant increases in dispro-

portionation activity were observed for periods up to twenty four 

hours. The rate of catalyst break-in was found to depend on both 

the temperature and pressure with an activation energy of 47.17 

kcal/moie and a first order in propylene partial pressure depen-

dency. 

Data are presented to establish that both a reduction of the 

catalyst to wo2 _9 and the strong adsorption of an olefin are re-

sponsible for this period of transient activity. Prior reduction 

to the normally thermodynamically unfavorable oxidation state of 

wo2 was found to give a thirty percent increase in the steady-state 

activity of this catalyst. The strong adsorption of an olefin 

was found to be at least partly reversible in an inert atmosphere. 
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}JATEIUALS 

This section contains a list of ~aterials used, their source, 

and their specifications. 

Air, Breathing. Size 1-A cylinders of Airco commercial grade 

breathing air obtained from Industrial Supply Company, Bluefield, 

West Virginia. Used to regenerate catalyst samples and to supply 

oxygen to flame ionization detector of the chromatograph. 

Butadiene, 1-3. Lecture bottle of C.P. grade 1-3 butadiene, 

minimum purity 99.0 percent. Obtained from Matheson Company, East 

Rutherford, New Jersey. Used to calibrate chromatograph. 

Butene-1. Lecture bottle of C.P. grade 1-butene, minimum 

purity 99.0 percent. Obtained from Matheson Company, East Ruther-

ford, New Jersey. Used to calibrate chromatograph. 

Butene-2. No. 2 cylinder of C.P. grade cis and trans 2-butene, 

minimum purity 99.0 percent. Obtained from Matheson Company, East 

Rutherford, New Jersey. Used to calibrate chromatograph and as 

feed to reactor. 

Carbon Monoxide. No. 3 cylinder of C.P. grade carbon monoxide, 

minimum purity 99.5 percent. Obtained from Matheson Company, East 

Rutherford, New Jersey. Used for catalyst pretreatment. 

Catalyst. 3/16 inch e.xtrudates of tungsten oxide on silica 

gel catalyst with the following specifications; 

Tungsten Oxide. . . . . . 10% 



Surface Area 

Pore Volume, . . II • • • 
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223 sq. meters/gm 

3/ . 1 cm gm 

This catalyst was furnished by the Davidson Chemical Division of 

W.R. Grace and Company, Baltimore, Maryland and was designated 

SMR 7-3322. Used in all studies involving propylene disproportion-

ation. 

Chromatographic Column Packing. 20 percent dimethylsulfolane 

on chromosorb W, 30-60 mesh. Obtained from Avondale Division, 

Hewlett-Packard. Used as a chromatographic column packing to 

separate olefins for analysis. 

Ethylene. 12 gallon cylinder of Pure grade ethylene, minimum 

purity 99.0 percent. Obtained from Phillips Petroleum Company, 

Bartlesville, Oklahoma. Used to calibrate chromatograph. 

Helium. Size 1-A cylinders of Airco commercial grade helium 

obtained from Industrial Supply Company, Bluefield, West Virginia. 

Used as a carrier gas for chromatograph and to purge reactor system. 

Hydrogen. Size 1-A cylinders of Airco commercial grade hydro-

gen obtained from Industrial Supply Company, Bluefield, West Virginia. 

Used as a combustion gas in the flame ionization detector of the 

chromatograph and to pretreat the catalysts. 
0 

Molecular Sieves. 1/16 inch pellets, lot 5277, type SA. Ob-

tained from Linde Air froducts Company. Used to dry all gases 

entering the reactor. 
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Nitrogen. Size l~A cylinders of Airco dky nitrogen. Obtained 

from Industrial Gas Supply, Bluefield, West Yirginia. Used to purge 

reactor system and to load pressure. controller dome. 

Propane. 5 gallon cylinder of Pure grade propane, minimum 

purity 99.0 percent. Obtained from Phillips Petroleum Company, 

Bartlesville, Oklahoma. Used to calibrate chromatograph and as feed 

to reactor. 

Propylene. 5 and 16 gallon cylinders of Polymerization grade 

propylene, minimum purity 99.0 percent. Obtained from Phillips 

Petroleum Company, Bartlesville, Oklahoma. Used to calibrate chro-

matograph and as feed to reactor. 
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APJ?A.MTUS 

The following section is a listing of the apparatus used in 

this investigation. 

Balance. Mettler, type Hl5. Obtained from the Mettler Instru-

ment Corporation, Hightstown, New Jersey. Used for weighing cata-

lyst samples. 

Bottle. Exax, weighing, tall form, cylinderical, t enclosed 

stopper, i joint no. 24/12, catalog no. 3-415-5, size C. Obtained 

from Fisher Scientific Company, Inc., Raleigh, North Carolina. Used 

in weighing catalyst samples. 

Chromatograph. F. and M. Model 810-29 analytical gas chromato-

graph equipped with a dimethylsulfolane on chromasorb-W column. 

Manufactured by F. and M. Scientific Corporation, Avondale, Pennsyl-

vania. Used for analyzing reactor effluent samples. 

Desiccator. Desiccator with coors plate, 250 mm inside diam-

eter, catalog no. 8-615. Obtained from Scientific Company, Inc., 

Raleigh, North Carolina. Used to store catalyst Fisher samples 

until charging to the reactor. 

Dryer. Dryer constructed of one inch carbon steel pipe and 

" filled with SA molecular sieves. Dryer was fourteen inches long 

and fitted with pipe caps which had 1/8 inch "swagelok" male con-

nectars installed in the end. Used to insure moisture-free reactor 

feeds. 
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Furnace, Electric 
I. q l. t C, 

'f"!«o Band type electric multiple unit fur~ 

nace, type 123-1, 115 Y, 422 w, serial no. 67875 1 maximum tempera-

ture 1850°F, safe working temperature 1850°F. Manufactured by Heavy 

Duty Electric Company, Milwaukee, Wisconsin. Used to heat reactor 

and activate drying tube. 

Manometer. U-tube manometer prepared by bending glass tubing 

and filling with mercury. Used to measure pressure in sampling 

system during charging of the sample valve loop. 

Moore Flow Controller. Constant differential type flow control-

ler, type 63BU-L. Obtained from Moore Products Company, Philadel-

phia, Pennsylvania. Used to control feed flow rate to the reactor. 

Mortar and Pestle. Coors porcelain, fotted,size no. 1, 90 mm. 

o.d., catalog no. 12-961. Obtained from Fisher Scientific Company, 

Raleigh, North Carolina. Used to crush catalyst pellets. 

Motor. A-C motor, 1/3 horsepower, 115/230 v model no. 

5KC47AB8996, 1725 rpm, 60 cy, 4.8/2.4 amp. Manufactured by General 

Electric Company. Used to drive vacuum pump. 

Oven. Fisher Isotemp oven, gravity convection model, range 40 

to 200° Centigrade, 115v, 50/60 cy., A-C, 550w. Obtained from Fisher 

Scientific Company, Inc., Pittsburgh, Pennsylvania. Used to dry 

catalyst samples. 

Platinum Resistance Thermometer. Model no. 104BM24ABCC, serial 

no. 43522, resistance at 0° Centigrade 100.02100 ohms. Obtained from 

Rosemount Engineering Company, St. Paul, Minnesota. Used to calibrate 

thermocouples. 
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Potentiometer. 0 - 1.5 v, serial no. 79704. Obtained from 

Rubicon Company, fhiladelph.:j:a 1 Pennsylvania. Used to calibrate 

thermocouples. 

Powerstat, Two. Variable transformer, type no. 116, primary 

voltage 120 v, 50/60 cy, AC, output voltage Oto 140, -maximum 7 1/2 

amp. Manufactured by The Superior Electric Company, Bristol, Connect-

icut. Distributed and serviced by Fisher Scientific Company, Inc., 

Pittsburgh, Pennsylvania. Used to regulate current to electric fur-

nace surrounding reactor. 

Pressure Gage. 400 psi range, five pound subdivisions. Ob~ 

tained from Champion Gauge Company, New York, New York. Used to 

measure reactor pressure. 

Pressure Regulator. Back pressure regulator, control range 

25 to 400 psi, model no. S-91LW, maximum temperature 200°F, serial 

no. 706077-3. Obtained from Grove Valve and Regulator Company, sub-

sidiary of Walworth Company, Oakland, California. Used to regulate 

reactor pressure. 

Pump, Vacuum. Duo seal type vacuum pump, patent no. 2337849, 

serial no. 16593-0. Manufactured by W. M. Welch Manufacturing Com-

pany, Chicago, Illinois. Used to evacuate the gas chromatograph 

sampling loop. 

Pyrometer. Sim-Ply-Trol automatic temperature controller, 0 to 

1000°F range, catalog no. 1635, model no. 100, Calibrated for iron-

constantan thermocouples. Manufactured by Assembly Products, Inc., 

Chesterland, Ohio. Used to regulate reactor temperature. 
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Eeactors, T~o. Tubulax 1 £µ(ed hed catalrtic reactors used for 

all reactions durin~ th.is inyestigation. A detailed description of 

each appears in the experimental eq_ui:proent section of this thesis. 

Recording Potentiometer. Range Oto 1 to Oto 100 mv, Speed-
< I ( C q t < :C • 

.omax H, catalog no. 3-961-000~186-6-360-0, serial no. 62-54966-1-2, 

chart paper no. 600186. Chart speed 12 inches per hour, response 

time 1.0 second full travel, 115 v, 60 cy., AC. Manufactured by 

Leeds and Northrup Company, Philadelphia, Pennsylvania. Used to 

record output from calibrated reactor thermocouples. 

Resistance Bridge. -200 to +500° Centigrade, model no. 4146, 

range no. 3AAF, serial no. 2058, supply voltage 115v, AC. regulated, 

load resistance 10,000 ohms. Obtained from Rosemount Engineering 

Company, St. Paul, Minnesota. Used to measure resistance of plat-

inum resistance thermometer used during thermocouple calibration. 

Rotameter. Dual float rotameter manufactured by Matheson 

Company, Inc., East Rutherford, New Jersey. Tube no. 601, 9.09 

to 268.0 sec/min. Used to indicate feed rates to the reactor. 

Sieves, Ten. U.S. Standard Sieves no. 14, 16, 18, 20, 25, 30, 

40, 50, 60 and 70, brass frame, eight inch diameter, two inches 

high, catalog no. 4-881. Obtained from Fisher Scientific Company, 

Inc., Pittsburgh, Pennsylvania. Used to screen catalyst samples. 

Soap Film Flow Meter. Schellbach buret, 50 ml capacity, 

catalog no. 3-730. Obtained from Fisher Scientific Company, Inc., 

Raleigh, North Carolina. Modified into a soap film flow buret·by 
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by Research Diyision Glass Shop 1 Davidson Hall, Yirginia Polytechnic 

Institute and Stat~ Uniyersity 1 Blacksburg, Yi~ginia. Used to mea-

sure flow rates of gas streams leavtng reactor, 

Stopwatch, Electric, direct reading stopwatch, 1/10.second 

divisions, readings up to 10 1000 seconds, 115 v, 60 cy, AC, catalog 

no. 69230, second model. Obtained from ~isher Scientific Company, 

Inc., Raleigh, North Carolina. Used to time flows measured with 

soap film flow meter and wet test meter. 

Thermocouple,s, T~ree. Constructed of 30 gage iron and con-

stantan wires,. individually calibrated. Iron wire from spool no. 

42035-28, constantan wire from spool no. 9131-12. Wire manufactured 

by Leeds and Northrup Company, Philadelphia, Pennsylvania. Fabri-

cated with an acetylene torch in the Chemical Engineering Department, 

Virginia Polytechnic Institute and State University, Blacksburg, 

Virginia. Used to measure reactor temperature. 

Wet Test Meter. 0.1 cu. ft. per revolution, 0,001 cu. ft. sub~ 

divisions. Manufactured by Precision Scientific Company, Chicago, 

Illinois. Used to measure flow rates of gas streams leaving reactor. 
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TABLE IX 
CHROMATOGRAPHIC ANALYSIS OF PURE co,PONENTS USED FOR DETECTOR CALIBRATION ----------------------------------------------------------------------

CO~PCNENT PEAK AREiS 
C2H4 C3H8 C3H6 1-C4H8 T-2-C4H8 C-2-C4H8 1,3-C4H6 P/Z ---------------------------------------------------------------------------
38.4 416. 0 S9200.C c.o o.o o.o o.o 754.0 
21.6 4B<;.l: <39200.0 o.o c.c o.o o.o 763.l 
2 8. 8 4<;4.4 S<,840.0 o.o o.o o.o o.o 773.3 
2s.a 472.8 S7280.C o.o o.o o.o o.o 747.9 
26.4 494.4 1c1100.o o.o o.c o.o o.o 786.5 

62880.0 " " vev 162.3 o.o o.o o.o o.o 736.1 
66000.0 o.o 41.6 o.o o.c o.o o.o 752.2 
58560.J o.o 70.4 o.o o.o o.o o.o 796.3 
61440.0 o.o 22.4 o.o o.o o.o o.o 722.0 
63360.0 o.o 41.6 o.o c.o o.o o.o 745.2 
63360.0 0.0 19.2 o.o o.o o.o o.o 745.2 f-' 

43.2 C • ,J 12.a o.o 4,1280.0 34200.0 o.o 749.3 °' N 
1.2 o.o 64.0 o.o Sl840.0 33300.0 o.o 747.3 
J.O o.c o.o o.o 85280.C 33000.0 o.o 759.6 
•J.O C " . .., o.c o.o 86320.0 33000.0 o.o 749.3 
o.o o.o o.o o.o 88400.0 36000.0 o.o 773.9 
9.6 96320.0 784.0 o.o 459.2 5.8 o.o 758.8 
0.0 l013CO.C 1408.0 o.o o.o o.o o.o 794.4 
o.o 96880.0 1376.C o.o o.c o.o o.o 756.8 
0. () 98400.0 1312.0 o.o o.o o.o o.o 735.5 
0. C 1•)0800. 0 1421.C o.o c.o o.o o.o 788.3 
o.o 221.2 14.4 133600.0 o.o o.o o.o 737.4 
o.o J.C O.C 1357CO.O c.c o.o o.o 738.4 
,J. G o.o o.o 135200.0 o.c o.o o.o 735.4 
o. 0 c.o O.O 136800.C o.o o.o o.o 745.6 
o.o 0.0 o.o 137300.0 O.G o.o o.o 745.6 
0.0 o.u o.o o.o o.o o.o 260600.0 745.0 
u.u 0.c o.c c.o o.o o.o 257600.0 736.2 
0.0 0.0 o.o o.o o.o o.o 252700.0 722.l 
,J. u J.J o.c o.o o.o o.o 258000.0 737.5 --------------------------------------------------------------------------------



TABLE X 

CHROMATCGRAPHIC ANALYSIS OF PREPARED MlXlURES USED FOR DETECTOR CALIBRATION 

C2H4 

712..:h J 
7280.u 
7910.0 
8880.0 
7572.0 
7440.0 
6420.0 
7560.0 
8376.v 
6112.C 
6360.0 
6360.0 
62B B. 0 
6216.0 
6204.0 
7992.0 
7152.0 
7392.0 
1ooa.o 

11330.0 
11520.0 
11620.0 
11500.0 
11340.0 
l3B20.J 
123tlJ.O 
123?•).0 

C3H8 

212.0 
28C.O 
234.5 
238.0 
308.0 
311.5 
241.5 
371.0 
336.0 
35C.C 
350.0 
350.0 
353.5 
360.5 
.::>50.J 
4C8.C 
413.0 
3'7S.G 
3 es. o 
210.0 
Zt:6.G 
20.t1.0 
210.c 
201.0 
27:).U 
226.G 
312. 0 

COMPCNENT PEAK AREAS 
C3H6 l-C4H8 T-2-C4H8 C-2-C4H8 l,3-C4H6 P/l 

62100.C 
t:3540.C 
10200.0 
62080.0 
69120.C 
67680.0 
58240.0 
73600.0 
19200.0 
76800.C 
80960.0 
80000.0 
7S360.C 
77760.0 
78400.C 

1coooo.c 
89280.0 
S2800.C 
88000.0 
51520.0 
51800.C 
51940.C 
52080.0 
51380.C 
61260.C 
56000.C 
65380.G 

o.o 
o.o 
o.o 
o.o 
c.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
0.0 
o.o 
o.o 
0.0 

12160.0 
11550.0 
12330.0 
12450.0 
14040.0 
12940.C 
11340.0 

4536.C 
4732.0 
45C8.0 
7924.0 
7952.0 
7896.0 
7784.0 
7756.0 

448.0 
496.6 
539.0 
488.8 

16020.0 
15910.0 
15810.C 
15990.0 
15810.C 

66C4.0 
5967.0 
7C2C.C 

5253.0 
5338.0 
5780.0 
5100.0 
5820.0 
5745.0 
5376.0 
2224.0 
2010.0 
1905.0 
3450.0 
3480.0 
3405.0 
3510.0 
3510.0 

195.0 
204.4 
226.5 
201.6 

7168.0 
7650.0 
7112.0 
7168.0 
762C.O 
3120.0 
2646.0 
3094.0 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
c.o 
o.o 
o.o 
o.o 
o.o 
o.o 

MM HG 

727.3 
725.3 
727.3 
729.3 
727.3 
725.3 
725.3 
704.0 
740.5 
722.2 
709.5 
710.5 
702.4 
705.4 
708.5 
813.1 
732.9 
747.1 
727.8 
723.3 
721.3 
719.3 
715.2 
709.1 
731.4 
694.9 
778.l 

I-' 

°' w 



TABLE XI 

INTERPHASE MASS TRANSFER STUDY DATA AT 427 C, C.94 ATMOSPHERES 
IN THE SPLIT-EEO REACTOR 

RUN lllS71 RUN 022072 
1.0 G~ CATALYST 1.5 GM CATALYST 1.0 GM CATALYST 1.5 GM CATALYST 

SPACE TIME PER CENT SPACE TIME PER CENT SPACE TI~E PER CENT SPACE TIME PER CENT 
MIN CCNVEkSION MIN CONVERSION MIN CONVERSION MIN CONVERSION 

o. ::>34 2.61 0.741 2.91 C.934 9.09 0.921 9.10 
0.995 3.88 1.060 3.75 0.986 11.52 0.977 14.89 
1.530 5.00 1. 520 4.80 1.490 15.58 1.450 20.56 
2.210 6.26 1.940 5.93 1.970 17. 83 1.950 23.93 
2.750 7.G2 2.350 6.32 2.450 17.04 2.490 25.51 
3.66,) 0.53 2.860 a.12 2.960 17.77 2.990 26.78 
5.170 10.24 3.490 9.48 3.460 20.40 3.530 29.40 
6.980 12.68 4.120 10.59 3.940 22.72 3.940 31.67 

10.990 14.39 5.550 12.61 4.820 22.93 4.820 33.59 
13. 330 1.5.Cl 7.820 15.28 7.720 25.79 7.250 37.34 

4,.790 16.64 lC.810 28.90 10.870 38.69 
14. 180 18.69 13.860 41.47 

--------------------------------------------------------------------------------

I-' 
O'\ 

"" 
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TABLE XII 

INTRAPARTICLE MASS TRANSFER STUDY USING PURE 
C3H6 FtED IN THE SINGLE BED REACTOR 

T = 427 C P = 0.94 ATM 

FEED RATE= 135.0 GM C3H6/HR CATALYST= 1.5000 GRAMS 

CATALYST PARTICLE 
DIAMETER, MICRONS 

230. 

230. 

387. 

387. 

774. 

774. 

1095. 

1095. 

PER CENT CONVERSION RATE OF REACTION 
OF PROPYLENE GM C3H6 /GM CAT-HR 

13.14 11.83 

13.56 12.20 

11.08 9.97 

8.94 a.cs 
10.87 9.78 

11.30 10.71 

9.69 a.12 

10.01 9.01 
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TABLE XIII 

INTFAPARTICLE MASS TRANSFER STUDY USING PARTIALLY 
CONVERTED FEED IN THE SPLIT BED REACTOR 

T = 427 C P = 0.94 ATM 

FEED RATE= 78.75 GM C3H6/HR CATALYST BED 1 = l.GOOO GRAMS 
BED 2 = 0.2500 GRAMS 

CATALYST PARTICLE 
DIAMETER, MICRONS 

302. 

387. 

651. 

774. 

920. 

PER CENT CCNVERSIGN RATE OF REACTION 
OF PROPYLENE GM C3H6 /GM CAT-HR 

BED l BED 1&2 BED 2 

12.63 14.86 

12. 52 14. 98 

12.15 14.59 

12.44 14.43 

12.89 15.08 

2.23 

2.46 

2.44 

1.99 

2.19 

7.036 

7.764 

7.656 

6.256 

6.901 
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TABLE XIV 

INITIAL RATE STUDIES OF PROPYLENE DISPROPORTIONATION 
AT 399 CENTIGRADE 

C3H6 PARTIAL 
PRESSU~.E 

ATM 

0.9011 

0.9164 

2. 85 50 

2.8600 

4.8930 

lt.888Q 

6.8470 

6.8140 

8.7720 

8.7950 

CATALYST CHARGE= 0.3000 GRAMS 

FEED RATE 

GM MCL/HR 

2.145 

2.145 

6.152 

6.152 

8.683 

8.683 

9.727 

9.727 

10.250 

10.250 

PER CENT 
CONVERSION 
PROPYLENE 

6.11 

6.47 

7.39 

8.37 

5.73 

5.03 

9.50 

a.11 

9.49 

9.79 

RATE CF REACTION 

GM MOL/GM CAT-HR 

0.4368 

0.4628 

1. 5149 

1.7159 

1.6585 

1.4547 

3.0800 

2.8450 

3.2410 

3.3441 

~----------------------------------------------------------
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TABLE XV 

INITIAL RATE STUCIES OF PROPYLENE DISPROPORTICNATION 
AT 427 CENTIGRADE 

C3H6 PARTIAL 
PRESSURE 

ATM 

0.8923 

0.9113 

2.8260 

2.8450 

4.8010 

4.8170 

6.7560 

6.7070 

8.6930 

8.6570 

CATALYST CHARGE= 0.1500 GRAMS 

FEED RATE 

GM MCL/HR 

2.254 

2.254 

5.355 

5.355 

6.312 

6.312 

8.810 

8.810 

10.050 

10.050 

PER CENT 
CCNVERSION 
PROPYLENE 

4.40 

4.07 

8.54 

5.74 

6.70 

6.89 

8.24 

7.32 

7.55 

1.20 

RATE OF REACTION 

GM MOL/GM CAT-HR 

0.6605 

0.6113 

3. 0486 

2.0507 

2.8209 

2.8999 

4.8393 

4.2969 

s.0599 

4.8224 
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TABLE XVI 

INITIAL RATf. STUDIES OF PROPYLENE DISPROPORTIC~ATION 
AT 454 CENTIGRADE 

C3H6 PARTIAL 
PRESSURE 

ATM 

O.fFt42 

0.8861 

2.5850 

2.7040 

4.5220 

4.6550 

6.4630 

6.4480 

8.4970 

8.4880 

CATALYST CHARGE= 0.1000 GRAMS 

FEED RATE 

GM MCL/HR 

3.020 

3.020 

7.115 

7.115 

8.203 

8.203 

9.872 

9.872 

11.156 

11.156 

PER CENT 
CONVERSION 
PROPYLENE 

4.37 

4.19 

5.26 

6.29 

6.22 

6.59 

9.98 

8.38 

7.42 

6.71 

RATE OF REACTION 

GM MOL/GM CAT-HK 

1.3206 

1.2639 

3.7404 

4.4725 

4.9908 

5.4098 

9.8525 

8.2713 

8.2750 

7.4891 
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TABLE XVII 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE CN SILICA 
DURING PROPYLENE DISPROPORTIONATION 

POSTACTIVATICN TREftTMENT-30 MINUTE NITROGEN PURGE AT 
600 C 

T = 427 C P = 0.94 ATM 
fEED RATE= 3.489 GM MOL/HR CATALYST= 0.5004 GRAMS 

PKOPYLENE STKEAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H8 

21.3 
39.5 
57.7 
79.0 

103.0 
124.0 
182.0 
227.0 
273.0 
31S.O 
364.0 
410.0 
455.0 
550.J 
650.0 
695.0 
741.0 
831.0 
926.0 

1014.0 

1.211 
2.087 
2.649 
3.098 
3.541 
3.662 
4.547 
4.696 
5.728 
6.038 
6.5C5 
6.699 
6.984 
7.593 
7.898 
8.207 
8.351 
R.614 
8.689 
8.690 

0.0845 
0.1456 
0.1848 
0.2161 
0.2470 
0.2654 
0.3171 
0.3466 
o.3995 
0.4211 
0.4537 
0.4622 
0.4870 
0.5295 
0.5508 
o.5723 
o.5824 
0.6006 
0.6060 
0.6060 

0.9202 
0.9270 
0.9576 
0.9698 
0.9626 
0.9405 
0.9463 
0.9493 
0.9446 
0.9544 
0.9500 
0.9399 
0.9454 
0.9443 
0.9401 
o. 9378 
0.9336 
0.9336 
0.9265 
o. 9265 
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TABLE XVII I 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE ON SILICA 
DURING PROPYLENE DISPROPORTIONATION 

POSTACTIVATICN TREATMENT- 120 MINUTES EVACUATION AT 
100 MICRONS PRESSURE ANO 600 C 

T = 427 C P = 0.94 ATM 
FEED RATE= 3.489 GM MOL/HR CATALYST= 0.5004 GRAMS 

PF.UPYLENE STREAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIM::, MI NUT ES PROPYLENE GM MOL/GM CAT-HR C4H8 

------------------------------------------------------------
16.5 1.osa 0.0766 C.9565 
37.5 1.618 0.112g 0.9426 
58.5 1.931 0.1347 0.9237 
82.5 2.332 0.1627 0.9588 

106.5 2.784 0.1942 0.9236 
124.5 2.955 0.2061 0.9189 
148.5 3.127 0.2181 0.9149 
169.5 3.590 0.2504 0.9602 
190.5 4.090 0.2893 0.9420 
229.5 4.629 o.3229 0.9255 
210.0 5.024 0.3504 0.9220 
315.0 5.736 0.4001 o. 9207 
351.0 6.928 C.4832 0.9219 
351. 0 6.928 0.4832 0.9219 
420.0 7.134 o.4976 0.9022 
499.5 8.129 o.5670 0.9072 
570.0 8.545 0.5960 0.8379 
645.0 8.941 0.6236 0.8954 
723.0 9.104 0.6350 0.9000 
885.0 9.320 0.6500 0.8916 
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TABLE XIX 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE ON SILICA 
DURING FRGPYLENE DISPROPORTIONATION 

POSTACTIVATICN TREATMENT- 120 MINUTES HELIUM PURGE AT 
600 C 

T = 427 C P = 0.94 ATM 
FEED RATE= 3.488 G~ ~OL/HR CATALYST= 0.5004 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIHE,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H8 

15.J 1.053 0.0734 1.0011 
36.0 1.909 0. 1331 1.0074 
57.0 2.q32 0.2044 0.9752 
12.0 3.2<39 0.2300 0.9847 
q9.o 3.864 0.2694 0.9797 

120.0 4.529 0.3157 0.9557 
141.0 4.663 0.3251 0.9627 
162.0 5.559 0.3875 0.9471 
183.0 5.323 0.3711 0.9710 
225.0 5.838 0.4070 0.9456 
210.0 6.207 0.4327 0.9383 
316.5 1.000 0.4880 0.9330 
361.5 7.666 0.5344 0.9108 
406.5 7.952 0.5543 0.9103 
450.0 8.612 0.6003 0.9126 
495.0 8.586 o.5985 0.9143 
540.0 8.736 0.6090 0.9143 
675.0 8.775 0.6117 0.9050 
750.0 8.901 0.6205 0.8999 
825.0 9.109 0.6350 0.9136 
900.0 9.140 0.6371 0.9167 
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TABLE XX 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE ON SILICA 
DURING PROPYLENE DISPROPORTIONATION 

POSTACTIVATICN TREATMENT-30 MINUTE NITROGEN PURGE AT 
600 C 

T = 399 C P =· 0.94 ATM 
FEED RATE= 6.492 GM MOL/HR CATALYST= 0.5004 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM ~OL/GM CAT-HR C4HIJ 

------------------------------------------------------------
25.1 0.458 0.0595 0.7821 
5c;.2 0.496 0.0644 o.7685 

118.4 0.891 0.1155 0.9266 
167.7 1.002 0.1300 0.8421 
226.8 1.141 0.1480 0.8650 
305.7 1.2g5 0.1680 0.9232 
364.9 1.415 0.1836 0.8955 
483.3 1.500 0.1946 0.8812 
650.':) 1.653 0.2145 0.9032 
798.9 1.825 0.2368 0.8773 
929.6 2.040 0.2647 0.8876 

1094.7 2.196 0.2849 0.8926 
1252.7 2.271 0.2947 0.8926 
1390.6 2.342 0.3039 0.894't 
1586.0 2.461 0.3191 0.9109 
1756.0 2.544 0.3301 0.8874 
2041.C 2.708 0.3514 0.8919 
2347.0 2.760 0.3581 0.8890 
2653.0 2.821 0.3660 0.8984 
.?998.0 2.899 0.3761 0.8892 
3284.0 2.919 0.3787 0.9010 
3689.0 2.932 0.3804 0.8963 
3945.0 2.929 0.3800 0.8944 
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TABLE XXI 

TRANSIENT ACTIVITY OF TUNGSTE~ OXIOt GN SILICA 

OUklNG PRGPYLENE CISPROPGRTIO~ATIGN 
PilSTACTIVATICN TRE:ATMENT-30 MINUTE t\ITROGEN PURGE AT 

600 C 
T = 454 C P = 0.94 ATM 

FEED RATE= 6.464 GM MOL/HR CATALYST= 0.5004 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H8 

4.0 
10.0 
16.0 
24.0 
31.0 
38.0 
44.') 
50.C 
60.0 
71. <J 
87.0 

103.0 
125.0 
147.0 
164.0 
194.0 
221.0 
257. 0 
292.0 
322.0 
364.0 

0.526 
1.015 
1.838 
2.965 
3.917 
4.640 
5.092 
5.591 
6.253 
6.821 
7.728 
8.271 
8.629 
9.002 
9.049 
9.280 
9.722 
9.765 
9.932 

10.211 
10.250 

0.0680 
0.1312 
0.2375 
0.3831 
o. 5060 
o.5994 
0.6578 
0.7223 
0.8078 
0.8811 
0.9984 
1.0685 
1.1147 
1. 1628 
1.1689 
1.1988 
1.2558 
1.2614 
1.2829 
1.3189 
1.3240 

0.8082 
1.0112 
0.9640 
0.9466 
0.9418 
0.9421 
0.9344 
0.9208 
c. 9200 
0.9226 
0.9284 
0.9337 
0.9350 
0.9339 
0.9370 
0.9290 
0.9292 
0.9270 
0.9320 
0.9294 
0.9201 
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TABLE XXII 

TRANSIENT ACTIVITY Of TUNGSTEN OXIDE CN SILICA 
DURING PROPYLENE DISPROPORTIONATION 

POSTACTIVATICN TREATMENT- 30 MINUTE N9 
600 C 

T = 427 C P = 1.95 ATM 
FEED RATE= 4.477 GM MOL/HR CATALYST= 0.2502 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4HB 

5.0 
10.0 
16.0 
23.0 
30.0 
36.0 
44. 5 
49.5 
65.0 
33.0 
96.0 

112.0 
131.0 
142.0 
166.0 
198.0 
228.0 
2 5't. 0 
305.0 
33(}.0 
386.0 

0.936 
1.843 
2.5G2 
3.231 
3.788 
4.148 
4.456 
4.456 
4.785 
4.977 
5.334 
5.947 
6.358 
6.393 
6.728 
7.458 
7.734 
7.949 
8.230 
8.431 
8.720 

0.1676 
0.3300 
0.4640 
o.5784 
0.6780 
0.7424 
0.7976 
0.7976 
0.8565 
0.8909 
0.9547 
1.0645 
1.1380 
1. 1443 
1.2042 
1.3348 
1.3842 
1.4227 
1.4730 
1.5090 
1.5606 

0.9717 
0.9269 
0.9356 
0.9452 
0.9545 
0.9526 
0.9502 
0.9496 
0.9448 
0.9478 
0.9558 
0.9462 
0.9379 
0.9424 
0.9356 
0.9398 
0.9129 
0.9308 
0.9369 
0.9372 
0.9367 
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TABLE XXIII 

TRANSI~NT ACTIVITY OF TUNGSTEN OXIDE CN SILICA 
DURING PROPYLENE CISPROPORTIONATICN 

POSTACTIVATION TREATMENT-30 MINUTE NITROGEN PURGE AT 
600 C 

T = 427 C P = 2.98 ATM 
FEED RATE= 6.314 GM MOL/HR CATALYST= 0.2502 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSION RATE GF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H8 

------------------------------------------------------------
7.0 2 .486 0.6276 0.9729 

12.0 2.854 0.7205 0.9703 
19.0 3.169 0.8000 0.9630 
24.0 3.486 0.8800 0.9601 
31.0 4.037 1.0190 0.9572 
43.0 4.624 1.1672 0.9596 
51.0 5.504 1.3893 0.9460 
69.0 6.129 1.5470 0.9437 
83.0 6.511 1.6433 0.9392 
93.0 7.128 1.7990 0.9399 

114.0 7.381 1.8629 0.9388 
133.0 7.621 1.9234 0.9522 
151.0 7.987 2.0159 0.9464 
184.0 8.631 2.1102 0.9535 
217.0 8.558 2.1600 0.9471 
24't. 0 8.954· 2.2600 0.9566 
274.0 9.126 2.3034 0.9566 
304.J 9.287 2.3438 0.9421 
333.0 9.433 2.3808 0.9470 
365.0 9.520 2.4026 o. 9't 74 
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TABLE XXIV 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE CN SILICA 
DURING PROPYLENE DISPROPORTIONATION 

POSTACTIVATION TREATMENT-30 MINUTE NITROGEN PURGE AT 
600 C 

T = 427 C P = 4.00 ATM 
FEED RATE= 8.750 GM MOL/HR CATALYST= 0.3414 GRAMS 

PR.OPYLEN E STREAM PER CENT CONVERSION RATE OF REACTICN C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H8 

------------------------------------------------------------
s.o 2.551 0.6538 0.9826 

10.0 3.885 0.9958 0.9811 
16.0 5.127 1.3140 0.9729 
23.0 6.012 1.5409 0.9655 
29.0 6.638 1.7012 0.9591 
39.0 7.334 1. 8798 0.9547 
51.0 7.908 2.C267 o. 9469 
63.Q 8.324 2.1335 0.9489 
78.0 8.741 2.2404 0.9437 
95.0 9.087 2.3289 0.9482 

110.0 9.575 2.4541 0.9414 
125.0 9.992 2.5609 0.9406 
153.0 10.450 2.6778 0.9428 
168.0 10.730 2.7496 0.9427 
191.0 11.030 2.8264 0.9427 
206.0 11.260 2.8848 o. 9456 
222.0 11.280 2.8898 0.9518 
238.0 11.530 2.9549 0.9429 
266.0 11.670 2.9900 0.9347 
301.0 11.890 3.0484 0.9421 
308.0 11.940 3.0601 0.9410 
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TABLE XXV 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE CN SILICA 
DURING PROPYLENE OISPRCPORTIONATION 

POSTACTIVATICN TREAT~ENT- 30 MINUTE ~ITROGEN PURGE AT 
600 C 

T = 427 C P = 8.08 ATM 
FEED RATE= 10.12 GM MOL/HR CATALYST= 0.2350 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4HB 

6.3 
13.0 
18.2 
23.5 
28.5 
33.7 
40.0 
46.l 
56.5 
67.5 
78.0 
84.0 
89.0 

100.5 
110. 5 

2.274 
4.057 
4.928 
5.714 
6.060 
6.718 
7.315 
7.751 
8.548 
9.100 
9.530 

10.040 
10.410 
10.710 
10.890 

0.9792 
1.7471 
2.1223 
2.4605 
2.6096 
2.8930 
3.1500 
3.3380 
3.6810 
3.9190 
4.1040 
4.3230 
4.4830 
4.6140 
4.6890 

0.9324 
0.9503 
0.9043 
0.9074 
0.8924 
0.9169 
0.9045 
0.9346 
0.9174 
0.9253 
0.9131 
0.9008 
0.9125 
0.8863 
0.9072 
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TABLE XXVI 

TRANSIENT ACTIVITY OF TU~GSTEN OXIDE ON SILICA 
DURING PROPYLENE DISPROPORTIONATION 

POSTACTIVATICN TREAT~ENT- 12 HCURS PROPYLENE AT 427 C + 
180 MINUTE HELIUM PURGE AT 427 C 

T = 427 C P = 0.94 ATM 
FEED RATE= 3.488 GM MOL/HR CATALYST= 0.5004 GRAMS 

PROPYLENE STREAM PER CENT CCNVERSICN RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H8 

4.0 3.937 0.2745 0.9129 
11.0 5.372 0.3745 0.9236 
18.0 6.013 0.4192 0.9346 
?.5.0 6.455 0.4500 0.9336 
32.0 6.764 0.4715 0.9293 
38.5 7.155 0.4988 0.9511 ,.s. 0 7.360 0.5131 0.9509 
62.0 7.665 0.5343 0.9211 
76.Q 7.841 0.5466 0.9204 
90.0 7.831 0.5459 0.9420 

105.0 8.161 0.5689 0.9224 
125.0 8.469 0.5904 0.9184 
150.0 8.596 0.5992 0.8964 
180.0 8.771 0.6114 0.8569 
200.0 8.824 0.6151 0.8998 
2BO.O 8.830 0.6155 o. J:3975 
420.0 8.830 0.6155 0.8975 
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TABLE XXVII 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE CN SILICA 
DURING PROPYLENE CISPROPORTIONATION 

POSTACTIVATICN TREATMENT- 120 MINUTE CARBON MCNOXIDE 
PUkGE AT 400 C 

T = 427 C P = 0.94 ATM 
FEEO RATE= 3.528 G~ ~OL/HR CATALYST= 0.5004 GRAMS 

PkOPYLENE STREAM PER CENT CONVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM ~OL/GM CAT-HR C4H8 

2.4 0.424 0.0299 0.9499 
7.5 o.977 0.0689 C.9701 

13.0 1.755 0.0999 0.9514 
18.0 1.885 0.1308 0.9613 
24.0 2.446 0.1725 0.9550 
33. 5 3.285 0.2316 0.9513 
40.5 3.880 0.2738 0.9108 
46.5 4.330 0.3053 0.9373 
52.0 4.519 0.3186 0.9278 
61.0 5.046 0.3558 0.9507 
70.0 5.553 0.9315 0.9301 
80.8 6.383 0.4500 0.9310 
90.0 6.557 0.4623 0.9188 

100.0 7.069 0.4984 0.9279 
111. 5 7.348 0.5181 0.9214 
120.0 7.741 o.5458 0.9241 
131.5 7.842 0.5529 0.9265 
141.5 8.178 o.5766 o. 9305 
151.0 8.347 0.5886 0.9363 
201.0 8.610 0.6070 0.9369 
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TABLE XXVI II 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE GN SILICA 
DURING PROPYLENE CISPROPORTIONATICN 

POSTACTIVATIGN TREATMENT-120 ~INUTE HYDROGEN PURGE AT 
400 C 

T = 427 C P = o.g4 ATM 
FEED RATE= 3.528 G~ MOL/HR CATALYST= 0.5004 GRAMS 

PROPYLENE STREAM PER CENT CONVERSION RATE OF REACTION C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4HB 

6.5 0.221 0.0156 1.2580 
12. 0 0.459 0.0324 1.0753 
17.5 1.115 0.0787 0.9710 
23.2 1.652 0.1165 0.9852 
29.0 2.172 0.1532 0.9476 
34.5 2.543 0.1794 0.9668 
40.0 3.030 0.2137 0.9374 
50.4 3.838 0.2101 0.9332 
63.5 4.910 C.3403 0.9635 
71.0 5.046 0.3559 0.9875 
83.4 5.676 0.4003 0.9548 
95.0 6.290 0.4436 O.CJ499 

105.0 6.369 0.4492 0.9481 
130.0 6.980 0.4923 0.9486 
157.0 7.458 0.5260 0.9452 
186.0 7.821 o.5516 0.9437 
240.0 8.650 0.9100 0.9450 
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TABLE XXIX 

TRANSIENT ACTIVITY OF TUNGSTEN OXIDE CN SILICA 
DUPING PROPYLENE CISPRGPORTIONATICN 

POSTACTIVATIC~ TREAT~ENT- 240 MINUTE HYDROGEN PURGE AT 
600 C 

T = 427 C P = C.94 ATM 
FEED RAT~= 3.524 GM MOL/HR CATALYST= 0.5000 GRAMS 

PRGPYLENE STREAM PER CENT CCNVERSION RATE CF REACTIO~ C2H4 
TIME,MINUTES PROPYLENE GM MOL/GM CAT-HR C4H3 

5.7 0.493 O.C348 1.0228 
11. \.) 1.287 0.0908 0.9471 
16. C 2.119 o. 1494 0.9433 
22.0 2.886 C.2035 C.9309 
31.2 4.187 o.2952 0.9470 
37.4 4.805 0.3388 0.9484 
44.0 5.559 0.3919 0.9382 
53 .1 6.164 0.4360 0.9376 
63.5 6.414 o.4522 G.9379 
74. 5 7.041 0.4964 0.9142 
38.0 8.048 0.5674 C.9982 
93.5 7.483 0.5276 0.9199 

103.0 7.900 o.ss10 0.9561 
133.0 9.2CO 0.6486 0.9141 
145.0 9.577 0.6752 0.9248 
183.0 10.411 o.7340 0.9127 
20b.O 11.452 G.8074 0.9089 
221.0 11.450 0.8072 0.9087 
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KINETICS OF PROPYLENE DISPROPORTIONATION OVER A 

TUNGSTEN OXIDE ON SILICA CATALYST 

by 

Robert Clark Luckner 

(ABSTRACT) 

This investigation consisted of a study of the kinetics of 

propylene disproportionation over a tungsten oxide on silica cata-

lyst. A catalyst of ten percent wo3 on silica gel (223 square 

meters per gram B.E.T. surface area) was used in a microcatalytic 

reactor. Electron probe scans of the commercially prepared cata-

lyst showed that the standard liquid impregnation technique used 

in preparation of this catalyst can result in large radial vari-

ations in the distribution of the promoter within the pellet. 

Both flow and pulse reactor techniques were used. 

It h~d been reported that external mass transfer effects 

could not be eliminated in this system. Here linear velocities 

in excess of those used previously were investigated, and it has 

been found that both external and intraparticle mass transfer ef-

fects can be eliminated, though exceptionally high linear velocities 

are required to eliminate the external mass transfer effects. 

Initial rate data were obtained for the disproportionation of 

propylene by this catalyst. Temperatures of 399° to 454° Centigrade 

and pressures from one to nine atmospheres were used. The 



experimental data were well correlated b¥ assuming that a Lang-

muir-Hinshelwood, dual~site surface reaction was the rate con-

trolling step in the reaction mechanism. The mechanism parameters 

and their temperature dependence were extracted from the experi-

mental data using a linear least squares technique. An apparent 

activation energy of 24.73 Kcal per mole was found for this cata-

lytic system. 

During the initial contacting of freshly activated samples 

of this catalyst with propylene, significant increases in dispro-

portionation activity were observed for periods up to twenty four 

hours. The rate of catalyst break-in was found to depend on both 

the temperature and pressure with an activation energy of 47~17 

Kcal/mole and a first order 

dency. 

propylene partial pressure depen-

Data are presented to establish that both a reduction of 

the catalyst to wo2 _9 and the strong adsorption of an olefin are 

responsible for this period of transient activity. Prior reduc-

tion to the normally thermodynamically unfavorable oxidation 

state of wo2 was found to give a thirty percent increase in the 

steady-state activity of this catalyst. The strong adsorption 

of an olefin was found to be at least partly reversible in an inert 

atmosphere. 
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