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SUMMARY 

Rate oscillations have, been observed in a variety of heterogeneous 
catalytic reactions including the oxidation of CO. Theoretical studies of 
these oscillations have involved the application of stability analysis 
techniques to simplified mathematical models. 

This dissertation mainly examines isothermal concentration 
oscillations in the oxidation of di~ute CO/alkene mixtures over supported 
platinum in a stirred tank reactor in the temperature range 90-165°c. The 
alkenes considered are ethene, propene and 2-butene. Experimental and 
theoretical considerations are included in this study. 

The effect of parameters such as temperature, feed flowrate and 
catalyst loading on these oscillations is investigated. The kinetics of 
oxidation of CO, propene and ethene are examined in · other transient 
experiments which involve step changes in feed concentration. Comparison 
of these experiments with the predictions of a mathematical model leads to 
estimates of the rate constants for CO and alKene oxidation. 

A modified elementary step ·model (ESM) is proposed to account for the 
dynamic features of transient experiments. The modification consists of a 
dependence of the activatijn energy for alkene desorption from the 
catalyst on the surface coverage of the alkene. Simulations with 
unmodified versions of tife ESM and rate constants derived almost 
completely from .separate tr?nsient experiments are shown to lead to stable 
oscillatory states. A reduced third order model is also shown to predict 
oscillatory states ·with the same values of rate constants. 

-~-The effect of periodic changes in the;~ actor feed concentration on the 
rate of production of co2 and on the .dynamics of the reaction are also 
examined. Experimental observations of subharmonic response, a phenomenon 
predicted but not previously observed exper~mentally, are reported along 
with simulations of this phenomenon using the proposed model. 

This investigation shows that an elementary step model can predict some 
forms of stable oscillatory states and other dynamic phenomena, and that a 
modified ESM can predict transient features in the oxidation of CO and 
alkenes. Further elaboration of the model is needed to predict the range 
of oscillatory phenomena observed experimentally. 
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1 • A SURVEY OF THE LITERATURE 

1.1 Introduction 

The industrial importance of heterogeneous ea talysis can hardly be 

overstated. From the polymerisation of organic molecules (Ziegler-Natta 

catalysis) to t he cracking of hydrocarbons, heterogeneous catalysts play 

an irreplaceable role in the modern world. This work is concerned with 

catalytic reactions occul ti ng in open systems (flow reactors) under 

circumstances in which either one of the operating parameters 

(temperature, feed flowrate, feed mixture compositiori) is altered 

deliberately, or the react~on displays time-dependent behaviour under 

' steady operating conditiois. 

The oxidation of carbon monoxide and the lower alkenes over supported 

platinum catalyst, investigated separately, provide a better understanding 

of the surface processes and, inve~ ga ted jointly, lead to dynamic 

phenomena whose explanation constitutes a true test of any mechanism 

proposed for the reaction. 

1.2 Pseudo-equilibrium And El.ementary Step Models 

In order to develop a scheme by which solid catalysed reactions occur, 

one must first distinguish between different steps in the process leading 

from reactants to products. The following is a typical sequence of events 
I 

adding up to such a scheme: 

(1) Mass transf er of reactant(s) from the bulk fluid 

to the external surface bf the catalytic solid; 

(2) Diffusion into the catalyst pores; 

(3) Adsorption onto the catalyst surface; 

(4) Reaction on the catalyst surface; 

(5) Desorption of product from the surface; 



(6) Diffusion out of the catalyst pores and 

(7) Mass transfer of product(s) to the bulk fluid 

Steps (1),(2),(6) and (7) can be treated by the classical theory of 

convective mass transfer. Steps (3),(4) and (5) are the essence of 

heterogeneous catalysis. 

Although empirical conclusions and guidelines have been accumulating 

since the identification of catalysts as participants in chemical 

reactions by Berzelius in 1835, mechanistic contributions to the kinetics 

of heterogeneous catalytic reactions first appeared in the 1920s. The 

concept of a 'catalytic site' was proposed in the 1930s and, after the 2nd 

World War, new experimental techniques allowed the investigation of 

adsorbate-surface interactions and the effect of the surface structure on 

catalyst activity. Thomas and Thomas (1967) provide a detailed historical 

account of the origins of heterogeneous catalysis • 
. .. 

The first attempts to (flantify the kinetics of heterogeneous catalysis 

led to the Langmuir-Hinsqelwood (LH) and Eley-Rideal (ER) models . Both of 

these postulated that step (4) , namely the surface reaction involving one 

or more adsorbed species, determines the overall rate of reaction and that ... 
processes in steps (3) and (5) are fasf~i'hough to attain equilibrium. They 

differ in that the LH model considers only reaction between chemisorbed 

species, while the ER model considers reactions between chemisorbed and 

physisorbed or gas phase species. 

Both these formulations led to rate expressions which contain only 

variables which can be measured independently (temperature, total 

pressure, ·gas phase concentrations). The limitations of this method of 

postulating a single rate determining step became obvious when, in an 

effort to determine reaction rates at one temperature or range of 

conversions, rate expressions obtained at other temperatures or ranges of 

conversion were applied with unrealistic results. This was attributed to a 

change of mechanism. Similarly, unrealistic results were obtained when 

rate expressions were used which assumed reaction ra tes under time varying 

reaction parameters with a characteristic time of the same order of 

magnitude as the time constants of the reaction (1/k for a first-order 
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reaction). 

Elementary step models were developed to overcome these limitations of 

the single rate determining step approximation. For each of the steps 

(3),(4) and (5) rate expressions are derived from the law of mass action. 

As no equilibrium is assumed for adsorption and desorption, separate mass 

balance equations are constructed for each gas-phase and chemisorbed 

species. These simultaneous equations (differential, if the time-dependent 

behaviour is the desired variable, or algebraic, if the steady-state 

behaviour is the desired variable) will, in general, not yield explicit 

expressions for the rate of reaction and will require numerical solution 

by means of a digital computer. This lack of an analytical solution is 

probably the major disadvantage of the elementary step models. It should 

be emphasised that, although elementary step models are, in principle, easy 

to construct, care should be taken to include all possible reaction paths 

within step (4) and furthermore that macroscopic models such as these make . . ., 
gross assumptions about ev~ts at the molecular level. 

' 
1.3 The Transient Method 

,.,. ... 
· Rate expressions based on pseudo-e~"'i. librium and .. the assumption of a 

rate-determining step were widely used before the advent of computers for 

the solution of large systems of algebraic or differential equations. 

Experiments in flow reactors with steady operating parameters (reactant 

concentration, ~~ erature, pressure and feed flowrate) provided data on 

steady-state rates of reaction which could then be compared with the model 

predictions. Such comparisons were complicated by the fact that steady

state data could often be explained equally we ll by a number of different 

models . 

In contrast to steady $tate operation of a reactor, reactor operation 

with time- dependent variation in one or more operating parameters 

('transient operation') can lead to results which . provide quantitative 

information about the absolute rates of several or all component steps. 

Transient experiments have this additional advantage over steady-state 

experiments since in most pseudo-equilibrium based rate expressions the 
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kinetic parameters appear grouped in products and/or ratios. Minimisation 

of the discrepancy between the observed and calculated overall rates will 

provide 'best-fit' values of these groups. Even if there is a unique set of 

such 'best-f it ' groups, there may be different combinations of values of 

the kinetic parameters which will lead to the same group values. Thus 

estimated values of the kinetic parameters need to be further assessed ' 

with respect to their physical significance. Analysis of transient 

experiments, on the other hand, in which each step proceeds at a different 

rate can provide physically significant kinetic parameters directly. 

In order to obtain information about the rate of adsorption, desorption 

and chemical reaction of a heterogeneous catalytic reaction (steps (3),(4) 

and (5)) the experimental system must be so designed that any effects due 

to transport resistances are eliminated. One such system is the well-mixed 

reactor (Bennett 1976) in whtch the gas phase above the catalyst is mixed 

by a magnetically driven totally enclosed impeller, eliminating leak-prone 
j 

impeller bearings. Differfn tial reactors can also be used for this 

purpose. ' 
Although in principle any operating parameter can be used as the 

perturbing variable, temperature is not commonly used. Because the 
~ . 

catalyst has substantial heat capacity(~pid perturbations in temperature 

are not easy to achieve, and the r esuits are difficult to interpret. Thus 

reactant concentration, total pressure and feed flowr ate are the commonly 

used variables. In addition, some more exotic transient techniques have 

been developed. The transient introduction of isotope-labelled reactants 

can provide information about the relative rates of competing reaction 

steps (Happel et al 1977; Bennett 1982) Transient experiments can also be 

carried out with molecular beam techniques, in which the beam incident on 

the catalyst surface is temporarily 'chopped off' (Schwarz and Madix 1974). 

The change in operating parameter must also be a well-defined 

mathematical function for ease of interpretation. The most common are: a 

rectangular step, a rectangular pulse, a linear ramp function and a damped 

harmonic oscillation. The last of these, though it provides more effective 

model discrimination, requires larger computing resources. Rectangular 

pulses have been used more successsfully in packed beds (Furusawa et al 
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1976) than in well- mixed reactors. 

The response of the reactor to a transient experiment can be monitored 
through the gas phase and/or the adsorbed species concentrations. In both 
cases the response time of the detector to a hypothetical step change in 
the measured variable must be substantially shorter than the time scale of 
the transient under investigation, as otherwise the detector signal would 
require deconvolution. 

Monitoring of gas phase concentrations of reactants and products is 
best done by means of a mass spectrometer, although an arrangement of 
'staggered' gas chromatographs has also been used (Kobayashi and Kobayashi 
1972). The former is preferable because it can record a number of species 
in one cycle, by monitoring each one typically for less than 1 s ( see 
section 2.5). 

-, 
The first observations 9of the response of species adsorbed on a 

catalyst using infra-red spictroscopy were made during the oxidation of CO 
on platinum (Heyne and Tomkins 1966) and more recent work (Dwyer and 
Bennett 1982; Bocker and Wicke 1984) will be discussed later in this 
chapter. Such observations provide a va~~le check on the $Urface species 
concentrations predicted by the relevant models, although they place 
severe restrictions on the materials of construction of the reactor . 

Some qualitative conclusions about the nature of the catalytic 
processes can be drawn directly from the response of the reactor to a 
change in an operating parameter. Kobayashi and Kobayashi (1974) provide 
guidelines for the qualitative interpretation of response curves. Finally, 
a comprehen$ive list of transient studies of CO oxidation (at atmospheric 
and low pressure) and other catalytic reactions is given by Goodman 
(1980) . More recent studies wi ll be referred to at appropriate points in 
this work. 
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1 .4 Industrial Importance 

Although the value of the transient method as a tool fo r the 

eluc ida t ion of r eaction mechanisms and es t imation of r eact i on parameter s 

has been emphasised, the study of industrially significant reactions under 

unsteady operating conditions also has practical importance. Such 

conditions can be separated into those induced deliberately, to achieve an 

incr ease in conver sion and/or selectivity, and those which ar ise from 

unsteady phenomena occur<ing upstream to the reactor. The effect of the 

former will be discussed in chapter 6, and so discussion here is limited to 

the latter. 

An important example of the latter kind of transient behaviour occurs 

in the operation of catalyt~c converters for reducing exhaust emissions 

from automobile engines. These converters were first introduced in 1974 on 
1 

new cars in the USA, as a, result of the 1970 Clean Air Act of the US .,.. 
Congress. The aim was to , reduce emissions of CO (which is a poison- by 

v irtue of its affinity fo r, haemoglobin, which is 210 times that of oxygen) , 

hydr ocarbons and nitr ogen ox i des (Wei 1975) . Such catalytic converters ar e 

due to appear in European production.._ cars in 1992 , leading to the 
j> :fi 

pr ojection of gr oss sales of aut omo t i ve catalysts exceeding sales t o t he 

chemi cal and petr oleum indus tr ies. The most common catalyst used f or this 

pur pose i s the so-called '3-way catalys t' cons i st i ng of Pt , Pd, Rh and Ce 

supported on Y- alumina. Transient chemical processes which can affec t the 

dynamic behaviour of such catalysts are: 

(1) Changes in catalyst activity 

t hrough po i soning (lead, sulphur and phosphorus are the most impor tant 

poisons of 3-way catalysts) and also through changes i n the oxidation 

state of the catal yst and 

(2) Changes in the accumulation of reactive species which 

can lead either to increased r eaction of such species, or inhib it ion 

of t he r eaction (Herz 1981 ) . 

In a ca r being driven in an urban envi r onment , no steady state is 

achieved by the catalytic converter after start-up but the operating 

conditions tend to oscillate with a frequency of 1 Hz throughout the 

j ourney. Such a sys tem cannot be mode l led by assuming that the reaction 
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...,.. 
rate appropriate to a particular set of reactor conditions is attained 

instantaneously. This is apparent from the experimental observation that, 

on switching the feed to the converter from a fuel - lean mixture [1] to a 

f uel-rich mixture, the new steady state is not achieved instantaneously 

but goes through a long intermediate period, whereas for a switch in the 

opposite sense, the variation in rate is immediate. This may ' be due partly 

to the Ce in 3-way catalysts, which takes up oxygen during the oxygen-r ich 

part of the cycle and releases it to the active sites during the fuel-rich 

part (Schlatter and Mitchell 1980). 

The catalytic reduction of pollutant emissions is a complicated 

process, both in terms of the catalyst used and the gases treated (the 

typical composition of exhaust gases is shown in tables 1.1 and 1.2). Thus 

research so far has concentrated on purely experimental studies of either 

complex exhaust-like gas mi~tures on simpler catalysts (Subramaniam and 

Varma 1983; Hegedus et al 1a80) or 2-component mixtures on actual 3-way 

catalysts (Herz 1981) ~ In 41 ther case, the task of producing a mathematical 

model is a formidable .one and very little headway has been made in 
r 

quantitative prediction of catalytic converter behaviour . The 

mathematical problem of simulating and predicting the behaviour of such a 

reactor becomes tractable only when ~ ler mixtures (containing two or 

three reactants found in car exhaust emissions) react over catalysts whose 

properties are well-defined and measurable. Such catalysts can consist of 

one or, at the most, two similar metals. 

The researcher who employs such a simplified system should be aware of 

the richness of behaviour lost through the absence of interacting 

reactants and of the artificial phenomena possibly introduced in the 

simpli f ied system, but must separate the complex problem into a number of 

simpler ones, if any progress in quantifying t he behaviour of catalytic 

converters is to be made. 

[ 1] containing more than the stoichiometric quantity of oxygen needed 
for complete conversion 
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1,5 Chemisorption And Chemical Reaction 

1.5.1 CO Chemisorption 

The kinetics of CO adsorption on platinum and its effect on metal 

surfaces have been studied intensively over the past decade. A number of 

sophisticated techniques have been employed for examining surface 

structure (such as low energy electron diffraction -LEED) and the effect 

of surface-adsorbate interactions ( infra- red spectroscopy of adsorbed 

species), in addition to more traditional methods (such as temperature

programmed desorption). Most of these studies have concentrated on single 

crystal faces at high vacuum. The extent to which such measurements are 

valid at atmospheric pressure for supported platinum catalysts has yet to 

be settled. 

. ., 
There is consensus that f o adsorbs on platinum molecularly, through the 

1· 

carbon atom, with the moli cular axis perpendicular to the metal surface 

(Engel and ·Ertl 1979) , Th~~e are two modes of bonding : linear, with each CO 

molecule bonded to one plat inum atom, and br idged, with each CO molecule 

being shared betwee.n two adjacent pla~~m atoms. The heat of adsorption 

for CO on Pt( 111) is approx imat el y -~ 34 kJ mol .:.. 1 with the l i near f orm 

having a higher value than the br idged form by 2.1-3.8 kJ mol - 1 (Campbell 

et al 1981). The linear form is shown t o be dom i nant at a ll practical 

t emper a ture r anges by infrared spectr oscopy ( Feger and Anderson 1979; 

Donnelly et al 1978) and to be the sole form below 92 K (Steiniger et al 

1982). 

Temperature-programmed desorption of CO from Pt(111) displays one peak 

between 40 0 and 500 Kand a second one at 500 K. The former is ascribed t o 

CO desorbing fr om terraces on the surface and the latter t o CO desorbing 

from steps. The values of activation energy fr om this and other studies, as 

well as other kinetic values for the CO/oxygen/platinum system. found in 

the literature, are shown in table 1,3, Equilibrium is maintained between 

CO adsorbed on the terraces and on the steps, attesting to the high surface 

mobility of CO (Campbell et al 1981 ). A phenomenon similar to differential 

adsorption on steps and terraces on Pt(111) may be responsible for the 
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identif i cation of two types of ac tive sites on Pt/Al2o3 ca t alys t s by th e 
cs2 poisoning method (Yang and Pang 1982) . 

Steiniger et al (1982) found that adsor pt i on of CO on Pt(111 ) at room 
temperature is not limited by the number of adsorption sites on the 
catalyst. This observation is explained in terms of adsorption through a 
pr ecursor. Such a precursor can adsorb both on vacant sites and sites 
a l ready covered by adsorbed CO and subsequently be transformed to adsorb.ed 
CO, i n a step f aster than the original precursor adsorption step . Similar 
f indings have been reported by Shigeishi and King ( 1978) . During the 
chemi sorp ti on of CO on Pt ( 111) on which oxygen has been preadsorbed, 
comparison of the infrared absor ption band of CO during the initial stages 
with the same band when oxygen has been eliminated, produces a frequenciy 
shift of 16 cm- 1• This is attributed to an initial precursor- like species 
coupling loosely to the surface • 

. 1 
Some experimental evide~ e indicates that the kinetic parameters of CO 

adsorption or desorption afe functions of the surface cover age , even when 
no oxygen has been coadsor'bed. Steiniger et al ( 1982) , working with Pt ( 111) 
r eport an increase i n t he s ti c king f actor, s , (defined as the fraction of 
molecules impinging on t he surface \1W chemi sor b ) from 0.5 6 a t zero 
cover age to 0.85 at a surface f ract i onc_!l coverage ,8, of 0.1. They a t tribute 
thi s to an attract i ve adsor bate i nter ac t ion l ead i ng to adsor bate 
compress i on into CO island s tructures, whos e per ime t er has a high st i ck ing 
factor. As adsor ption proceeds further, the size of these islands 
increases, leading to coalescence and a reduction in the total perimeter 
available for adsorption. This leads to a decreas e i ns with 8. Th i s l atter 
regime was also observed by Lin and Somorjai (1981) who found that their 
data on CO adsorption on Pt(111) wer e correlated by a s ticking factor of 
the form: 

s = s ( 1-8) 0 ( 1-1 ) 

, An alternative form of the dependence of CO adsorption kinetic parameters 
one involves the activation energy of desorption varying as: 

Ed= Ed -e:8 . 
0 . 

( 1- 2) 

CO adsorption is agreed to be an unactivated process. Experimental studies 
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by Herz and Marin (1980) , Campbell et al (1981) , Gland and Kellin (1982) 

and Poelsema et al (1984) on Pt(111) support this latter form of cover age 

dependence. 

I slands of adsorbed CO have been repor ted by other aut hor s during the 

adsorption of CO on a surface on which oxygen has been preadsorbed, rather 

than on a clean surface as Steiniger et al indicate. Evidence for the 

- formation of CO islands in an adlayer which is significantly compr essed in 
I I · the for m of shifts in the infrared spectrum of CO is presented by Sar kany 

et al (1983). This contradicts the findings of Shigeishi and King (1978) 

who deny the formation of CO islands . 

One final effect observed during the adsorption of CO on Pt(111) is the 

phase transformation of the metal surface from (5x20) tp ( 1x1) by a 

nucleation-trapping mechanism of the adsorbed CO (Thiel et al 1982) . 

In conclusion, although 1simple molecular adsorption of CO may be 

' sufficien~ to describe ste/ dy state phenomena, possible complications due 

t o the for mation of precursor species and surface-coverage dependent heat 
r 

of adsorption may affect simulations of dynamic phenomena in CO 

chemi sorp t ion. 

1.5.2 Oxygen Chemisorption 

Oxygen mol ecul es adsorb dissociatively on Pt, although mo l ecul ar 

adsor ption has been observed on some metallic faces a t t emperatures be low 

100 K. Some reported rate constants are tabulated in table 1.3. In addition 

to chemisorbed oxygen, a distinctly different species, referred to as . 
subsurface oxygen or platinum oxide, has been observed at temperatures as 

low as 550 K for single crys tal and suppor ted pl at i num (Enge l and Ertl 

197 9; Norton et al 1977), This form however seems t o be ab sent from Pt(100) 

and Pt(111) at high coverages (Derry and Ross 1984) . Indirect evidence for 

the existence of platinum oxide is also provided by Sales et al (1981) , who 

report a change in the dependence of the initial oxygen adsorption rate 

constant with temperature at 650 K. 
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. 1.5.3 CO Oxidation 

When oxygen is introduced above a surface wi th preadsorbed CO, there is 
an 'induction period ' befor e co2 appear s. This induction period, which 
increases as temperature decr~ases , is due to the lack of pairs of 
adjacent vacant sites for dissociative chemisorption and, according to 
Dwyer and Bennett (1982) , is conclusive proof that the reaction requires 
chemisorbed oxygen rather than gas- phase oxygen. The same authors claim 
that the effect of temperature on the induction period is due t o 
decreasing CO desorption (and hence site liberation) as temperature falls. 
Thus the possibility of an ER mechanism between adsorbed CO and gas-phase 
oxygen is eliminated. 

Of the two remaining mechanisms, the LH mechanism is shown to be the 
dominant one under most · conditions of interest ( Okamoto et al 
1981 ;1983a;1983b; Goodman 19J30; Bradshaw 1979 -see table 1,3 for reported 
values of kinetic parameteifs) . Even data which suggest that.an ER reaction ' . 
between adsorbed CO and gas - phase oxygen may predominate under some 
circumstances can be expl ained in terms of the high mobility of adsorbed 
CO (Lin and Somorjai 1981 ). 

... 
. ii After the induction period, i nfrared studies with Pt ( 111 ) at UHV 

conditions show no shift in CO absorbance, indicating that the molecular 
environment of adsor bed CO does not change . The explanation offered by 
Shigeishi and King (1978) is that the oxygen atoms produced by 
dissociative adsorption react with adjacent CO, liberating sites by 
co2 generation, leading to further oxygen adsorption [2] and the formation 
of CO islands. 

The formation of islands under conditions not complicated by 
adsorption processes was investigated by Gland and Koll in ( 1982), who 
preadsorbed CO and oxygen at low temperature on Pt(111). The sample 
temperature was then raised and product co2 desorbed at 345 K. Unreacted 
CO desorbed in two bursts, at 345 K and 480 K. Electron diffraction 
results, the authors claim, show conclusively the existence of atomic 

[2] the gas phase in this work contains no CO 
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oxygen islands, whereas the presence of CO islands is only suggested. These 

f indings match those of Barteau et al (1981), who determined the rate of 

oxidation to be proportional to the square root of adsorbed oxygen 

concent ration, indicating that reaction occur s at the edges of oxygen 

islands . Taking into account the higher mobility of adsorbed CO compared 

to adsorbed oxygen, Gland and Kallin present the reaction as a reaction 

between a 2-dimensional gas (CO) and a 2-dimensional solid (oxygen 

islands). 

LEED and work function measurements carried out by Cox et al(1983;1984) 

during CO oxidation on Pt(100) at 480 Kand low pressure show that 

sections of the surface undergo periodic changes between the c(2x2) and 

the reconstructed (hex) phases . No intimately coadsorbed CO and oxygen 

were found , leading to the conclusion that the reactant species are 

located on different macroscppic domains of different phase. 

The support material C1j"'a.lumina) is inert to any of the reactants used 

in this study, though it j:an interact with platinum upon treatment with 

hydrogen at t1emperature·s higher than 773 K (Den Otter and Dautzenberg . I 

1978; Kunimori et al 1983), 

As wi th CO chemisorption, the exten~)o which t hese single cr ystal low 

pressure investigat i ons can be ext ~·apolated t o supported ea talysts at 

atmospheric pr essure is a mat t er for debate , but they pr ovide at l east 

qualitative indications of the processes occuring at the molecular level. 

1.5.4 Alkene Chemisorption And Oxidation 

The study of chemi sor ption of a lkenes, whose molecular s ize i s larger 

than the interatomic distances on the surface, i s complicated by the 

poss i bility of simultaneous inter action of one adsorbate molecul e with 

several surface atoms. This, i n t ur n, can make adsorbate- adsor bat e 

interact i ons more i mportant than adsor bate-surface in terac t ions. 

Gland and Somorjai (1976) employed LEED and work function measurements 

to investigate the chemisorption of various unsaturated hydrocarbons on 

Pt( 100 ) and Pt(111) . Unsaturated molecules generally adsorb by forming~

bonds with the metal surface . Adsorpt i on studies at 293 K and UHV 
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conditions indicate that ethene adsorbs associatively on Pt(100) but 

dissociates into ethyne and two hydrogen atoms on Pt(111) . A second layer 

of ethene is adsorbed reversibly on the first layer on Pt(111) but desorbs 
at 373 K. The similarity of LEED and work function chang,es for ethene and 

propene indicates that propene adsorbs in the same way as ethene. 

Measurements of the heat of adsorption of ethene and propene on 

polycrystalline platinum metal films at 295 K (which provide lower bounds 

on the activation energies of desorption) are provided by Pa'.lfi et al 
(1984). The values at zero surface coverage (146-150 kJ mol-1 for ethene 

and 176 kJ mol-1 for propene) fall steadily as coverage increases. The 

amount adsorbed and the rate of decrease of ~Hads are similar for both 
alkenes. The finding that ~Hads is higher for propene than for ethene is 
contrary to the claim that it falls with increasing substitution of the 

alkene (Bond 1962). 

As regards the amount ~ adsorbate that the surface can accommodate, 

Palfi et al state that trj' alkenes adsorb to a surface site through the 

double-bond carbon atom · in position 1, with . the rest of the molecule 
( 

perpendicular to the surface, though bonding with the C-C bond parallel to 

the surface is possible at low coverages. 
;~ 
-~~ 

No reports of studies of alkene qatalytic oxidation over platinum at 

the molecular level have been found, but several studies on steady state 

oxidation under industrial conditions indicate that for all realistic 

alkene feed concentrations, the alkene inhibits the oxidation reaction. 
This is due to the alkene adsorbing in such a way that oxygen (which 

requires two adjacent vacant sites) cannQt adsorb. The concentration of 

ethene appears in the overall rate expressions proposed raised to the 

power -1 (Hawkins and Wanke 1979) and that of propene variously raised to 
the power -0.2 (Pa~erson and Kemball 1963) -0.74 (Morooka and Ozaki, 1966) 

and -1 (Voltz et al 1973, if no CO or NO is included in the reaction 

mixture). The effect of crystallite size on the rate of propene oxidation 

on platinum has also been examined (Carballo and Wolf 1978). 
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1.6 Oscillat i ons In Heterogeneous Catalysis 

1.6.1 Historical Review 

Although oscillations in the r ate of heter ogeneous catalytic reactions 

had been predicted in the 1920s by Andronov, on the basis of analogies 

between positive feedback systems in control engineering and catalytic 

reaction systems in chemical engineering (Slin'ko and Slin'ko 1978) , the 

only oscillating reactions observed until the 1960s were homogeneous 

(usually liquid phase redox reactions between complex ions). The classic 

example is the Belousov-Zabotinskii reaction (Noyes 1979) . 

More generally, sustained temporal oscillations have been observed in a 

variety of systems. In biology they appear in systems as small as squid 

giant axona (Hodgkin and ~uxley 1952) and enzyme reactions (Segel 1980) 

and as large as predator-p,~y ecological system models (Murray 1977) . The 
.... 

first reported chemicaj reaction to display sustained temporal 

oscillations was the de·composition of hydrogen peroxide in an aqueous 
' 

solution of iodine (Bray 1921) . 

The first reported sustained tempof~ oscillations in a heterogeneous 

catalytic reaction occured during t9k decomposition of N2o on CuO (Hugo 

1968;1970). Subsequently, such oscillations have been reported for a 

variety of systems. An excellent review of these is given by Sheintuch and 

Schmitz (1977), so this discussion will be restricted to reports appearing 

after 1977, except for CO and alkene oxidation which is dealt with in the 

next subsection. 

Reports of temporal oscillations in reactions, other than CO and alkene 

oxidation, since 1977 are presented in table 1.4. All these reactions (and 

the ones in Sheintuch and Schmitz 1977), including the decomposition of 

N2o on CuO mentioned above (Thomas and Thomas 1967), include chemisorbed 

oxygen as a reactive species. 

Some of these reports (Flytzani-Stephanopoulos et al 1980; Franck et al 

1983 etc) involve temperature oscillations whereas others (Zuniga and 

Luss 1978; Hlava~ek et al 1982) involve concentration oscillations under 
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isother mal conditions. Zuniga and Luss measured the exothermic reaction 

· rate oscillations by the change in current needed to maintain the catalyst 

wire at a constant temperature in the reactant gas stream. Thus the bulk 

t emperature is of necessity constant and other measurements indicate t hat 

the sur face temperature too remains constant, even when the reaction r ate 

fluctuations are large. This is contrary to the findings of Wicke et al 

(1980) for the same reaction, which indicate temperature oscillations of 

the order of 30 Kand a change of behaviour when nitrogen is replaced as 

diluent by helium, suggesting a heat transfer effect. The temperature 

oscillations observed by Tsotsis et al (1982) in Fischer-Tropsch 

synthesis have an amplitude of a few hundred degrees . 

One common observation is that either one or both parameters of the 

oscillations (period or amplitude) can change over many oscillation 

periods, indicating changes in catalyst activity, a phenomenon which will 

be discussed in the next subsection. Another common observation is that , as ., 
the frequency of the osci :,iations is usually several orders of magnitude 

'j. 

smaller than the turno"3r number [3] and the oscillations seem, in 

general, to be unaffecteµ by changes in the velocity of r eactant gas and 

the orientation of catalyst in the flow, the osc i llat ions are a chemical 

phenomenon, possibly caused by slow kinetic steps (Rajagopalan et al 
~ ~ 

1980) . 11lf:i 

The osci llations r epor ted by Subr amaniam and Var ma ( 1983) have been 

included in this subsection rather than the next one, because of the 

i nclus i on of NO and H2o as well as CO and oxygen in the r eaction mixtur e. 

The pr esence of H2o wi ll alter the dynamic s of the reaction due to the 

pr esence of the water-gas shift r eact i on. 

1.6.2 CO Oxidation Oscillations 

The first reports of oscillations in the oxidation of CO referred to 

oscillations observed during the oxidation of CO in air over a single 

Pt/Al 2o3 pellet (Beusch et al 1972). These osc i llat i ons had periods in the 

range 2-20 min. Oscillations have since been observed during CO oxidation 

[3] the number of molecules reacting per site per second 
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in single pass and recirculating reactors with the catalyst in the form of 

metal wires, foils, coils and beds of supported ea talyst particles. 

Sheintuch and Schmitz (1977) and Goodman (1980) have subsequently 

reviewed all experimental reports of oscillations, so only a few important 

reports of oscillations up to 1980 will be mentioned here and emphasis 

will be placed on more recent evidence of CO oxidation oscillations. 

An associated phenomenon is the existence of multiple steady states in 

CO oxidation over supported platinum catalysts (Hegedus et al 1977; Cutlip 

and Kenney 1978; Oh et al 1979). The history of the system determines which 

of the two stable steady states is attained under any set of operating 

parameters. Thus, a complete continuous cyclical variation of any 

parameter produces a hysteresis loop. 

Varghese et al (1978) addressed the question to what extent can 

unanticipated interactions by trace impurities in the gas streams produce 

spurious oscillatory phenomena. The oxidation of CO was carried out in a • gradientless CSTR~ Oxygerl ( the only gas species apart from CO) of two 

different standards of purity was used. The very high purity oxygen led to 
( 

unreproducible small amplitude, small period sinusoidal oscillations near 

the rate maximum value, which were unaffected by saturating the gas stream 

with water vapour. commercially avail~ e oxygen, on the other hand, with 

hydrocarbon contaminants, produced mu·ltipeak long period, relaxation-type 

oscillations which could be suppressed by water vapour. It is the 

contention of the authors that entirely different mechanisms are 

responsible for the two kinds of oscillations. While impurities may lead 

to oscillations by means of reversible blockage of catalyst sites and , 

hence, reversible changes in catalyst activity, the small oscillations 

seen with· pure oxygen near the rate maximum, where the turnover number is 

about twice that for most reports of isothermal CO oxidation, may be due to 

localised thermal effects. 

Reports of oscillations in the oxidation of CO on platinum published 

since 1980 are presented in table 1.~ Before analysing the differences 

between these reports, it is worth noting the common ground they all share. 

The most important common point is the temperature range. All instances of 

oscillations occur in the temperature range 100°c-390°c. They all occur 
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with small feed concentrations of CO, always less than the concentration 
of oxygen, regardless of the presence or not of diluents. Another common 
characteristic is the effect of the operating parameters on oscillation 
parameters, for those systems for which a parametric study could be made 
(summari sed in the last column of table 1.5). In all cases of oscillations 
occuring in a recirculating (gradientless) reactor, the oscillations 
persisted in the region where changes in the recycle ratio had no effect, 
indicating that external mass and heat transfer effects are not their 
cause. 

One variable which does vary over more than one order of magnitude in 
the reported cases of oscillations is their period which varies be tween 10 
s and 90 min. The existence, under some circumstances, of two distinct 
types of oscillations in the same reaction system should be noted. Of 
these, the 'soft' oscillations (which are usually sinusoidal and small in 
amplitude) tend to have a period of the order of 1 minute, while the 'hard' 

-, 
oscillations (which tend 1f> be relaxation oscillations) span virtually 
the entire range of convfrsion available to the system and may have a 
period of tens of minutes~ 1 This finding along with the results of Varghese 
et al (1978) mentioned above, may suggest that there are two oscillatory 
mechanisms and in each set of circumstances either one of the two or both . ... ;~ may be active. 

The experimental observations of oscillations in CO oxidation in table 
1.5 include the first two reports of oscillations under high vacuum 
conditions (Barkowski et al 1981; Cox et al 1983). The latter work reports 
periodic surface structural transformations associated with sustained 
temporal oscillations in the rate of CO oxidation on Pt(100). This 
transformation is shown by scanning LEED to involve a wave-like 
propagation of alternating bands of the two surface structural 
modifications across the entire crystal surface area. 

In this context, the results of Bocker and Wicke (198 4) are important. 
Using a palladium catalyst, these workers observed two peaks in the 
infrared absorption spectrum of CO, one of which is attributed to 'normal ' 
chemisorbed CO and the other to a more 'compressed' phase. Evidence for the 
presence of CO and oxygen islands is also presented. These observations 
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lead Bocker and Wicke to propose a mechanism for oscillations which 
includes the effect of formation and destruction of the 'compressed ' phase, 
and CO adsorption through a precursor as the oscillatory mechanism. 

The findings and conclusions of Cox et al ( 1984) are conf i rmed by 
Yeates et al (1985), who propose that the mechanism for the oscillatory 
behaviour of CO oxidation at atmospheric pressure differs from that at low 
pressures ( i.e. the periodic transformation of the Pt(100) surface). 
Examination of catalyst surfaces after oscillations by Auger spectroscopy 
demonstrated the presence of silicon (in the form of Si02 ) and subsurface 
oxygen. Clean annealed Pt ( 100) , on the other hand, did not produce 
oscillations. Yeates et al (1985) suggest that the silicon impurities 
either increase the sticking coefficient of oxygen, or catalyse the 
formation of platinum oxide, whose periodic formation and decomposition is 
cited by Sales et al (198~;1982) and Yeates et al as the cause of 
oscillations at atmospheric fressure (see also section 3.3.4). 

Two investigations (Tur'1er et al 1981; Lynch and Wanke 1984b) addressed 
the problem of heat trapsfer effects as causes fo r oscillations by 
replacing the nitrogen used as diluent wi th helium, or adding helium in 
the feed stream. In both ·cases no sign i.[ icant change was observed. This 

;_')ilft . contradicts the evidence of Chakrabar t y et al (1982) who reported that t he 
occu~ance of hysteresis and the rate of CO oxidation on the lower br anch 
of the hysteresis loop are influenced by the nature of t he di luent gas 
used. 

One va r iabl e wh ich i ntroduces an element of i rreproduc ibil ity in t o 
systemat ic i nvestigations of osc il l ations i s t he ac t ivi t y of the catalyst, 
r oughly de-fined as the number of ac tive si t es per unit ea talyst area 
(Thomas and Thomas 1967 ). In mo s t studies, t he assumption is made (either 
expl ic itly or i mpl icitly) tha t a s t andar d pretreatment of the catal yst 
before an experiment will lead to reproducible levels of activity for the 
cat alys t, pr ovided no poisons have been i n troduced in a previous 
experiment. This is not always so. 

There seems to be agreement among various workers (Sheintuch 1981 ; 
Rathousky and Hlav~cek 1982) that an increase in reaction temperatur e can 
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compensate either for a decline in activity in the same catalyst or a 
reduc tion in the amount of catalyst of constant activity, in terms of 
r ep r oducibil i ty of oscillatory patter ns . 

The most exhaustive survey of t he effec t of ca talyst histor y on 
activity has been carried out by Lynch and Wanke (1984a) , who suggest that 
pretreatment at temperatures considerably above the subsequently used 
r eaction temper ature does not necessar ily result in catalysts with stable 
act i vity. Incr eas es in catalyst act i vity were found to occur after ' severe ' 
reaction conditions. This finding was interpr eted in terms of the 
disintegration of small metal part i cles (r edisper s i on) on the catalyst 
(which usually requires high temperatures) leading to an increase in metal 
surface ar ea and activity. Severe reaction conditions, i .e. high oxidation 
rates , lead to higher temperatures on the particles compared to the bulk 
support , hence redispersion can occur at relatively low bulk temperatures • 

. f 
The diversity of oscill, tory behaviour observed during CO oxidation on 

't· 
platinum seems to sugge ' t that a specific mechanism exists for each 
catalys t and r ange of temper atur es , f lowra t es and reactant concentrat i ons. 
There are enough common charac teri s t i cs , however, be tween all cases of 
observed osc i llations to per mi t hope .1i..at a single under l y ing mechani sm 

~j%;1 
with var ious case- spec ific mod i f i cat i 0ns i s suffic ient to exp la in most or 
all cases of oscillations . 

1.6.3 Ethene Oxidation 

Reaction rate oscillations in the oxida t ion of ethene over platinum 
have been reported by Vayenas et al (1980 ). These.oscillations of period 5 
- 360 s were observed between 24o0 c and 360°c with fuel-rich ethene/oxygen 
mixtures. They were sinusoidal in character under some circumstances and, 
otherwise, had the form of 'spikes' above an average rate of reaction. The 
period and amplitude of these oscillations were found to be functions of 
temperature, residence time and the fuel/oxygen inlet ratio. 

The technique used in their study (solid electrolyte potentiometry) · 
allows the simultaneous monitoring of reaction rate and the surface oxygen 
activity. These two quantities oscillate with the same period but 
decreasing surface oxygen activity corresponds to increasing 
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co2 production rate~ The authors report that these oscillations, at a 

given temperature, occur only when the surface oxygen activity is in a 

range bounded by a value corresponding to the stoichiometric ratio of 

ethene and oxygen and another value which is a function of temperature 

only. This last bound is suggested to be the minimum surface oxygen 

activity thermodynamically necessary for the existence of platinum oxide. 

1.6.4 Propene And Butene Oxidation 

Isothermal reaction rate oscillations have also been reported for the 

oxidation of propene over a platinum wire (Sheintuch and Luss 1981 ) . These 

occur for mixtures containing less than 1% propene in the temperature 

range 175 - 228°c. The rate (as in the experiments of Zuniga and Luss on 

hydrogen oxidation) was measured at constant temperature in a flow 

reactor. These oscillations, which were commonly aperiodic, were of the 

relaxation type. At the low end of the propene concentration range , the 
-, 

oscillations displayed sev,ral frequency components, ranging from several 
')'. 

seconds to a few minutef. At the high end of the range, only the -low 

frequency components wer~ retained. Regions of multiple steady states were 

also reported. 

. ... 
The oxidation of C0/1 - butene mixtuiiffi:. over supported platinum leads to 

sustained concentration oscillation~ (Goodman 1980). No oscillations in 

the oxidation of butene, in the absence of CO, have been reported. 

1.7 Scope Of This Thesis 

The work described in this thesis is a continuation of the research 

into transients and oscillations in heterogeneous catalysis by Goodman 

(1980), which in turn grew out of the results of Cutlip and Kenney (1978) 

on rate multiplicities and temporal oscillations in the oxidation of CO. 

Goodman's work concentrated on transient experiments involving CO and 

oxygen, together with parameter estimation based on such experiments (see 

also Goodman et al 1982) and an investigation of the oscillatory behaviour 

of CO/oxygen/1-butene mixtures. The elementary step model developed by 

Cutlip and Kenney for CO oxidation in a recycle reactor was adapted by 
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Mukesh et al (1982;1983;1984) to account for oscillations in the 
CO/oxygen/1-butene system. 

The aims of this thesis are: 

(1) to examine the qualitative effect of various parameters (such as 
feed flowrate, temperature and catalyst loading) on observed 
isothermal concentration oscillations in the oxidation of CO/alkene 
mixtures over supported platinum catalysts; 

(2) to ascertain whether an elementary step model describing the evolution 
of the reaction with time and which does not include any a priori 
oscillatory mechanisms (such as artificially introduced feedback) , 
can predict oscillatory states; 

(3) to estimate kinetic parameters for the various elementary steps of the 
model from transient experiments involving a single step change in 
reactant input concentration and 

(4) to investigate the interaction of the complex kinetics of oscillatory 
f 

CO/alkene oxidation witf a time-varying reactant input concentration 
1'· 

and the effect of the ~r iod of such feed oscillations on the rate of 
conversion to co2• 

The apparatus used in the experimental studies is described in chapter ... 
2. A summary of models proposed tr~ account for oscillations in 
heterogeneous catal ysis and the mathematical model used in this work to 
describe the evolution of CO/alkene oxidation with time are presented in 
chapter 3. The results of transient experiments either with a single 
alkene or CO and oxygen, are reported in chapter 4 along with numerical 
investigations which lead to the estimation of kinetic parameters for CO, 
propene and ethene oxidation at 90, 120 and 150°c. Experimental 
observations of oscillatory states in CO/alkene oxidation and 
investigations of possible oscillatory solutions of the model proposed 
('limit cycles') are reported in chapter 5. Experimental and numerical 
results of the study of CO/propene oxidation under oscillatory input , 
including experimental observations of output oscillations with twice the 
period of the input oscillations, are presented in · chapter 6. Finally, 
conclusions and suggestions for further work are summarised in chapter 7, 
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2. EXPERIMENTAL EQUIPMENT 

2.1 Introduction 

This chapter describes the experimental apparatus used, its function 
-

and the results of certain standard tests carried out to establish its 

behaviour. The equipment consists of a facility for premixing feed and 

calibration gas mixtures, a recirculating reactor with associated heaters 

and sensors, a dedicated mass spectrometer for · gas analysis and 

interfacing to a mini-computer for on-line data logging. It was designed 

and largely constructed by 'Dr. M.B. Cutlip and is similar to the one 

described by Bennett ( 1976 }. A line diagram is shown in fig.2.1. Its 

specifications are given elsewhere in considerable detail (Cutlip 1975), ' . so the emphasis here will peon a description in terms of its function. 

As the aim of this investigation is the study of oxidation kinetics, it 

is essential that the reactor should ~~rate in such a manner that all 

complications due to imperfect heat and mass transfer are negligible. 

Furthermore it is desirable that the reactor outlet stream should have the 

same composition as the gas in the reactor, to simplify parameter 

estimation. It will be shown in section 2.7 and appendix B that the 

combination of a shallow bed of catalyst particles and a recitculating pump 

approximates to a continuous stirred tank reactor (CSTR) which satisfies 

the above objectives. 

In chapter 1, it was stated that transient experiments are most useful 

for detailed modelling if the operating parameter change is a we ll defined 

mathematical function, such as a pulse, a step or a ramp. In this study, 

changes in feed composition are generated by switching between premixed 

feed mixtures using a solenoid-operated four-way vaive. It wi ll be shown 

in section 2.6 that such changes approximate to input composition step 

changes. 
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2.2 Gas Mixture Preparation 

For reasons of accuracy and reproducibility, the feed mixtures used in 
this study were mixed in advance and stored in any of the tanks marked A to 
F in fig . 2.1 . Each of these tanks has a volume of 4 1 and is filled to a 
maximum pressure of 200 psia. The feed mixtures were made using pure 
components, available either in standard 47 1 cylinders or lecture 
bottles. The purity of these component gases, as reported by the 
manufacturers, is shown in table 2.1. [1] Prior to use these gases passed 
through beds of zeolite particles to remove water vapour. 

Preparation of feed gas mixtures involves use of the gas mixing panel 
shown in fig. 2.2. This is connected to the feed mixture tanks, in such a 
way that only one of the tanks can be filled at any one time. It consists 
of two pressure gauges atta.ched to the main filling line, a micro
regulating needle valve and an arrangement of ball valves allowing the 

. ., 
filling line to access one 1*.nd one only of the component gas cylinders 1· 

(most of which were stored , utside the building for safety). Another valve 
allows venting of the filling line and any tank connected to it, or 
evacuation by an Edwards EDM 2 high vacuum pump. 

,,., .... 
Of the two pressure gauges, one mea~es pressure in the range 0-200 

psia in increments of 02 psia and thif "other in the range 0-30 psi above 
the reference pressure in the gauge casing, in increments of 0.02 psi. The 
casing was evacuated prior to each mixing operation and the reference 
pressure was always below 0.05 psia. Both gauges are protected against 
overpressure. 

Prior to .filling a feed mixture tank, it is filled with argon usually to 
a pressure of 70 psia, vented and evacuated. The process of filling the 
tank starts with the component which will have the smallest concentration 
in the final mixture and ends with the diluent. Filling the tank with one 
component involves first isolating the evacuated tank and allowing a 

[ 1] Nitrogen was found in the oxygen supplied at concentrations well 
above that stated by the manufacturer. The signal due to this had to 
be subtracted from all mass spectrometer data, as it affected the CO 
signal ( see section 2.5) . 
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quantity of that component to pass through the filling line and the vent 

line, in order to bleed any air trapped in these lines. The line is 

subsequently flushed with argon, evacuated and connected to the previously 

evacuated feed mixture tank. Gas from the cylinder is slowly allowed into 

the filling line and mixture tank and the pressure monitored using the 

appropriate gauge. When the pressure reading on the gauge reaches the 

desired value with the micro-regulating valve closed completely, a 

different cylinder is connected to the gas mixing panel by suitable 

manipulation of the ball valves at the right hand end of the panel and the 

whole process, starting with the flushing of the filling line, is repeated 

until all required components have been included. Argon is used as the 

diluent, rather that nitrogen, which has the same molecular weight and 

hence mass spectrometer signal as CO. 

The mixture is left undisturbed for at least 24 hours to equilibrate. 

The composition of the mixture is calculated using the partial pressure of 
. ~ each component and Dalton's , aw of partial pressures. 

,-. 

' Errors in gas mixture :preparation can aris~ in any of the following 

ways: 

(1) Misreading of the pressure gauge. As a typical small pressure reading 
... 

. is 2 psi and the reading error ~~f< likely to be one-half of the 

smallest di vision ( i.e. 0.01 psi-), this error is unlikely to be 

significant. 

(2) Systematic errors in reading the pressure gauges. Such an error was 

discovered on connecting the sample side of the low pressure gauge to 

the reference side. The reading (which should have been zero) was 0.2 

psi. Comparison of this gauge with the high pressure one and a mercury 

manometer showed that, in the range 0-30 psia, this offset was constant 

and it was subsequently subtracted from all measurements. 

(3) Escape of previously stored components to the filling line during 

the add ition of the second and subsequent components of a mi xture. 

This can be minimised at the early stages of adding an intermediate 

component by keeping the filling line at a higher pressure than the 

feed tank being filled. At the later stages, when equilibrium between 

the tanks and the filling line (where the pressure gauge tappings are) 

is desirable, this cannot be eliminated by design. The flux due to such 
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back-diffusion is shown in appendix A to be negligible. 

(4) Deviation of the compr essibility of the gases from unity. This is 

insignificant at the total pressures used (200 psia), as the 

compressibility factors of the component gases at room temperature 

and 10 atm are greater than 0.99. 

The range of gas concentrations used were: 

carbon monoxide 
oxygen 

alkene 
carbon dioxide 
argon 

0-4% 

0- 3% 

0-1% 

0-2% 

balance 

These limits are observed for three reasons. Exhaust gas streams from 

car engines contain these gases in similar concentrations (see tables 1.1 

and 1.2 and Hegedus et al 1980). Safety is another consideration. In air, 

the lower limit of flammab i.i1ty of CO below 200°c is always greater than 
'l'• 13% (Coward and Jones 1952), The same authors report that in any mixture of 

nitrogen, air and CO, flamey cannot propagate if the, oxygen content is less 

than 5.6%. Furthermore, the same authors and Zabetakis ( 1965) indicate that 
in mixtures of air, nitrogen and propene, flames cannot propagate if the 

~ 

propene concentration is less than 2% . f!Pt,ii, 

The f i nal consideration is heat generation. The oxidation of CO and 

propene are exothermic reactions. The oxidation of CO has a 6H0
29 8 of - 283 

kJ mol -1 and the oxidation of pr opene has a 6H0 
298 of - 1926 kJ mol - 1• 

Unless the gas in the r eac tor were mainly inert, there would be 

substantial heat generation leading to possible severe temperatur e 

gr adients between the ca t alyst sur face and t he gas phase. 

2.3 Reac t or Feed Arrangement s 

Once t he two or more gas mixtures required for an experime nt have been 

prepared and allowed to equilibrate, experiments can be carried out by 

means of various control val ves and switches in the reactor feed panel 
(fig. 2.3) and reactor control panel (fig.2.4). 
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Any of the gas mixture tanks can be connected to either of the feed 

stream lines (FS1 and FS2 in fig.2.1). A throttle valve (not shown) is 

installed immediately downstream of each tank to ensure constant pressure 

in all gas streams. This is typically set at 15 psig. A needle valve in 

each of the feed stream lines (FC1 and FC2 in fig.2 .1 ) controls the 
volumetric flowrate and a rotameter (R1 and R2) downstream of the needle 

valve provides coarse measurements of the flowrate in each feed stream 

line. A maximum flowrate of 180 ml min-1 NTP is possible. A TEKFLO pressure 

transducer ( PT 2) compares the flowrates of the two streams. 

The two feed streams converge on the solenoid valve. This manually 

operated valve directs one of these feed streams to the reactor (described 

in the next section) and the other to a bubble flowmeter for accurate 

flowrate measurement. A change in feed concentration is effected by 
switching feed streams between the reactor line and the bubble flowmeter 

line. The extent to which such changes approximate to step changes is 
-I 

discussed in section 2.6. s a,ause the additional pressure drop due to the 
'l'· 

catalyst bed would alter tfie flowrate of a stream after switching to the 
reactor line, a balancing v,alve has been installed in the bubble flowmeter 

line to simulate the reactor pressure drop. This is set before each 

experiment to a position which will -lllow switching at the desired 
Jlfi,i/. 

flowrate without any change in the ind.ication on either rotameter (R1 or 

R2) . A Brooks thermal mass flowmeter has also been installed in one of the 

feed stream lines to permit monitoring of the reaction mixture flowrate 
during long experiments. 

A third line, which also can be connected to any of the feed mixture 

tanks, bypasses the solenoid valve and the reactor altogether and 
converges, ·along with the reactor outlet line, onto the sampling valve. In 

normal operation, this valve sends the reactor output to the mass 

spectrometer inlet and thence to vent, but its setting can be altered to 
send the bypass line stream for sampling. This facility permits analysis 
of calibration and feed mixtures before an experiment. 

A further facility (not illustrated in fig.2.1) permits the reactor 

output to be sent to the bubble flowmeter to confirm leak-proof operation. 
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2.4 The Reactor 

The reactor consists of a differential reactor and a recycle pump 

i ns i de an oven, shown in fig.2.5. The differential reactor, which is an 

aluminium block with seven 10 mm diameter channels drilled in to 

accommodate the catalyst, has a diameter of 70 mm and a length of 47 mm. 

One of the channels has its axis coincident with the axis of the block and 

the other six are spaced equally around the periphery of a notional circle 

of diameter 35 mm. The catalyst is divided equally within these channels 

and is kept in place by wire gauzes at each end. 

The catalyst used is 0.5 w/w % Pt on Y-A12o
3 in the form of cylindrical 

pellets of 1/8 in. diameter and length equal to their diameter . Of the two 

batches used, one (Catalyst I) was manufactured by Engelhard Ltd., 

Cinderford, England and the o.ther (Catalyst II) by Johnson Matthey Ltd., 

Royston, England. The physical properties of these catalysts are presented 
:i 

in tables 2.2 and 2.3. As thef:i epth of metal impregnation in both catalysts 
'j'. 

is 0.03 mm, problems of pelJet pore diffusion can be ignored (see appendix 

F). 

On both faces of the reactor block, a circular knife edge of diameter 
~ 

140 mm and a corresponding knife edge dNlthe inner surface of each flange 

capping the 1'.'eactor create a seal between the metal surfaces and the 

graphite gaskets. Graphite is used for the gaskets because the gasket 

mat~rial must be softer than the construction material of the reactor 

(aluminium) and the flanges (stainless steel) . This criterion eliminates 

most metals and gr aphite was chosen over Teflon, due to its higher 

resistance to thermal e f fects . · 

Each of the flanges has a channel to allow g,as in and out of the reactor 

and another channel to allow the ti p of a chr omel- alumel ther mocouple to 

be exposed to the gas stream jus t outs i de the wir e gauze. The bloc k and 

f langes are held t ogether by six 6 mm diameter bolts, passing thr ough an 

equal number of channels arranged along the perimeter of the block and 

flanges. Six more channels in the upper flange and the a l uminium bl ock 

have been drilled for the insertion of six 6 mm diameter heating 

cartridges and a smaller channel permits insertion of a 3 mm diameter 
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ceramic rod containing a Pt wire, acting as the sensor of the reactor 
t emperature controller. 

The reactor is connected by stain l ess steel pipes to the recycle pump, 
a meta l bellows pump (type Metbel HT 21) fixed to the oven floor . This is 
driven by a Wynstruments D3D induction motor running at 2800 rpm. The 
bellows pump delivers 4 l min- 1 with both ends open to the atmosphere and 
2.35 l min - 1 when the inlet is connected to the r eactor and delivers 
against higher pressure. 

The main heating for the oven (whose inner dimensions are 300 mm x 300 
mm x 300 mm) is provided by a 1.5 kW resistance heater coupled to a 30 W 
fan blower attached to an oven wall. An Accuron SP temperature controller 
(with a Pt wire resistance thermometer as sensor) allows settings of the 
oven temperature in the range o-150°c. A third thermocouple, inserted 
through an oven wall opposite the resistance heater, allows independent 

f measurement of the oven telf'erature. All three thermocouples can be read 
1· . to within 0.25 K. The heat; ng cartridges are controlled independently of 

the oven heater by another Accuron SP controller operating in the range . r 

150-450°c. The cartridge heaters were rarely used because most of the 
studies were conducted at temperatures below 150°c. As the oven . ... 
temperature cannot exceed 150°c, experi~ ts at higher r eactor temperature 
suffer from the disadvantage of possible gas cooling in the recirculation 
stream. The limit on oven temperature is imposed by the Teflon coating of 
the diaphragm in the recycle pump, which is susceptible to thermal damage 
above 220°c, al though the oven has been designed to operate at 
temperatures up to 350°c. 

Experiments with CO/oxygen mixtures flowing over blank alumina pellets 
at reaction conditions confirmed that neither any of the materials of 
construction nor the catalyst support catalyse the oxidation reactions 
under consideration. 

The recycle line includes an orifice plate, both ends of which are 
connected to a pressure transducer (PT 1) . This arrangement also allows 
the gauge pressure of the gas immediately downstream of the orifice plate 
to be measured, so that both the reactor absolute pressure (79-87 cm Hg, 
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depending on the flowrate) and the pressure drop in the catalyst bed 

(typically 3 cm Hg) can be measured. The pressure transducer r eading 

serves also to confirm the proper operation of the recycle pump before 

each experiment, a confirmation which is essential because the pump 

diaphragm can be disabled very easily by small particles in the gas 

stream. 

2.5 Gas Analysis 

A gas stream to be analysed (whether it be reactor input, output or a 

calibration mixture) is fed to a Vacuum Generators Ltd. Micromass-6 

magnetic deflection mass spectrometer equipped with a 6 in. radius 

90° magnetic sector. This instrument draws approximately 5 ml min - 1 NTP 

through a capillary from a T-j unction on a vent line by means of an 

Edwards ED 200 high vacuum p~mp, which pumps the 1nlet system. This inlet 

line (which is typically at j" pressure of 0.05 torr) is separated from the 

mass spectrometer source f( whose typical operating pressure is 2 . x 

10-7 torr) by a porous glass plug, through which sample molecules can pass 
' 

in Knudsen diffusion. Once inside the source, the molecules are ionised and 

are accelerated by means of an electric field . The interaction of ionic ... 
mass~ charge and the electric and m~ etic fields generated by the 

instrument allows molecules of a very ·narrow range of mass/charge (m/e) 

ratio to reach the detector at the far end of the magnetic sector. This 

detector is an electron multiplier consisting of a 17-stage beryllium 

oxide dynode chain. The current produced by the multiplier is transformed 

into a voltage signal through a series of amplifiers. For dilute mi xtures , 

experiments carried out by Goodman (1980) on the same instrument show that 

the vo l tag~ signal is proportional to the gas concentration of dilute 

species. 

The mass spectrometer is under the control of a VG PP2 Peak Selector 

Unit. This unit allows sequential sampling of up to four mass/charge 

ratios by varying the repulsive electric field in the source. It includes 

a sample-and-hold amplifier for each of the four species scanned. The 

voltage signal due to each species is stored in the correspond ing 

amplifier during the remainder of the scanning cycle and is updated on t he 

29 



next cycle. The scanning period used in thes~ experiments is 3 s, with each 
species being monitored sequentially for 0.75 s. This scanning period was 
the smallest compatible with stable signals. 

The peak select unit is connected via an analogue-to-digital converter 
to a PDP 11/45 mini-computer, rurining under the RSX time-sharing operating 
system. A library of programs exists on this computer for recording data 
from the mass spectrometer. The value held by each sample-and-hold 
amplifier is recorded by the computer every 2.56 s (or multiple of this 
interval) and stored on disc. At the end of the logging sequence ( due 
either to operator action or end of available disc space), the raw data is 
transferred to magnetic tape, from which it can be retrieved for 
subsequent batch processing. 

Before the start of each experiment, the mass spectrometer signals due 
to background, feed mixture and calibration mixture are recorded for use 
in converting voltages to,~oncentrations. The background signal is the 
signal due to a pure dilue,tt stream. The calibration signal is that due to 
a mixture containing all '~eed components and co2, in low concentrations. 

Calibration of the , mass spectrometer at least once each day is 
necessary for two reasons. The first is~e possibility of small drifts in 
the current supplied to the electrqmagnet which lead to drifts in the 
magnetic field and, hence, drifts in the m/e value corresponding to each 
setting of accelerating potential. The second is the possibility of 
variations in the output of the electron multiplier. Best results are 
obtained when the output from the detector is amplified in such a way that 
no amplifier saturation occurs for realistic concentration ranges and all 
signals ar.e in the range -1 to 1 0 V. 

When a species is sampled by the mass spectrometer, only ions of a 
certain mass/charge ratio reach the detector. Since commonly a molecule on 
entering the mass spectrometer source will be singly ionised, the main 
signal due to that species will appear at an m/e value equal to the mass 
number of the species. Secondary signals will arise due to: 
(1) Double ionisation; if two electrons are removed from a molecule 

the m/e value will equal half the mass number. Argon typically 

30 



next cycle. The scanning period used in thes~ experiments is 3 s, with each 
~pecies being monitored sequentially for 0.75 s. This scanning period was 
the smallest compatible with stable signals. 

The peak select unit is connected via an analogue-to-digital converter 
to a PDP 11/45 mini-computer, running under the RSX time-sharing operating 
system. A library of programs exists on this computer for recording data 
from the mass spectrometer. The value held by each sample-and-hold 
amplifier is recorded by the computer every 2.56 s (or multiple of this 
interval) and stored on disc . At the end of the logging sequence (due 
either to operator action or end of available disc space) , the raw data is 
transferred to magnetic tape, from which it can be retrieved for 
subsequent batch processing. 

Before the start of each experiment, the mass spectrometer signals due 

to background, feed mixture and calibration mixture are recorded for use 
in converting voltages to,~oncentrations. The background signal is the 
signal due to a pure dilueft stream. The calibration signal is that due to 
a mixture containing all .\eed components and co2, in low concentrations. 

Calibration of the mass spectrometer at least once each day is 
necessary for two reasons. The first is;J?l.e possibility of small drifts in 
the current supplied to the electro.magnet which lead to drifts in the 
magnetic field and, hence, drifts in the m/e value corresponding to each 
setting of accelerating potential. The second is the possibili ty of 
variations in the output of the electron multiplier. Best results are 
obtained when the output from the detector is amplified in such a way that 
no amplifier saturation occurs for realistic concentration ranges and all 
signals are in the range -1 to 10 V. 

When a species is sampled by the mass spectrometer, only ions of a 
certain mass/charge ratio reach the detector. Since commonly a molecule on 
entering the mass spectrometer source wi ll be singly ionised, the main 
signal due to that species will appear at an m/e value equal to the mass 
number of the species. Secondary signals will arise due to: 
(1) Double ionisation; if two electrons are removed from a molecule 

the m/e value will equal half the mass number. Argon typically 
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displays a significant signal at an m/e value of 20 and 
(2) Fragmentation; molecules may split into smaller fragments inside 

the source, so that secondary signals will appear at m/e values 
smaller than the molecular weight of the species. Ethene, for example, 
displays a significant signal at m/e values 28,27,26, the latter two 
presumably corresponding to the i ons c2H

3
+ and c2H2

2+. 

These secondary peaks, useful though they are to the analytical chemist 
trying to identify an unknown substance from the main and secondary 
signals, are troublesome when quantitative analyses of multi-component 
mixtures are desired, since a secondary signal due to one component may 
coincide with a peak due to another component. Such an effect is 
particularly important in this study for signals occuring at an m/e value 
of 28, which may be due to the principal signals of CO and ethene and a 
secondary fragmentation signal due to co2• 

The method used to correct for this effect ( one ideally suited to ., 
computer processing of mas9 spectrometer data) involves solving, at each ;. 
logging step, a number of lfnear simultaneous equations: 

Cs= s' (2-1) =.- -

where n is the number of monitored m/e settings,~ is the vector of n 
~ 

unknown true signals, f is the vectorf~f. n apparent signals and C is an 
=; 

n,xn matrix ( the diagonal elements of which are equal to 1). The non-
diagonal elements of C (which would have a value of zero if no secondary 
signals existed) are calculated from separate experiments involving each 
of the monitored species individually and express the relative intensity 
of various secondary ~eaks to the principal signal for that species. The 
implicit assumption is made here that the values of the so-called 
'cracking coefficients' for a species, as found in single component 
experiments, are unaltered in multicomponent experiments. Typical values 
for mixtures used in this study are shown in tables 2.4 and 2.5. 

Mass spectrometer data processing is carried out by invoking a single 
program with the raw data, the cracking matrix and the cal ibration mixture 
composition as inputs. After correcting for possible variations in gain, 
subtracting the background signals and correcting for secondary signals, 
the voltage signals for each m/e value monitored are converted to mole 
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fractions for the relevant species by comparison with the signals due to 

the calibration mixture. The processed results are then transferred to 

Cambridge University's IBM 3081 computer for graphical display. The 

inability to monitor argon concentrations (due to the restriction on the 

number of settings per scanning cycle) means that there can be no 
independent confirmation of the concentration values by summing up the 

mole fractions and normalising if necessary. 

The major error introduced at this stage is due to the interaction 

between sequential data generation by the mass spectrometer and 
instantaneous recording of data by the computer. In a typical experiment 

the overall cycling period of the mass spectrometer is 3 s. Each mass 

number is monitored for 0.75 sin each cycle and the signal corresponding 

to that setting is stored in the corresponding sample- and-hold amplifier 

for the remaining 2.25 s. As the. values held by each amplifier are sampled 

by the computer simultaneously, only one of the four recorded values is 
. 1 

appropriate to that instant afid one of the other three signals can be up 

to 2.25 s old when logged. Thi( effect becomes insignificant if the spacing 

between points is greater thran 3 cycle periods. When consideration of fast 

phenomena (in this time scale) is unavoidable, this limitation on 

contemporaneity must be borne in mind. 

Errors in the intensity of the signil can arise either due to a non

linear relation between signal and mole fraction of the sample species or 

due to electrical noise. Instances of this latter effect have not been 
removed from displays of experimental results in order that comparison 

between real time-dependent variations in the signal and electrical noise 

spikes can be made. 

2.6 Step Function Generation 

This subsection examines the response of the feed switching system and 

the gas analysis system to a single activation of the solenoid valve. For 

this purpose, the reactor bypass stream was connected to the mass 
spectrometer. 
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Figure 2.6 shows the response of the mass spectrometer, as recorded by 

the computer, to a step change from a pure argon stream to a typical 

reaction mixture containing 2% CO, 3% oxygen, 1% propene and 1% co2• The 

mass spectrometer cycling period was 3 s, the data logging interval was 

2.56 sand the flowrate 50 ml min-1 NTP. 

In order to examine the fine structure of such a change, a switch from a 

pure argon stream to one containing 2% CO was carried out. During these 

experiments (one at a flowrate of 50 ml min-1 NTP and one at a flowrate of 

100 ml min - 1 NTP), the mass spectrometer monitored m/e ratio of 28 

continuously and the output was recorded by a chart recorder . The results 

are shown in f ig.2. 7. In the case of a switch at a flowra te of 50 ml 

min-1NTP, a slight 'overshoot' effect is observed but disappears within 10 

s. of the solenoid valve being activated. The time delay before any CO is 

detected represents the pipework volume traversed by the CO boundary. The 

'overshoot' is less noticeable at 100 ml min-1 NTP. 
f • ,. 

To these observations mut t be added another concerning the flowrate.; 

during a switch between feed streams, a perturbation is observed in the . ( 

rotameter readings of both feed streams. This perturbation, which is of the 

order of 10% of the original setting, lasts typically less than 3 sand may 
--n: be attributed to the instantaneous bloc,i'.~le of both feed streams as the 

solenoid valve barrel rotates from one setting to the other. 

2.7 Transient Reactor Response 

Tracer experiments were conducted on the r eactor with the dual aim of 

determining _the validity of the CSTR approximation and of calculating its 

void volume. In these experiments, the reactor was loaded with the standard 

charge of 10~04 g of 0.5 % Pt on Al2o3 ( catalyst II). Step changes were 

carried out between a pure helium stream and a stream containing 2.25% 

argon in helium, with the reactor maintained at 29°c, 79.5 cm Hg. As neither 

inert gas interacts with the catalyst or the reactor itself, the argon 

serves as a tracer. Typical output from a step change is shown in fig.2.8. 

The origin of the time axis is the time at which the solenoid valve was 

activated. Since an input step change in a mixed reactor leads to an 
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immediate response due to bypassing, the delay before the tracer is 
detected in the output is due to the piping between the solenoid valve and 
the detector. The length of pipe between the solenoid valve and the 
reactor is significantly smaller than the length of piping between the 
reactor and the detector. Thus, the time delay can be attributed to the 
latter piping length. From this time delay, the volume of the plug flow 
section is calculated to be 5.2 ml. 

When a step change in tracer mole fraction occurs in the input to a 
CSTR, the mole fraction of tracer in the outlet stream as a function of 
time elapsed after the step change is given by: 

t 
(2-2) 

T 

for a step change from xin=O ~o xin>O or 

t {::t1 = - : (2-3) 

for a step change from·, xi'n=x
0

>0 to xin=O. The derivation of these 
equations is presented in appendix B. For the purpose of this study, the 
validity of the CSTR approximation is judged by the extent to which the 

" ..... 
tracer content of the output obeys thes~l.near relations (2-2) and (2-3). 

The left hand side of equations (2-2) and (2 -3) for two experiments, 
each involving step changes to and from a tracer-containing feed stream, 
are plotted in fig.2.9 as discrete points. The lines superimposed are the 
'best-fit ' lines to the points to the left of the vertical dashed lines. 

The dev~ation of the response from CSTR behaviour in this figure is due 
to ( a) the high margin of error in the right hand end of the curves, as the 
argument of the logarithms is approaching zero ' (so that a small reading 
error is amplified by the logarithm) and (b) possible non-idealities in 
reactor behaviour. This latter reason will be examined later. 

The best fit straight lines in fig.2.9 provide estimates of the 

residence time ( the inverse of the lines' slope, as can be seen by 
inspection of equations (2-2) and (2-3)) of the reactor which, multiplied 
by the volumetric feed flowrate at reactor temperature and pressure, lead 

34 



to an estimate of the volume of the CSTR. 

The calculation of the absolute reactor void volume is independent of 
any assumptions about the extent of mixing. The only assumption r equired 
is that, once a steady state is achieved, the mole fraction of tracer in 
the reactor is the same as that in the feed (i.e. there is no accumulation 
of tracer in the reactor by adsorption etc). The method involves 
calculating the shaded area in fig.2.8, which can be related to the amount 
of tracer heid in the reactor. The above assumption provides a relation 
between the volume occupied by the tracer and the total void volume of the 
reactor. The derivation of this method is also presented in appendix B. 

The mean value of the CSTR volume is calculated to be 48 .2 ml and the 
mean value of the absolute reactor volume 48.5 ml. The detailed 
calculations of these values and their 95% confidence intervals are 
presented in appendix B. These values compare favourably with a value of 

f 48.8 ml for the CSTR volum. estimated from tracer experiments using 3% 
'l'• oxygen in argon at 150°c. fhe reactor in that experiment had been charged 

with 10 .04 g of blank Al20i, pellets, on which oxygen does not adsorb. 

As this latter tracer experiment had been carried out before a second . ... mixing region downstream of the reac fB, was found and eliminated, the 
absolute reactor volume had been found to be larger than the CSTR volume 
by approximately 6 ml. The small difference (0 .3 ml) between CSTR volume 
and · absolute void volume in the argon-tracer experiments described 
ear lier in this section suggests that the non- linearities in fig .2.9 are 
due to r eading errors r ather than regions of defective mi x ing, which would 
have led to a discrepancy between the CSTR and absolute volume estimates. 

2.8 Conclusions 

The appara tu s described i n thi s chap t er has been designed to a l l ow 
investigations of the transient kinetics of heterogeneous catalytic 
reactions. The requirements for it, as set in section 2.1, were that the 
operating parameter changes should be repres ent ed by we l l-defined 
mathematical functions, that the reactor should behave as a CSTR, so that 
the gas phase concentrations in the reactor and its outlet should be the 
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same, and that heat and mass transfer resistances should be negligible. 

Switching between feed streams by means of a solenoid-operated valve 

has been shown in section 2.6 to produce step changes in input 

concentration of the reactants. 

. -1 The recycle pump has a minimum output of 2.3 1 m1n so that for all 

realistic feed flow rates (up to 100 ml min-1 NTP) the recycle ratio is 

greater than 20:1. This is the value quoted by Gillespie and Carberry 

(1965) as sufficient to ensure well-mixed behaviour in a recirculating 

reactor. Nystrom (1978) provides a criterion for the recycle ratio when 

intra-particle mass transfer is the limiting mass transfer process. Even 

when the recycle ratio is above 20:1, there are pitfalls in simplistic 

analyses of steady state rates to fit power law type kinetic expressions, 

as demonstrated by Wedel and Villadsen (1983) . 

The combination of a difftrential reactor and a recycle pump has been • shown in section 2.7 to beh;-ve as a CSTR, as determined by residence time 

studies. The volume of this notional CSTR is shown to be equal to the 

absolute volume of the reactor, indicating that there are no regions of 

defective mixing, except for the pipework upstream and downstream of the 
... 

reactor, in which plug flow is assumeiB~ The problem of heat and mass 

transfer between the gas and the catalyst particles will be examined in 

chapter 5 and appendix F. 
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3. MATHEMATICAL MODEL 

3.1 Introduction 

The search for models which wi ll describe the isothermal oscillatory 
phenomena in CO oxidation has led to the investigation of a multitude of 
theoretical models . The proposed causes for such oscillations can be 
broadly divided into: 

(1) Surface temperature fluctuations 

(2) Surface coverage dependent activation energies 

(3) Slow reversible adsorption of inert species 

(4) Slow alternate oxida_,tion and reduction of the catalyst surface 
(5) Formation of reactifit islands on the surface 

( 6) Non-linearities ii~igh order reaction systems. 

The last category contains models which include no obvious oscillatory 
mechanism but can be 

oscillatory behaviour. 

shown by matheru_atical 
~~" 

techniques to lead to 

Some such mathematical techniques are presented in section 3,2, Reports 
of mbdels proposed in the literature appear in section 3,3, subdivided in 
the manner shown above. The model used in this study and its derivation are 
presented in section 3,4 and the methods for steady state and dynamic 
solution of this model are outlined in section 3,5, 

3.2 Mathematical Techniques 

The time dependent progress of a reaction occ~hng in an isothermal 
CSTR can be represented, given the kinetics, by the solutions of a set of 

ordinary differential equations (ODEs) of the form: 

d~ 

dt 
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where~ is the vector of gas and surface concentrations. The evolution of 
the system can be considered as a path or t r ajectory within an n
dimensional space ('phase space') where n is the order of the system. If 
t he order is 2, the phase space reduces to a plane. 

The search for mathematical models which will predict sustained 
spontaneous temporal oscillations has concentrated on searches for sets 
of ODEs which, for certain parameter values, lead to stable periodic or 
chaotic behaviour . All further discussion will be limited to periodic 
dynamic states, called 'limit cycles'. A limit cycle is defined as "an 
isolated [1] periodic solution of an autonomous system of non-linear ODEs, 
which in the case of a second order system can be represented in the phase 
plane by an isolated closed path" (Jordan & Smith 1977). For a second order 
model, the Poincare'- Bendixson theorem provides the easiest means of 
finding limit cycles since, from this theorem, it can be inferred that in a 
region from which the path does not escape and in which there are no 
equilibrium points , there must exist a limit cycle. 

' This powerful l ' theorem, unfortunately, does not extend to third or 
higher order systems. Furthermore, the tools of stability analysis , 
linearisation around a steady state and examination of the eigenvalues 
arising, provide no means of identifyi9.ji,'.'llimi t cycles unless the sys t em 
has a unique unstable steady state, in ~hich case a limit cycle must exist ,. •. 

around it. A different appr oach is the search for bifurcations, i.e. points 
at which the topological structure of the phase trajectories undergoes a 
qualitative change . This approach applies to systems of the form 

d~ 

dt 
=!_(~, µ) (3-2) 

Under continuous variation of the parameterµ, a stable equilibrium point 
may bifurcate to an unstable equilibrium point and a stable limit cycle 
around it. A system of this form may include more than one adjustable 
parameters. Some of these parameters may lead to bifurcations and some may 
not . In formal terms Hopf's theorem states (Marsden & McCracken 1975) that 

[ 1 J 

isolated in the sense that there is a neighbourhood of phase 
space which contains the limit cycle but no other limit cycle. 
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if a steady state has complex eigenvalues A with negative real parts in 
one region of parameter space and in an adjacent region has some 
eigenvalues with positive real parts, it is expected that along the 
boundary between the two regions a 1 imi t cycle wil l form. Thus , the 
conditions for a bifurcation are: 

ImO) 7'0 
Re0) =O 

d[Re0) J>O 
dµ 

(3-3) 

with all other eigenvalues retaining negative real parts. The presence of 
a Hopf bifurcation is a sufficient condition for a limit cycle but there 
may be limit cycles in phase space which are not associated with a Hopf 
bifurcation. 

Although this general formulation is of little practical value, various 
criteria have been derived from it to aid in the search of regions of f 
parameter space for osci :l!i.atory solutions of catalytic reaction 
models . [2] ' 

One such criterion has been expressed in terms of the determinants of 
the Hurwitz matrix (Hurwitz determinants). The Hurwitz matri x is an nxn ... 
matrix (where n is the order of the model:)~hose elements are given by the 
following rules : 

hij =p_i +2j 
hij=O 

0~2j-i.~n 
2j<i & 2j-i>n 

where pi are the coefficients of the characteristic equation: 

(3-4) 

(3-5) 

and A are the eigenvalues of the Jacobian matrix of (3-2) at a steady 
state S. A typical element of this Jacobian is: 

a .. 
l.J 

of. ) = __ l 

OX · 
J s 

(3-6) 

[2] See Takoudis et al ( 1982) for an example of combined use of the Poincare-Bendixson and Hopf bifurcation theorems. 
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leading to: 

P1 P3 P5 0 0 
1 P2 P4 
0 P1 P3 

H= 0 1 P2 (3-7) 
Pn 0 

Pn-1 0 
0 0 0 Pn-2 Pn 

and the kth Hurwitz determinant (k<n) is the determinant of the kxk 
principal minor of~· Morton & Goodman (1981) have shown that a necessary 
condition for a bifurcation to a limit cycle is that the two highest 
Hurwitz determinants should vanish while the other n-2 should remain 
positive. 

The advantage of this criterion is that, in addition to establishing 
the stability in the neighboarhood of particular steady states, it can be • used to derive algebraic iniqualities which can serve to delineate regions 
of parameter space in which limit cycles may occur. 

An alternative to the Morton-Goodman criterion as a means of obtaining 
qualitative guidelines for oscillatory;~haviour of catalytic reaction 
models has been proposed by Chang and ~luko (1984) and is based on the 
multiple time scale approach to singular perturbation problems (e.g. 
Jordan & Smith 1977). As in the case of the Morton-Goodman criterion, 
however, once the oscillatory mechanisms and regions of parameter space 
have been qualitatively identified, numerical simulations or application 
of Hopf's theorem must be resorted to with 'informed estimates' of 
parameter values in order to confirm the existence of oscillatory 
solutions. 

Three different time scales in the evolution of catalytic reactions are 
identified by Chang and Aluko (1984). The fast one is associated with the 
time scale of surface processes (adsorption and reaction). The 
intermediate one is associated with the reactor residence time and the 
slow one with periodic changes in the number of active ea talyst sites 
(regar dless of t he physical mechanism for these changes) . By separating 
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these times from the other state variables and using their ratios as 
perturbation variables , the leading order approximation to the dynamic and 
steady-state behaviour of the model equations (i.e . in the limiting case 
for which the perturbation variables tend to zero) leads to a three-tier 
structure, whose trajectories approach those of three degenerate sub
systems. In each of these sub- systems, the equations involving one 
particular time scale govern the dynamic behaviour of the model, while the 
equations · associated with time scales smaller than the governing one 
reduce to algebraic ones. These algebraic equations define manifolds 
(loci) in state space, whose topological properties provide clues to the 
existence of oscillations (single- or multi-peak). 

3,3 A Survey Of Proposed Models 

3.3.1 Surface Temperature Fluc1juations 

' 'l'- ' 

One of the first attempf s at modelling oscillations in the rate o·f 
oxidation of CO was by means of models in which the following reactions 
were assumed to take place (Dagonnier & Nuyts 1976; Dumont & Dagonnier 
1 979; Lagos et al 1979 ). : 

o2 +.·2S .-l 20S 
co+ s ~ cos 

COS + OS .....,. Co2 +2S 

(3-8) 

(3-9) 

(3-10) 

The surface was assumed to be in contact with a constant temperature 
bath through a finite non- zero heat transfer process. The adsorption of CO 
was consider~d unactivated. Since the surface reaction step is exothermic, 
a cycle can be built up as follows: Starting from a 'hot' surface, oxygen is .,. 
mostly adsorbed. As the surface cools down, due to exchange with the bath 
(which might be the support, in the case of supported catalysts), CO is 
progressively adsorbed. After an 'induction period', the surface reaction 
begins and proceeds fast, leading to the heating up of . the surface and to 
consumption of the adsorbed CO. This process concludes one cycle. 
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A more complicated model, the 'pebbly surface' model, has been presented 
by Jensen & Ray (1980a;1982) to complement their 'fuzzy wire' model for 
unsupported catalysts (Jensen & Ray 1980b). The model explains rate 
oscillations in terms of the combined effect of the dynamic behaviour of 
individual metal crystallites on the support surface, as well as of the 
heat conduction and diffusion in the bulk particle. Depending on the size 
distribution of crystallites, oscillatory behaviour of almost any degree 
of complexity can be pred.icted. It presents, nevertheless, some conceptual 
problems, such as to what extent is one justified in using bulk heat 
transfer coefficients for interfaces a few atoms wide. 

These models have now been almost totally abandoned, as they cannot 
predict phenomena such as the disappearance of oscillations with 
increasing temperature. 

3.3.2 Surface Coverage Dependent Activation Energies 
. ., 

It has been shown by Pik1? s & Luss (1977), Sheintuch & Schmitz (1978) 
and Ivanov et al (1980) that the assumption of linear dependence of the 

r activation energy for the surface reaction step on the surface coverage of 
either of the two surface species is sufficient to produce oscillations in 

.... a second order system. This activation en~y dependence can be due either 
to intrinsic surface heterogeneities or to surface-adsorbate 
interactions. Kevrekidis et al (1984) investigated the effect of coverage 
dependent rate parameters on surface catalysed reactions of a single 
species and concluded that models including such parameters can predict 
oscillations. 

The models presented by Sheintuch & Schmitz assume that chemisorbed 
oxygen has the effect of increasing the activation energy for the rate of 

. production of co2• By further assuming that gas-phase oxygen is in excess 
and that adsorption and desorption of CO are at equilibrium, the order of 
the models reduces to 2 and these are then examined by means of the 

/ 

Poincare-Bendixson theorem. Such an examination shows that a reaction 
scheme containing a Langmuir-Hinshelwood step ca0 lead to oscillatory 
states if the exponential parameter q in the rate expression 

r=kxye-qy (3-11) 
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has a value greater than 1 and a scheme including an Eley- Ri deal step can 
l ead t o osci l latory states if the exponential factor is gr eater t han 4. 

Such an analysis, however , is strongly dependent on which t wo of the 
state var iables are considered to be time-invariant. By using the two 
surface cover ages (rather than one gas-phase concentration and one 
surface coverage as Sheintuch & Schmitz did) Jayaraman et al (1981) could 
not produce oscillatory states of the CO oxidation model . 

3.3.3 Slow Rever sible Adsorption Of Inert Species 

It has been shown by Eigenberger (1976;1978) that a system of the form: 

A+S ~ AS 
8+2S ~ SSS 

2AS+BSS _. 2C+4S 

(3-12) 

(3 - 13) 
(3-14) 

will not produce stable oscillatory solutions, al though it may lead to 
multiple steady states. Thi~ was shown by assuming that the gas phase • concentrations are constan;~ that reaction (3-13) is at equilibrium and 
that the concentration of· BSS is always very small ( i.e. k_2 » k2 [BJ ) 

r 
and by applying the Bendixson criterion to the resulting second order 
model. 

... 
Ijil~ 

A+S ~ ,AS 
2AS+8+2S ~ 2C+4S 

The addition of another step of the form: 

(3 - 12' ) 
(3 - 14 ' ) 

D+Sk ~ DSk (3-15 ) 
where D can be any component of the reaction mixture and DSk is an i nert 
substance, whose onl y effect i s to block catalyst si t es , i s shown t o be 
suff icient for oscillatory behaviour in cer tain regions of parameter 
space. 

The physical reas oning behi nd t he addition of t h i s extra reaction step 
is that the reaction in the system described by equations (3 - 12' ) and (3-
14') will move to the low ('extinguished') steady state , if the AS coverage 
is large enough for a deficit of empty sites to occur . The system will 
remain at the low steady state, if additional empty sites are not freed by 
some means. The slow reversible adsorption of an inert species is the 
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simplest means of periodically providing emp ty s i tes, lead i ng to a 
success i on of i gni tion and extinct i on s teps. 

Eigenberger' s treat ment of the i nert adsor bate model has come under 
criticism fr om Lynch and Wanke (1981 ), who clai m t hat t he assumpti ons t hat 
k_2 >> k2[ B] (so that [BSS ] << 1) and the adsorption and desor pt i on of B 
are at equilibr ium cannot be satisfied simultaneously. It is claimed by 
the latter author s that the osc i llations presented by Eigenber ger ar e due 
t o the ar tifi cial introduction of positive feedback in the system (2S ~ 
4S, in equation (3 - 14 ' )) . 

Aluko and Chang ( 1984) have shown, by using t he multiple time scale 
approach descr ibed in section 3.2, that the set of equations (3 - 12) to 
(3 - 15) can lead to stationar y and oscillatory (single and multi-peak, 
per iodic and chaotic) states . Such results were found to be consistent 
with Hopf bifurcation analyses and f ull numerical simulations. In the 
process, it was shown by these:i authors (Chang and Aluko 1984) that models 

' in which an Eley- Rideal re~ t i on is the sole Co2- pr oducing step canno~ 
l ead to oscil l atory states .· . 

. ( 

3.3.4 Slow Oxidation And Reduction Of The Surface 

Such model s f or osc illat ory r eac tions have been proposed by Vayenas et 
al (1981 ) f or the oxidation of ethene on Pt and by Sal es et al ( 1982) for 
the oxidation of CO on Pt. As indicated in subsections 1.5.2 and 1.6.3, there 
is some evidence for t he existence of Pt oxide at temperatures as low as 
550 K, and it is the alternate oxidation and reduction of the Pt surface 
which is considered to be the driving mechanism for rate oscillations. The 
kinetics of formation of this species are much slower than those for 
chemisorbed ' active ' oxygen and of the same time scale as the CO oxidation 
oscillations reported by these authors in their ~xperimental papers (see 
subsection 1.6.2 ) . 

The composition of the gas phase above the catalyst is assumed to be 
time-invariant. This assumption is criticised by Nowobilski and Takoudis 
(1985), who demonstrate, using the example of ammonia oxidation over Pt, 
the importance of oscillations in the gas phase. Even in a differential 
reactor, in which the conversion of the limiting reactant is less than 5%, 
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the elimination of variations in the gas phase is shown by these authors 
to l ead t o models whose dynami c behaviour may bear little relation to the 
r eal system. 

The f ormation of this oxide is assumed by both models t o be a s econd
order pr ocess between a chemisorbed oxygen atom and a reduced site. An 
oxide- occupied site is deactivated with respect to further chemisorption. 
Vayenas et al (1981) assume that a certain constant fraction of sites is 
earmarked for oxide formation , whether or not it is oxidised at any 
instant , so that no direct adsorption of any species can occur on such 
sites at any time. The model by Sales et al (1982) is more flexible i n that 
any reduced site can be deactivated and subsequently reactivated after 
r eduction of the oxide by a chemisorbed CO molecule. This model is shown to 
display two stable steady states for a r ange of values of oxide fractional 
coverages , and the var iation in oxide coverage (which is slow enough for 
all other processes to reach equilibrium) causes the system to oscillate -J 
between the t wo branches of the t r ajectory. 

' The model by Suhl (1981 ) was a simpler-ver sion of th i s model and has ( 

been super seded . 

... 
3.3s Formation Of Reactant Islands On TrlFsurrace 

The experi ment al evidence for the formation of reactant i slands or 
patches during the oxida tion of CO on Pt ha s been r eviewed in subsections 

· 1.5.1 and 1.5.3. The elementary s tep model (ESM) proposed by Cutlip and 
Kenney (1978) was modified by Mukesh et al (198 4) t o account f or the 
existence of thes e i slands . Ra t e express i ons for a variety of possible 
island stru.ctures (e.g. constant number of islands, constant size of 
islands and even a parabolic distribution of th~ number of islands with 
total surface coverage) were proposed and the predictions of the ESM and 
island models with either a constant number of CO islands or a constant 
number of islands of both reactants were compared. These two variants of 
the island model were found to agree best with experimental results which 
are also well predicted by the ESM. It is worth noting that some of the 
more complicated island models proposed (which include processes such as 
exchange of reactants between the islands' interior and boundaries) are 
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similar in algebraic f orm to the ones descr ibing the superposition of 
reversible adsorption of an inert species on a catalyst surface. 

A more complicated island model under development by Cox et al (1984) 
involves two phases of the Pt(100 ) surface. Not only is adsorbed oxygen 
restricted to one of these phases , but the boundary between the phases 
pr opagates along the crystal face in a wave-like form. Only preliminary 
results have been reported and a more detailed presentation is expected. 

3.3.6 Non-linearities In High Order Models 

So far, it has been shown that simple (second order) systems can lead to 
limit cycles if a sufficiently non-linear term is introduced into the rate 
equations or if an assumption is made concerning the presence of an 
additional species. 

Morton and Goodman ( 1981) approached the problem of oscillations ·I 

differently. A general system~of the form: 

' · A+ K1S ~ K 1(AS) 
r (3 -16 ) 
B + K 2S ~ K 2(BS) (3-17) 

p 1 ( AS ) + p 2 ( BS ) -+ P + ( p 1 + p 2 ) S (3-18) . ... - in which no assumptions about equi~_rium or constant gas-phase 
concentrations are made, and in which - the reactions obey mass action 
kinetics, was examined for - limit cycles, using the Morton-Goodman 
criterion (see section 3.2). The reaction was assumed to occur in a CSTR 
and the reaction rates were of the following general form: 

(3-19) 

(3-20) 

( 3-21 ) 

This analysis provides some conditions which indicate in what regions of 
parameter space bifurcations to limit cycles are most likely. For the set 
of parameters corresponding to the CO/oxygen system these conditions 
include: 

(1) Small surface concentrations and small overall surface capacity 
(2) Predominance of surface concentration of CO over that of oxygen 
(3) Desorption rates which ar e small compared to the surface reaction rat e 
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(4) A rat i o of gas phase concentr at i ons of CO to oxygen of at least 4 

These conditions are not i~ very good agreement with many experimental 
results . A simulation is presented which leads to sinuso i dal oscillations 
of small per iod (of the order of a r es i dence time ). The rate constants us ed 
for t hi s simulation are not in the same r atios as those found 
experimentally by Goodman (1980) . 

3.4 Model For CO/alkene Oxidation 

3.4.1 The Framework 

The model employed in this work is a var iation on an extension of the 
elementary step model (ESM) . proposed by Cutlip and Kenney ( 1978) to 
explain the dynamic behaviour of CO oxidation over supported Pt in a CSTR • 

. -, 
This i n turn is a Langmuir-Hfnshelwood model , without the assumptions that '1'· 
all rever sible adsorption Ateps are at equilibrium and that the surface 
r eaction step is t he r ate-rdetermini ng one. The present model is based on 

' t he f ol l owing assumptions: 

(1) Al l gas phase species compete f or the ~me catalyst sites [3] 
{I!# 

(2) CO adsor bs linearl y onto one catalys·t site [4 ] 
(3) Oxygen adsor bs dissoc iatively [5] 
(4r React i on occurs only between adsorbed species [ 6] 
(5) Al l hydrocarbons are completely converted to co2 and H2o [7] 

It will be shown in chapter 4 t hat the ESM pr ovide s a sufficiently 
accurate description of experimental transients not involving alkenes but 
cannot predict experimental transients involving alkenes. A suitable 
modification will be introduced to correct this. 7 

[3] See Lynch (1984a) for a discuss ion of the validity of models involving unequal capacities for CO and oxygen. 
[ 4 J See sub sect ion 1.5. 1 

[5] See subsection 1.5.2 
[6] see subsection 1 ;5;3 
[7] Pa r.terson and Kemball (1963) found that co2 and H2o accounted for 99% of the product of propene oxidation in the temperature range 323-403 K (acetone accounted for the other 1%). 
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J.4.2 Derivation Of The Model 

The reaction mechanism can be expressed as: 

CO+ s ~ CO-s 
o2 + 2s ~ 20-s 

CO-s + 0-s ~ C02 + 2s , 

CnH2n + Nss -- CnH2n-Nss ~ 

CnH2n-Nss + 3n0-s ---+ nco2 + nH2o 

CnH2n +s' __.::,. CnH2n-s ' -.::--

Co2 +s' -.:.. CO -s' ~ 2 

+ (Ns+3n)s 

(3-22) 

(3-23) 
(3-24) 

(3-25) 
(3-26) 

(3-27) 
(3 - 28) 

The rate expressions corresponding to this mechanism can be derived from 
the law of mass action as follows (with the exception of (3 - 33)): 

r1 ' 

r2 ' 

r3 ' 

r4' 

r5 ' 

r5 ' 

r7 ' 

where 

kp1 'c1sv - km1 ' s1 co adsorption/desorption 

k ' . 2 
p2 C2SV k ' 2 - m2 S2 02 adsorption/desorption 

k3'S1S2 co oxidation 
Ns 

-km4' S3f ffo3) alkene adsorption/desorption = kp4'C3Sv 
NR 

' alkene oxidation =k5' S3S2 

k ' ,v 
AJ 

alkene adsorption on support p6 C3Sv - km6S3 . 

= k ' ,v p7 C4SV k 'l'V - m7 S4 co2adsorption on support 
... 

Ji!!,{. 

ci is the reactor (and exit) concentration of species i 
NR is the order of alkene oxidation with respect to O(ads) 

Ns is the number of sites occupied by one CnH2n molecule 

(3-29) 

(3-30) 

(3-31) 

(3-32) 

(3 - 33) 

(3-3 4) 

(3-35) 

(mol ml - 1) 

r' is a reaction expression per unit catalyst mass (mol g- 1 s-1) 

si is the concentration of catalyst sites occupied by i -si i s the concentration df support sites occupied by i 

v refers to vacant (active or support) sites 

-1 (mol g ) 

(mol g-1) 

For each alkene included in the reaction mifture a separate set of 
chemical steps (3 -25) to (3-27) and reaction expressions (3-32) to (3-34) 
must be considered. 

The surface oxidation of alkenes is complicated and the reaction (3-26) 

is meant only as a stoichiometric representation of it. The dimensionless 
factor f'(s3 ) in equation (3-32) is introduced here in anticipation of 
modification of the ESM in chapter 5. For an unmodifed ESM, f'=1 . Equations 
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(3 - 22 ) to (3-24) and (3 - 29) to (3 - 31) r epr esent the or ig i nal Cut lip and Kenney ESM. Goodman (1980) found this model sufficient for simulations of a range of dynamic behaviour of the CO / oxygen/Pt system. It was expanded by Goodman (1980) and Mukesh et al ( 1982 ;1 983) to model t he oxidat i on of C0/1-butene mi xtures with Ns=2 and NR=1 ~ The expanded ver sion was also used by Cutlip et al (1984) to simulate the oxidation of CO/propene mi xtures again with Ns=2 and NR=1 . 

For each of the species present in a well-stirred reaction vessel , a mass balance can be written: 

amount 
amount 

inflow + produced by 
reaction 

outflow + consumed by + accumulation 
reaction · 

For each gas phase species , this mass balance is expr essed as : 
de. 

v-1. 
dt 

~ 
= q Fe iF - qc i + ifl o . . r . ' ; i = l lj J 

1 

. ' and for each surface spec1~s 
ds. 

l. 
m

dt 

as-: 
l. m-

dt 
wher e: 

m 

~ 
m l e:. .r . I i 1 , Ms . 1 lj J J= ... 

MR ;JJI~ 
m 2 n- .r.' i 1 ,Ma • 1 l j J J= 

i s the ca t alyst mass 
i s t he number of species adsorbed on the support i s the number of gas phase species (5) 
is the number of reaction expressions (7) 
is the number of catalyst surface species (3) is the volumetric product flowra t e 

"! is the volumetric feed flowrate 
is the reactor volume 

(3 - 36) 

(3- 37) 

(3-38) 

(g ) 
(2) 

(ml s-1) 

(ml -1 s ) 
(ml) 

The numbers in parentheses are the values of the corresponding parameter for the system of most interest, i.e. the oxidation of mixtures of CO and one alkene. 

The stoichiometric coefficients o,E,n form a set of mat rices, which for the CO/oxygen/CnH2n system are of the form: 
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r I 1 r I 2 r I 
3 r4' r I 

5 r6' r I 
7 

-1 0 0 0 0 0 0 co 
0 -1 0 0 0 0 0 02 

I:!. = 
0 0 0 -1 0 -1 0 Cn82n 
0 0 +1 0 +n 0 -1 co2 

(3-39) 
0 0 0 0 +n 0 0 H2o 
0 0 0 0 · o 0 0 Ar 

[+~ 0 -1 0 0 0 0 J co-s +2 -1 0 -3n · o 0 0-s 
0 0 +1 -1 0 0 CnH2n-Nss 

E = (3-40) 

[ ~ 0 0 0 0 +1 0 J CnH2n~s' 
0 0 0 0 0 +1 co2-s 

H = 
(3-41) = 

As the oxidation of CO leads to a reduction of the total number of 
moles and the oxidation of alkenes leads to an increase in the total 
number of moles, the reactor feed volumetric flowrate is not necessarily 
equal to the product volumetric flowrate. The two flowrates can be related _-, 
by summing the set of equati, ns (3-36) over all gas phase species. 'j'. 

' Let Ic i = cTOT" Then: 

dcTOT 
v~~ qFcTOT - qcTOT 

dt 
(3-42) 

The total gas phase concentration in- the reactor cTOT ( = P /RT) remains 
constant, provided the reactor temperature and pressure are also constant, 
so the left-hand side of equation (3-42) is equal to zero and the equation 
can be rewritten as: 

Mg~ 
+ ___!!_ l l 0 .. r . I 

cTOT i=lj=I lJ J 
so that equation (3-36) can also be rewritten as: 

or: 

de. 
v-1 = 
dt 

dx. 
l. 

dt 

~ 
qF(cl.F - cl..) + mio .. r. I 

j=l l.J J 

~ 

~ M M.... me. g -"R __ 1.l Io .. r.' 
C i j = J l.J J 

TOT 

M ~ l O • • r • I 
• I l.J J 

mx. . g __ 1._l Z:o _r.' . . . J J= VcTOTi=I J l.J 
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µ -
Traditionally, concentrations of surface species have been calculated in terms of fractional surface coverages e, where Ie = 1. Following Goodman (1980) , an alternative dimensionless surface concentration is defined here as: 

z. 
. 1. 

= 
ms. 

1. :. 
mRTs. 

1. 

VPTOT 
(3 - 46) 

which is physically equal to the number of sites occupied by surface species i divided by the total number of gas phase molecules in the reactor. Furthermore, 

(3-47) 
where z

0 
is the ratio of the total number of adsorption sites on the catalyst to the number of gas phase molecules in the reactor. By analogy, 

(3-48) 

. f Alternative rate constan'3 can now be introduced, so that all rate !'· expressions have units of r~iprocal time: 

r 
r1 = kp1CTOTX1Zv - km1 2 1 

"' ,.., kp6CTOTX3Zv -km6 2 3 

kp7cTOTx42y-km4z4 

(3-49) 

(3-50) 

(3-51) 

(3 -52) 

(3-53) 

(3-54) 

(3-55) 
These rate constants are related to the ones defined in equations (3-29) to (3 - 35) as follows : 
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kp1 (ml mol - 1 s-1 ) = kp1 I ( 3-56) 
km1 ( s - 1 ) k . I (3-57) m1 
kp2 (ml mol- 1 s -1 ) 

kp2 I ( VcTOT/m) (3-58) 
km2 ( s - 1 ) 

km2 I ( VcTOT/m) (3 -59) 
k3 ( s -1 ) = k3 ' ( VcTOT/m ) N - 1 (3 -60) 
kp4 (ml mol - 1 s-1) kp4' ( VcTOT/m) s ( 3- 61 ) 
km4 ( s -1 ) 

km4 I (3-62) 
k5 ( s -1 ) NR 

(3 - 63) k5
1 (VcToT/m) 

kp6 (ml mol - l s -1) 
kp6 I (3 -64 ) 

km6 (s - 1) 
km6 1 (3-65) 

kp7 · (ml mol - 1 s -1 ) 
kp7 

I (3-66) 
km7 ( s -1 ) 

km7 I (3 - 67) 

so that equations (3-36) , (3-37) and (3-38) can be respectively rewritten 
as: 

dx . x iF - x. ~ Mg~ l. l. 
+ Io .. r. I Io .. r. i=I M (3-68) = - x. 

dt j =I'l.J J l. i=lj=l l.J J 
, g 

T 

dz. ~ ., 
l. IE:. .r. • i=I M (3-69) = .... 

dt j = 11.J J ' 
, s 

"' ~ dz. 
l. In .. r. i=I M (3-70) = ; 

dt . 1 l.J J , a 
J= 

where o, e: , n are elements of the matrice~; E, H respectively. 

3.5 Solution Of The Model 

3.5.1 Dynamic Solution 

The ordi~ary differential equations (3-68) to (3-70) , derived in the 
previous section, cannot be integrated analytically. Furthermore, because 
of the range of orders of magnitude of the rate constants, the set of 
equations is stiff. The recommended method for numerical integration of 
stiff systems of ODEs is Gear's vari able step, variable order method (Gear 
1971) which, at any point in the integration, stores . information on the 
history of the dependent variables in the form of first- and higher - order 
derivatives , rather than as values at previous time steps , a llowi ng the 
algorithm to be implemented with a time step appropriate to the stiffness 
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of the problem at that integration step. 

The particular implementation of Gear's method used in this application 

was subroutine D02QBF of the NAG subroutine library, available on the IBM 

3081 computer operated by the Cambridge University Computing Service and 

the specific form of equations (3 - 68) to (3-70) for the CO/pr opene/oxygen 

system can be found in appendix D. 

3.5.2 Steady State Solution 

The steady state solution of the model is complicated by the 

possibility of three vectors of gas and surface concentrations being 

solutions for a given set of rate parameters, feed concentrations, surface 

capacity and reactor residence time. Most of the standard routines 

available in subroutine libraries cannot guarantee the identification of 

all possible roots of a set . of equations. For this reason, a special 

program was written with the aim of locating all steady states of the 
. -I 

model. • 'l• 

' This program was based on one written by Dr W.Morton to solve the set of 
r 

four algebraic equations for the CO/oxygen system. The program written in 

the course of this work was, of necessity, more complicated since two 
' equations were added to the original, f6~ (equation~· arising out of the 

ODEs for alkene on the support and co2 · 1n the gas phase and on the support 

were not considered) . So three loops were now necessary, one each for x1, 

z3 and z2• For the case of the simple ESM (i.e~ with f(z 3)=1), the equations 

were : 

. 
x1 =(x 1 F-x1 )!-r-k3z1 z2=o 

z3- =Cx 3F-x3 )/,-k5z3z2=o 
. 
z1 =kp1 x1cTOTzv-km1z1 -k3z1z2=0 

X2 =( (x2F-x2) I' )-kp2X2CT0Tzv 
2

+km22 /= 0 
• 2 2 
Z2 =2kp2X2CTOTzv -2km2z2 -k3z1z2-9k 5Z3Z2=0 
. 
X3 =kp4X3CT0Tzv-km4z3-k5Z3Z2=0 

where 

53 

(3-71) 

(3-72) 

(3-73) 

(3-74) 

(3-75) 

(3-76) 
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The outer iteration loop scans the range of x1 from Oto x1F. For each 
value of x1, an intermediate loop scans the range of z3 from b to z

0 ~ For 
each value of x1 and z3, equations (3-73) to (3-76) are solved by scanning 
through the range of z2 from O to (z

0 
-z

3 ), calculating values for x2, 
z1 and x3, until a value of z2 is found which satisfies (3-74). 

Once x2 ,x 3 ,z1 and z2 are fixed for given values of x1 and z3, the 
right hand side of equation (3-72) is calculated and z3 altered (with 
corresponding recalculations of the four variables above) until the RHS of 
equation (3-72) vanishes. 

Having established the values of x2 ,x 3 ,z1 ,z 2 and z3 that will 
satisfy equations (3-72) to (3-76) for a given value of x1, the RHS of 
equation (3-71) is calculated and x1 altered (with corresponding 
recalculations of the other gas and surface concentrations) until the RHS 
of equation (3-71) vanishes. 

-, 
Since the search is resta1.ted from the point where a solution has been 

found, all possible steady .s\ ate vectors of gas and surface concentrations 
are located. This program ' can be usecL in conjunction with stability 
analysis routines (discussed in chapter 5) . 

3.6 Conclusions 

A mathematical model for the catalytic oxidation of CO/alkene mixtures 
in a CSTR has been derived on the basis of elementary step rate 
expressions, following a summary of proposed macroscopic models for the 
catalytic oxidation of CO over Pt. Methods for dynamic and steady state 
solution of this model have also been presented. 
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4. TRANSIENT EXPERIMENTS AND PARAMETER ESTIMATION 

4.1 Introduction 

The first part of this chapter is largely concerned with experimental 
studies of transients and the latter sections describe computations 
directed to simulating the complex phenomena observed. 

Some transient experiments consist of a single step change from 
pretreatment of the catalyst with a dilute mixture of CO in argon to a 
dilute CO/oxygen mixture. In other experiments, CO is replaced by propene 
or ethene and some others inv~l ve step changes from a complex three
component mixture to oxygen. 1'ie aims of the work in this chapter were: 
firstly , to estimate the c~n,centration of active metal sites on the 
catalyst and to identify any differences between catalysts I and II; 
secondly, to gain qualitat-ive insights into the effect of operating 
parameters (reactor flowrate and temperatu!i,) and catalyst loading on· the 

.. 
kinetics of CO and alkene oxidation and thirdly, to estimate rate 
constants for these reactions. 

4.2 Catalyst Ti trations 

4.2.1 The Principles Of Titration 

According to most treatments of heterogeneous catalysis, reactions on 
surfaces occur on well-defined sites, which can be associated with 
imperfections on the catalyst surface (Thomas & Thomas 1967). The 
concentration of such sites in otherwise identical samples of catalyst 
depends on variables such as manufacture and past treatment. In fact this 
site density can be considered as an alternative expression of catalyst 
activity, a factor invoked to explain differences in the rate of a 
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reaction under otherwise similar conditions. 

The i n si tu titration of catalysts with pairs of reacting gases 
(CO/oxygen, hydrogen/oxygen etc) permits comparison of different samples 
and quan t if ication of any differences that ar ise. This method involves 
es t ima t ing the quantity of a gas . that can be adsor bed on a particular 
catalyst and hence, by means of assumptions about the stoichiometry of 
adsorption, the number of adsorption sites on that catalyst. Because 
catalyst surfaces cannot be thoroughly cleaned of all adsorbates in situ 
under typical reaction condi tiOns, titration pretreatment consists of 
blanketing the surface with one gas, which can then be removed by the 
titration gas . The procedure used for ti trations in this study is as 
follows: the pretreatment gas ( typically 2-3% in argon) is fed to the 
reactor at reaction temperature and flowrate for up to 5 hours. At the end 
of the pretreatment stage, this gas is remove.d from the gas phase above the 
catalyst by flushing the reactor with argon. Then a step change to the . ·I 
titration gas (also typicallf 2- 3% in argon) is carried out and the 
reactor outlet concentratioi of the titration gas is continuously 
monitor ed until a steady state is reached. Curve (a) i n fig .4. 1 is a 
typical r esult of an oxyge~/CO ti tration. [1] Curve (b) in the same figure 
r epresents the response of a CSTR to ~1similar step change with no 
catalyst loading. The amoun t of t itr ation_' gas t aken up by t he ea talyst is 
pr opor tional to the shaded area i n fig . 4.1. 

Curve (b) may be obtained either analytical l y, us i ng equation (2- 2) , or 
experimentally, by r epea t i ng the step change to the titration mixtur e 
after a second argon flush. Since the surface i s assumed to have been 
blanke ted by t he t itr ation gas at this stage , no further adsorption should 
occur. 

The area be tween the two curves can . be calculated by graphical or 
numerical integration. The integral can be rela ted to the amount of 
titration gas used by means of the exact compos ition of .the stream and the 
molar flowrate into the reactor. A sample calculation is presented in 

[1] In all fur.ther discussion, A/B titration will refer to a process in which A is the pretreatment gas and Bis the reacting titration gas. 
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appendix C. 

4.2.2 Titrations With CO And Oxygen 

Goodman (1980) conducted a series of titrations with argon flushes of 
either 8 minutes or 120 minutes duration and concluded that, for oxygen/CO 
titrations, there is a significant difference between the results of the 
short- and long-flush ti trations due to desor ption. Consequently, all 
titrations carried out in this study involved argon flushes of 8 minutes 
duration, during which it is assumed that there are no significant 
cumulative effects due to desorption. 

Significant desorption rates have a distorting effect on absolute 
titration results. Throughout the discussion in the previous subsection it 
has been ass~med that, at steady state, all surface sites are occupied by 
the gas in the reactor. This, as will be discussed in section 4.8, will only 
be strictly true if the deso~ion rate for this species is negligible~ 
These complications are negl jdted in all further discussion of catalyst 
ti trations until section 4.8. · 

. r 

Further assumptions need to be made about the stoichiometry of 
' titration. In the case of titrations inv~ing CO and oxygen, oxygen is 

known to adsorb dissociatively, whereas CO may adsorb either in the linear 
or bridged form. For an oxygen/CO titration, therefore, one CO molecule per 
site is required to react with the preadsorbed oxygen atom and one t o 
adsorb on the subsequently vacated site in the linear mode, leading to a 
correspondence of two CO molecules taken up by the surface to one active 
site. If bridged bonding is assumed, half a CO molecule is required for 
adsorption on · each vacated site, leading to a correspondence of 1.5 CO 
molecules taken up by the surface to every active site. Following the 
discussion of section 1.5.1, the linear mode of CO adsorption will be 
assumed throughout. 

Titration results for fresh activated samples of catalysts I and II at 
various temperatures are presented in table 4.1. The value of 3.6 x 10-6 

mol g - 1 at 1 oo 0 c for catalyst I compares well with the figure of 4.7 x 
10-6 mol g-1 at 150°c obtained by Goodman (1980) for the same catalyst 
~sing the same procedure. 
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Catalyst II, which has the same nominal weight percentage of metal, is 
shown to have a site concentration of 1.5 x 1 o-5 mol g-1, i.e. 4.2 times 
greater than catalyst I (as estimated by oxygen/CO titration at 150°c). 
Since the dispersion of catalyst I is quoted in table 2.2 as 48%, the 
dispersion of catalyst II should be in excess of 100%. This absurd value 
renders the data quoted in this table for catalysts I and/or II suspect. 
Fig.4.2 is an electron micrograph of catalyst I, showing metal particles on 
the support surface. No particles of such size were observed in 
micrographs of catalyst II. 

It should be noted that the site concentration at 150°c, as estimated 
by CO/oxygen titration, is greater than that estimated by oxygen/CO 
titration at the same temperature. The estimate derived from CO/oxygen 
titrations will be taken to be the one closer to the true value. 

The wide distribution of va1·ues of site concentration from oxygen/CO 
titrations at room temperatur.#provide cause for concern. The first two 
values of site concentration ;abulated in table 4~1 suggest a progressi~e 
activation of sites with increasing temperature, whereas the last of the • f 

values is consistent with the active site concentration being independent 
of temperature. The apparent increase in active site concentration can be 

~ 

attributed to significantly lower CO des9f'piion during the argon flushes 
at room temperature than at 150°c. 

4.2.3 Titration With Propene At 150°c 

A variation of the titration procedtire - was used to derive 
experimentally the number of active sites occupied by one chemisorbed 
propene molecule. A sample of catalyst II was pretreated with a mixture of 
2% propene in argon at 15o0 c for 5 hours and, after~an 8 minute argon flush 
to remove all traces of propene from the gas phase, a stream of 3% oxygen 
in argon was introduced to the reactor. The outlet mole fraction of 
co2 was monitored continuously until it no longer varied significantly 
from the base line ( i.e. less than the smaller di vision on the chart 
recorder paper or 0.03% co2 ). The area under this curve was found by . . 

numerical integration to be equal to 4.21 x 10-4 mol of co2• Since each 
propene molecule, when completely oxidised, produces 3 co2 molecules, the 
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amount of pr opene adsor bed on the sur face can be inferr ed to have been 
1.40 x 10- 4 mol or 1.39 x 10- 5 mol g- 1• Thi s value is similar t o t he 
es timate of site con~entration from oxyg.en/CO titrations (1 .49 x 10- 5 mol 
g-1). If each molecule r equired t wo s ites for adsorpt i on, the maximum 
concentration of adsorbed propene would be 1.02 x 1 o-5 mol g - 1, i.e. one 
half of the lar ges t of the estimates of site concentration (2.04 x 
1 o-5 mol g - 1) . Thus, assuming only integral values of Ns are possible, the 
onl y acceptable value for Ns is 1. 

• Since propene, in contrast to CO and oxygen, has been known to adsorb on 
alumina , one final question concerns the possible effect of such propene 
adsorbed on the support during the pretreatment stage on the titration 
results. If substantial replenishment of the propene adsorbed on t he 
act i ve sites by propene previously adsor bed on the support has occurred 
(either by desor ption from th~ support and readsor ption on the active 
sites or by surface migration) the titration results would be distor ted. 

~ 
This question canno t be sett~ d a t this stage but the pr oximi ty of the 
estimated value of Ns to I suggests that r eplenishment dur i ng the 
t i tration is insignificant. 

"-4.3 Transient Experiment s Involving CO And,· Ixygen 

4.3.1 Effect Of Operating Parameters 

Transient experiments were carried out with mixtures of 2% CO and/or 3% 
oxygen in argon t o gain qualitative insights into the effect of oper ating 
parameters (reactor flowrate and temperature) and catalyst charge on CO 
oxidation kinetics. For ease of comparison, an experiment consisting of a 
step change from 2% CO in argon to 2% CO, 3% oxygen in argon was carried 
out at each set of condi tions. Unl ess otherwise stated, the catalyst used 
was catalys t II. 

At 90°c and 100 ml min-1, [2 ] (fig .4.3), the oxygen profile follows an 
approximate mixing curve which levels off a t a mole f raction l ower than 

[2] all flowrates are quoted at NTP, i.e. at 22°c and 1 atm. 
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that of the feed. At a flowrate of 50 ml min-1 NTP, with oxygen 
pretreatment, no CO ever appears in the exit stream. Upon increasing the 
temperature to 120°c, transients involving CO pretreatment change 
dramatically (fig.4.4). After the step change, oxygen appears in the exit 
stream immediately in a manner similar to that in fig.4.3 but subsequently 
falls to a level it maintains for about 4.8 mean residence times (1R) and 
then rises to its ultimate steady· state value. When the flowrate is 
reduced to 50 ml min - 1 NTP the height of this oxygen hump is markedly 
reduced and the subsequent trough lasts for approximately 5.81w It is 
worth noting that in a1i such cases, the peak of the gas-phase co2 profile 
occurs at the same time as the commencement of the ultimate rise of the 
oxygen profile to steady state, notwithstanding the extensive adsorption 
of co2 on the support. No such features are observed in transient 
experiments involving oxygen pretreatment. 

An increase of the temperature to 150°c leads to a reduction in the 
height of the hump to under O.~ at 100 ml min- 1 NTP (compared to about 1% ·1 . 
at 120°c and the same flowrf.te) (see fig.4.5) and the duration of the 
trough changes to 5. 4 reacto'r, residence times. The hump almost disappears 
at a flowrate of 50 ml min -, NTP and the duration of the trough is 
approximately 7 reactor residence times. 

4.3.2 Effect Of Catalyst Loading 

Further experiments of the kind described in the previous subsection 
were conducted with different catalyst loadings to determine the effect of 
this parameter on the characteristic profile of transients with CO 
pretreatment. 

For this purpose the contents of some of the channels in the reactor 
block holding the catalyst particles were removed and replaced by an equal 
number of blank alumina pellets, so that the catalyst content was reduced 
while the reactor void volume remained constant. Fig.4.6 shows the profile 
obtained for a catalyst charge of 4.28 g (43% of the original charge). The 
oxygen profile hump is sharper and higher than for the full ea talyst 
charge and the trough following it is of negligible duration. This effect 
is more pronounced when the catalyst charge is reduced to 1.42 g (14% of 
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the original charge) (fig.4.7) . 

4.3.3 Discussion 

The presence of the oxygen hump and the subsequent t r ough dur i ng the 

initial stages of a transient exper iment fr om a CO- pr etr eated surface to a 
CO/oxygen reaction mixture and the corresponding absence of such 

phenomena in experiments with oxygen pretreatment suggest significant 
differences i n the adsorption processes of CO and oxygen. 

The most likely difference is the requirement of one site for the 

adsorption of one CO molecule but two adjacent sites for the adsor ption of 

oxygen (see section 1.5.2 for evidence about the dissociative adsorption 
of oxygen on platinum) . Whereas on an oxygen- covered surface the vacant 

sites (whether due to oxygen desorption or to the inability of oxygen to 
utilise single vacant sites ·surrounded by occupied ones) will be 

sufficient for very few molecuil.es of CO to adsorb initially, react with • adjacent adsorbed oxygen and lead to the release of more sites for further 
- . 

adsor ption, the pair s of adjacent sites on a CO-covered sur face may be too 

f ew to allow oxygen any substantial access to the surface. The oxygen 
therefore will ini tial l y appear i n the outlet str eam in a mixing curve. 

~ 

Once some oxygen mol ecules manage to re~ the surf ace , dissoc i ate and 
r eact , pairs of sites are vacated and t her e is an autocatalytic effect 
with each adsorbing oxygen mol ecule f acilitat i ng the adsorption of a 
f ur t her two oxygen molecules . This explains the second (decreasing) par t 
of t he oxygen profi l e hump and the low exit concent rat i on of oxygen during 
the trough. This will be referred to as the 'runaway adsorption' region. The 
decrease of the height of the hump with temperature can be explained in 
terms of a decrease of the pretreatment stage equilibrium CO coverage. 

In the previous subsection it was shown that at any temperature, the 

height of the oxygen profile hump increases with flowrate (a dependence 

also observed by Goodman (1980)). The decrease in the size of the oxygen 
hump with decreasing flowrate in this work may be explained in terms of 

the accumulation of oxygen molecules in the reactor just after the step 
change to an oxygen-containing mixture. If a fixed (small) number of pairs 
of adjacent sites are available at the moment the step change is carried 
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out, regardless of the residence time of the reactor , the same number of 
oxygen molecules can adsorb in a time interval ot after the step change . 
Si nce more molecules enter the reactor in this interval ot at a higher 
flowr ate , the quantity of oxygen in the gas phase increases wi t h 
increasing flowrate. Since the onset of this ' runaway' site clear ing i s 
contr ol led by t he char acteristic time of the surface pr ocesses and not by 
the residence time, and the slope of the rising section of the oxygen 
profile hump is controlled by the residence time, the peak of the hump will 
occur at a lower exit mole fraction value in the case of longer residence 
time. 

4.4 Transient Experiments Involving Alkenes And Oxygen 

4.4.1 Effect Of Operating Parameters 
., 

As with step changes from4f xygen pretreatment to a CO/oxygen mixture, 
step changes from oxygen pretreatment to ~ propene/oxygen reaction 

I . . 0 mixture provide no unusual response phenomena. At 150 C, steady state 
conversion, based on oxygen ( the limiting reactant), dropped from 93 % for a 

-1 . , ": - 1 f l owrate of 50 ml mi n . NTP to 88% f or a f l~wrate of 100 ml min NTP . Over 
. . the same inter val , at 120°c, conversion dropped from 83% to 72% . When the 

r eaction temper a t ur e i s r educed to 90°c, conversion at a flowrate of 50 ml 
min- 1 NTP falls dramat ically to 44%. 

When an oxygen-ri ch mixt ure (0 .5% pr opene, 4% oxygen) follows 
pretreatment of the cata l yst wi t h 3% propene , the quali t ative outl ine of 
t he profiles is similar t o those f or a step change f r om CO pretreatment to 
a CO/oxygen mixture, as descri bed in the previous section (see fi g.4.8) . 
There is no obvious change in the shape and size of the oxygen hump, when 
the flowrate is reduced from 100 ml min- 1 NT~ to 50 ml min-1 NTP, a l though 
the duration of the oxygen trough is roughly doubled. 

As with CO/oxygen transient experiments, the size of the hump increases 
and the duration of the subsequent trough shrinks when the experiment is 
repeated at 120°c (fig.4.9). At this temperature, the expected reduction i n 
the size of the oxygen hump with flowrate can be observed (fig.4.10). The 

62 



• 

shape of the oxygen profile in fig 4.11 can also be considered as a 
limiting case of a large oxygen hump foilowed by a trough of negligible 
duration. 

The . by now familiar pat tern of an oxygen hump and subsequent trough 
appear s also in experiments involving step changes between 4% propene and 
3% oxygen, at a flowrate of 50 ml min-1 NTP and a temperature of 150°c 
(fig.4.12), 120°c (fig.4.13) and 90°c (fig.4.14). In each of the two former 
cases, the hump is smaller than it would have been had the oxygen feed 
contained propene as well ( compare fig. 4.1 3 and 4.1 O). 

The relation between the height of the oxygen hump and temperature 
and/or flowrate remains the same when 0.9% ethene replaces 0.5% propene 
(fig.4.15-4.18). 

4.4.2 Discussion 

1 
For the ini ti.al stages o~ reactor response to a step change to a 

mixture containing oxygen an~ some other species (propene or CO in this 
. context) after pretreatment .with this latter species, it may be expected 
that the surface oxidation of this species will not be important (since 
very little oxygen will have managed to aq~ ulate on the surface) and the 
significant processes will be the adsorpt ion of oxygen and the reversible 
adsorption of the other species. The similarity of the initial stages of 
the reactor exit profiles for transient experiments involving either CO or 
propene indicate a similarity in the adsorption processes. 

Compar ison of figures 4.13 and 4.10 indicates that, given the same 
operating con~i tions, the oxygen hump i s smaller i f no pretr eatment gas is 
i ncluded in the reaction mi xture . This can be explained by consider ing the 

~ 

par tial pressur e of propene i n the r eactor just after the step change . In 
the case of a feed stream conta i ning pr opene and oxygen, t he partial 
pressur e of propene is reduced gradually, reducing the driving f orce for 
adsorption but leaving desorption unaffected. In the cas e of f eed streams 
containing only oxygen, the partial pres sure of pr opene dr ops more qu ickly 
than in the previous case, since there is no gas phase replenishment after 
the step change, so that the adsorption rate of propene also drops more 
quickly. This means that , since the rate of desorption is the same for both 
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cases , sites are vacated more rapidly in the latter case and more oxygen 
molecules can adsorb in the interval just after the step change . Since it 
was stated in section 4.3 that the cause for the oxygen profile hump in 

. such experiments is the inability of oxygen to adsor b in the initial 
stages, the greater availability of sites 5-n the initial stages of the 
experiment in the latter case leads . to a smaller oxygen hump. 

The trough that follows the oxygen hump occurs at a higher oxygen 
concentration for ethene than for propene at this temperature . This is due 
either to some intrinsic mechanistic difference between the two alkenes or 
to some deterioration in the mixing characteristics of the reactor. [3] 

4.5 Complex Step Changes 

4.5.1 Experimental Results ., 
• A series of experiments i'1 which step changes in feed concentration 

from 1% propene, 2% CO, 3% oxygen in argon to 3% oxygen in argon were 
carri ed out to investigate the trans ient features of co2 evolution after 
the step change. Such experiments are muo.h more complex than the ones - . . J~i!lti: 
already discussed, since they L~Volve three reactants simultaneously. 

When such experiments are conducted at 150°c, co2 production displays a 
small peak just after the s.tep change followed by a gradual decay. The 
decaying part of the co2 evolution curve includes a shoulder, i.e. a point 
of inflexion (fig.4.19) at 3.7 minutes (or 9.5,:R) after the feed change. A . . . 

~ . . 
similar point of inflexion can be observed when the experiment is repeated 
at 50 ml min- 1 NTP. 

An identical experiment at 120°c (fig.4.20) is distinguished by the 
appearance of a second broader co2 peak at 1.8 minutes (or 4.3,:R). The 
second peak is slightly shorter than the initial sharper one. This height 

[3] The experiments involving ethene were the last carried out in this experimental programme and followed"major repairs to the reactor, so 
this deterioration need not cast doubt on the other experimental 
results reported in this work. 
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difference is maintained when the experiment is repeated at 50 ml 
min-1 NTP. In these experiments, the second peak is contemporaneous with a 
point of inflexion in the oxygen profile. 

A similar inflexion point in the oxygen exit concentration can also be 
observed when an identical experiment is carried out at 105°c. In this 

• case , the broad peak is slightly higher than the initial sharp one and 
occurs at 1.8 min ( 4.1 TR). When this experiment is repeated at 161 ml 
min- 1 NTP, the second peak has exactly the same height as it did at the 
previous flowrate and occurs at 1.4 min (5.0-rR), while the first peak is 
shorter than at the previous flowrate . 

Finally, at go 0 c, the initial peak is reduced virtually to the point of 
becoming just a point of inflexion (fig.4.21) and the second peak becomes 
dominant. 

An identical experiment copducted with a reaction mixture in which 
ethene replaces propene (fig.J.22) leads to a sharp and a diffuse peak of 

' equal height . 

4.5.2 Discussion 

' ~ -;'fS;'i, 
The expected form of the co2 profile -after a step change to an oxygen 

stream would have been an approximate exponential decay due to the first
order desorption of co2 from the catalyst support and transport of this 
out of the reactor. Experiments consisting of a step change from a co2-
containing stream to an argon stream confirm this. 

An explanation for this double peak form of co2 evolution after a step 
change to an oxygen-containing stream can be based on the observation that 
in all cases shown in the previous subsection, the oxygen profile is the 
mirror image of the co2 profile about a horizontal line. This suggests 
that the two co2 peaks are due to surges in the rate of oxidation at that 
instant, rather than desorption from the support. 

The point of inflexion in the oxygen profile, nevertheless, points to 
two different oxidation processes occurring sequentially. One possible set 
of such sequential processes is sequential oxidation on two different sets 
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of catalyst sites with different activities. Another , and more plausible , 
set of sequential processes is the sequential oxidation of CO and propene 
preadsorbed on the same set of active sites. 

The suggested order of events, therefore , is the immediate oxidation of 
all preadsorbed CO upon switching . to the oxygen stream, leading to the 
first dip in the oxygen profile and the first burst of co2• Once all CO has 
been consumed, preadsorbed propene is oxidised, leading to the inflexion 
point in the oxygen profile, the second burst of co2 and the disappearance 
of propene from the exit stream. 

No quantitative measurements of the relative extents of adsorption of 
the two species (CO and propene) can be made from the height of the second 
peak, because of the convolution arising from the decaying part of the 

' first peak. Indeed, the appearance of a point of inflexion rather than a 
second co2 peak in fig~4~19 may· be due to the overall transient pattern 
being the convolution product or two different curves, the second of which • is a broad burst of co2, as d1scribed above~ If the first peak is high and 
broad, then no trough will form between it and the second peak and thus the . r 

second peak will appear mere~y as a shoulder of the first. 

4.6 Model Fitting: The Method 

Given a reaction model that can predict transient reactor behaviour as 
a function of time, estimation of rate constants is possible by successive 
integration and minimisation of the residual formed by the differences 
between experimental results and model predictions. 

In formal terms, the objective function used is: 
N Nk p 

Residual= l · l (eij - )2 wij (4-1) cij 
i=J j=r where eij is experimental exit mole fraction of species i at time j 

cij is calculated exit mole fraction of species i at time j 
wij is the weighting factor of species i at time j 
Np is the number of species used in the fitting 
Nk is the number of time steps used in the fit ting 
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The weighting factor is included in the objective function to allow 
distinctive features of the experimental concentration profiles to be 
emphasised. When an exact fit between experiment and simulation cannot be 
achieved, the weighting factor introduces an arbitrary element in the 
optimisation process, as different weighting factor distributions will 
lead to different partial fits. 

A set of computer programs were written, based on the routines used for 
numerical integration of the model differential equations, as described in 
section 3.s.1. These allowed the estimation of rate constants from exit 
stream mole fraction values taken at equal time intervals with Np~2 and 
Nk~ 42/N • A choice of up to seven kinetic parameters was available for P . 
optimisation, the remaining parameters being kept constant. The 
optimisation method used was that of Powell ( 1965) as implemented in 
subroutine VA02AD of the Harwell subroutine library available on the IBM 
3081 computer operated by the Cambridge University Computing Service. Its 
major advantage over routin~ available in other, better-documented, 
libraries is that derivative, of the objective function with respect to 
the parameters varied are not, required. 

Experiments used in parameter estimation commonly involve a single 
"-

step change in feed composition. Such ex't,et- iments ideally have profiles 
such as fig.4 .4, showing a hump in oxygen concentration before steady state 
is achieved. The ability of a model to predict such features is a severe 
test of its validity and its limitations. 

Parameter estimation has been carried out at three temperatures: 1so0 c, 
120°c and 90°c, in this order . The procedure in all cases was the 
following: 

(i) estimation of values of CO adsorption, desorption, oxygen adsorption, 
desorption and surface reaction parameters from transient experiments 
with CO and oxygen only 

(ii) estimation of values of the adsorption and desorption rate parameters 
for co2 from separate experiments on blank alumina, if possible 
(iii) estimation of values of the adsorption and desorption rate 
parameters for propene on the support from experiments with blank alumina 
(iv) estimation of values of propene and ethene adsorption, desorption and 
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surface oxidation rate parameters from transient experiments, without CO. 

4.7 Parameter Estimation For The CO/oxygen System 

4.7.1 Estimation At 150°c 

Estimation of the kinetic parameters for the reversible adsorption of 
CO and oxygen and the surface oxidation of CO was carried out by fitting 
the predicted exit CO and oxygen profiles following a step change to a 
1.62% CO, 2.76% oxygen reaction mixture from a 1.5% CO pretreatment mixture, 
specifically the ones shown in fig.4.3,4.4 and 4.5. 

The weighting factors used were chosen to emphasise the characteristic 
features of the profiles, i.e~ the oxygen concentration hump and the 
subsequent ultimate rise to its steady state value. At 120°c (fig.4.4) and ~ 

. at 90°c (fig.4.3) this was don• using continuous sections of the transient 
profiles. At . 150°c (f ig.4.5) ,, however, where the oxygen hump occurs just 
after the step change (it · is completed within 0.43 min after the step 
change), two different sets of data were used. One set .represented the 
O?(Ygen hump at the highest possible ti~resolution and the other set 
represented the complete transient up to_' steady state. In the former data 
set the oxygen profile was given a weighting factor of 10, compared to the 
factor of 1 for the CO profile. In the latter data set, the hump and the 
ultimate rise are given a factor of 10 and CO assigned a factor of up to 
0.427 min and of O thereafter. 

The optimisation method used requires initial estimates of all 
decision variables. The values of the corresponding rate constants found 
by Goodman (1980) by a similar method have served as initial estimates in 
this work, having been converted to the unit system used here. These 
initial values are shown in column 1 of table 4.2. 

The initial aim of this study was to estimate only those parameters 
which cannot be estimated by other means. Thus, the values substituted into 
the model equations for flowrate, reactor volume and surface capacity were 
found by direct or indirect measurement. The value of surface capacity 
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used at l50°c was based on the estimates of site concentration as found by 
oxygen/CO titrations at the same temperature (see table 4.1). The volume of 
the reactor was taken as 48.5 ml (see section 2.6) and the resulting 
estimate of z

0 
was 0.0965. 

Initial attempts at parameter estimation focussed on the initial 0.43 
minutes of the experiment in fig.4.5, leading to the set of parameters in 
column 2 of table 4.2. The profiles obtained with these rate parameters are 
compared with the experimental profiles in figures 4.23 and 4.24. In 
fig.4.23, of which fig.4.24 is a detail, there is a major discrepancy in the 
timing of the ultimate rise of the oxygen profile to steady state. This 
discrepancy is of the order of 45 s (or 2,R). Furthermore, the model 
predicts incomplete oxidation of CO at steady state, a prediction 
contradicted by experimental observation. In fig.4.24 it is apparent that 
these parameters cannot model the oxygen hump well, since the duration and 
the height are underpredicted. 

1 • ,-. 
Comprehensive numerical Cstudies led to the deduction of certain 

general guidelines to parameter fitting. These are that an increase in 
hump height can be caused by increasing the CO adsorption rate constant or 
by decreasing the CO desorption or oxyge~sorption rate constants. This . . . ·.fi,/<J,. • behaviour is consistent with the mechan~sm for adsorption as outlined in 
subsection 4.3.3. In all cases, an increase in the height of the oxygen hump 
leads to a decrease in width. 

Although qualitative agreement between experiment and model has been 
shown, the quantitative prediction of the transient experiments was not as 
good as could be wished. This was thought to be due either to a systematic 
error in the calculation of the mean reactor residence time or to 

' inadequate description of the processes involved. The former was shown not 
to be the case and, therefore, variants of the elementary step model were 
introduced. Each of these variants had one more degree of complexity than 
the original ESM. 

The first variant on the ESM was a simple oxygen island model. The 
simplest form of oxygen island models involves a constant number of 
circular islands of equal size on the catalyst surface, a form which is 
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algebraically convenient but simplistic. According to this model , although 
oxygen desorption can occur from the islands' bulk, CO oxidation can only 
occur on the perimeter of these islands. The mobility of adsorbed CO (as 
mentioned in subsection 1.5.1) allows other CO molecules to take up the 
place of the oxidised ones at the perimeter of the islands. The rate of CO 
oxidation in this model is proportional to the number of adsorbed oxygen 
atoms on the perimeter of these islands. Geometric considerations lead to 
an expression for the surface oxidation rate (r3 ) containing the square 
root of z2 rather than z2• A similar alteration is needed for r 5, the rate 
of surface oxidation of alkenes. The derivation of this model is very 
similar to that presented in section 3.4 for the ESM and only rate 
expressions (3-51) and (3-53) are affected. The new form of the equations 
and a discussion are presented in appendix D. 

The values derived by using this model for parameter estimation are 
shown in column 3 of table 4.2 and the model predictions for these ., . 
parameter values are compare. with the experimental profiles in figures 
4.25 and 4.26. The shortcomingt of the ESM are present in this case as well 
and the model was discarded. r 

The second variant considered was one including oxygen adsorption ~ 

through a molecular precursor ( see ref~r~·~ces in section 1.5. 2) , which 
dissociates irreversibly to chemically · active atomic oxygen. Oxygen 
desorption is assumed to be negligible and the adsorption of oxygen from 
the gas phase is assumed to be first order in gas phase oxygen and first 
order in vacant sites (c.f. second order in vacant sites for the ESM). 
Precursor decomposition is assumed to be first order in precursor surface 
concentration. and first order in vacant sites. In this way, the delayed 
appearance of adsorbed atomic oxygen in substantiai quantities on a CO
pretreated surface is due not to the lack of pairs of sites needed for 
dissociative adsorption but to the time interval before the molecular 
oxygen accumulating on the surface starts to dissociate extensively. The 
equations comprising this model can also be found in appendix D. 

Parameter estimation based on this model leads to the set of parameters 
in column 4 of table 4.2. The model prediction for the experiment depicted 
in fig.4.5 is compared to the experimental transient in figures 4.27 and 



4.28. Comparison of figures 4.24, 4.26 and 4.28 suggests that the oxygen 
precursor model predicts the height and shape of the oxygen hump more 
accurately than either of the two other models. Furthermore, the predicted 
CO profile fits the experimental one more closely than those predicted by 
the other two models. Figure 4.27 on the other hand indicates that the 
duration of the trough following the oxygen hump is once again 
underestimated by approximately 1.7 mean residence times. 

The inability of the original ESM and the two variants discussed to 
predict the correct duration of the oxygen profile trough suggests some 
fundamental discrepancy between the experimental variables and the 
simulation ones. Numerical investigations indicated that the duration of 
the oxygen profile trough is most sensitive to the reactor residence time 
and the surface capacity, zo~ 

The third variant considered, then, was a simple ESM with a variable 
value of z

0
• The parameter estimation process was repeated using the • original ESM, as described inf section 3~4, but with the surface capacity 

included as a decision var:-iable. The resulting parameter values are 
presented in column 2 of table 4.3, along with the values of the same rate 
constants derived by Goodman (1980) for catalyst I. Except for k3, ' . corresponding constants in columns 1 and ,~bf table 4.3 differ by no more 
than a factor of 8. It will be shown ·1ater , that simulated transient 
profiles are very insensitive to the value of the surface oxidat i on rate 
constant, k3, a fact which establishes the limitations of the transient 
experiment method for determination of kinetic parameter values. In view 
of this, the substantial difference between the values of this parameter 
in columns 1 and 2 of table 4.3 is not as significant as it seems. 

The value of z
0 

produced by the parameter es~imation process is 46% 
higher than ·the one calculated on the basis of the results of oxygen/CO 
titrations at 150°c. Significantly, the results of Goodman (1980) 
presented in table 4.3 required an increase of 42% in the value of z

0 
over 

that derived from the results of similar oxygen/CO ti tra t ions. This 
suggests a systematic error in the determination of surface site 
concentration and will be further discussed in section 4.8. 
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The experimental profiles and the corresponding model predictions for 
the set of parameters of column 2 in table 4.3 are shown in figures 4.29 
and 4.30. Comparison of figures 4.23 and 4.29 and of figures 4.24 and 4.30 
indicate that the new value of z

0 
allows an accurate prediction of the 

duration of the oxygen trough and a fairly satisfactory prediction of the 
oxygen hump. One distinct failure of this set of parameters is the slower 
disappearance of CO from the exit stream than in the experimental 
transient. 

• Another feature of the experimental transient which cannot be modelled 
successfully is the residual oxygen concentration during the oxygen 
trough period. In transient experiments presented by Goodman ( 1980), 
similar to the ones shown in fig.4.5, this residual oxygen concentration is 
absent. The most likely explanation for this is a bypassing effect in the 
reactor. This bypass can be shown to be at most 5% of the feed stream, by 
assuming that all the oxygen present during the trough is due to the 

'I bypass stream, which contains ,xygen at its feed concentration. 

' It is instructive to consider the surface coverage of the catalyst as a r 

function of time during the 'simulated transient experiment. This is shown 
in fig.4.31. During the period of adjustment to the reaction mixture, ... 
adsorbed oxygen replaces adsorbed CO as ,~~ predominant surface species. 
At the instant at which the surface coverage of oxygen overtakes the 
surface coverage of CO, the fraction of empty sites reaches a maximum 
value of nearly unity. Thus the replacement of adsorbed CO by adsorbed 
oxygen is not a process of gradual exchange but , one that involves an 
intermediate (vacant) state and during which adsorbed CO and adsorbed 
oxygen never coexist to any substantial degree. 

4.7.2 Parameter Sensitivity At 150°c 

The level of significance of the values of the rate constants derived 
in the previous subsection may be qualitatively determined by varying each 
of these constants in turn by a fixed percentage of the optimum value and 
noting the effect of such variations 6n the fit to the experimental 
profile. 
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Figures 4.32 and 4.33 show the effect of increasing the CO adsorption 
constant, kp1, by 20% from its optimum value~ The most obvious effect is an 
increase in the height of the oxygen hump by approximately 25%. There is 
also a cor responding increase in the width of the hump. A detailed 
compari son between figures 4.29 and 4.32 also shows that the change in the 
value of kp1 leads to a slight delay in the appearance of the oxygen 
ultimate rise to steady state. 

The opposite effect is observed when the CO desorption constant, km1, is 
increased by 20% from its optimum value (see fig.4.34). A similar effect is 
the result of increasing the oxygen adsorption rate constant. 

This is all in agreement with the findings of section 4.3 regarding the 
cause for the appearance of the oxygen hump and subsequent trough in 
experiments involving a step change from CO to CO/oxygen mixtures. The 
height and width of the hump vary with the degree of fractional coverage 
achieved by CO before the step, ~hange and vary inversely with the rate of 
oxygen adsorption. f 

( 

A 20% increase in the values of the oxygen desorption rate constant, 
km4, or the surface oxidation rate constant led to no noticeable charige of 

" the profile from its optimum form. 1> fi 

Following the discussion about the optimum value of z
0 

in the previous 
subsection, it is not surprising that the duration of the oxygen trough 
i ncr eases upon i ncr easing the value of z

0 
by 20% from its optimum (see 

f i g.4.35). The decrease in height and width of the oxygen profile hump (see 
fi g.4.36) is unexpected but is consisten.t with the scheme sugges ted t o 
explain its occurrence. Even t hough t he fractional CO cover age bef ore the 
step change is independent of z

0
, the absolute number of vacant sites 

incr eases with z
0

, allowing mor e oxygen molecules to adsorb during the 
rising section of t he oxygen hump and t hus to lead to 'runaway ' oxygen 
adsorp t i on sooner. 

Comparison of figures 4.30, 4.33 and 4.34 shows tha t, r egar dl ess of t he 
overall height of the oxygen hump, its rising section during the first 
mean reactor residence time has the same slope, indicating that, at that 
stage , the important process is the mixing of the new species (oxygen) in 
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the void volume of the reactor . 

The sensitivity of the fitted transient profiles to the values of kp1, 
km1' kp 2 and z

0 
suggests that the values of these parameters presented in 

table 4.3 are indeed within roughly 10% of their true values. The same 
cannot be said of the values of km2 and k3~ Although the numerical method 
for minimising the difference between experimental and simulated profiles 
did converge to the values in table 4.3, the descent to the optimum set is 
so shallow as to make these values untrustworthy without independent 
confirmation. The oxygen desorption rate constant is widely agreed to be 
very small or zero in the temperature range considered here (see 
references in subsection 15.2 and table 1.3) and the value derived here 
supports this view. The derived value of the surface oxidation rate 
parameter , k3, cannot be checked against any such criterion. In fact, the transient experiment discussed in this section was simulated with k3 four 
orders of magnitude smaller 
at their optimum value and 
found. 

than its optimum value and all other constants -, 
' 

n~ significant variation in the profile was 

' 
It is instruct i ve to consider the ability of this set of rate constants 

to lead to successful simulations of other_~ periments. The rate constants ~ ~ '· . in column 2 of table 4.3 have been used · to simulate the experiments in 
figures 4.6 and 4.7, which differ only with respect to the catalyst charge 
used. In figure 4.6 this is 43% and in figur e 4.7 it is 14% of the full 
charge . These simulat ions are shown in figures 4.37 and 4.38 respectively. 
The model overpredicts the duration of the oxygen hump in fig.4.7 and the 
depth of the hump in fig.4.6. Nevertheless, comparison of each of the two 
experiments an9- the corresponding simulation shows that the model can 
predict the height of the hump extremely accurately, in both cases. 

The rate constant values for CO oxidation at 150°c derived in section 4.7.1 have thus been shown to predict adequately not only the experiments 
from which they were derived, but other experiments at the same temperature as well. This more general applicability is most gratifying. 
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4.7.3 Estimation At 120°c 

The experimental transient profile used for estimation of kinetic 
parameters for the CO/oxygen system is shown in fig.4.4. In the time 
interval from zero (the instant of the feed stream switch, corrected for 
the delay due to the pipework) to 0.51 min, the oxygen profile was assigned 
a weighting factor of 1 O and the CO profile. a weighting factor of 1. 
Subsequently, and until the end of the fitted part of the transient at 3.67 
min, the oxygen profile was assigned a factor of 1 and the CO profile a 
factor of O. The initial values were calculated using estimates of 
activation energies, as tabulated in table 4.4 and the values found in 
subsection 4.7.1 for the same rate constants at 150°c. 

The oxygen desorption constant was assumed to be _equal to zero, on the 
grounds that, given the lower bound on its activation energy (30 kJ mol-1) 
and its estimated value at 150°c, its magnitude at 120 and go 0 c is bound to ., 
be negligible. For the CO desfl"ption constant and the surface oxidation 
constant initial estimates, anf Arrhenius law relation was assumed. For the 
two adsorption constants, there was an additional dependence on the square 
root of temperature, arising from the collision frequency. 

"' ~ - Finally, an estimate of z
0 

was require4~From equation (3 - 46) there is 
at least a linear dependence of z

0 
on absolute temperature. There may also 

be a dependence of s
0

, the concentration of active surface sites, on 
temperature. For the initial estimate of surface capacity at 120°c, only a 
linear dependence of z

0 on temperature was assumed. 

The final values of the kinetic parameters, as derived from the model 
fitting, are p~esented in column 3 of table 4.4. The simulated transient 
profiles are compared with the experimental profiles in fig.4.39. Once 
ag~in, the oxygen profile is modelled successfully with the CO exit mole 
fraction being consistently overestimated during the decreasing section 
of its profile. As at 150°c, there is some residual oxygen during the 
trough period which the model cannot account for and the ultimate rise of 
the oxygen profile is modelled adequately, though not as precisely as at 
150°c. 
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The final estimate of the value of the surface capacity is 9% smaller 
than its initial value. If a distribution of active sites of the form 

s_= s
0

exp(-E/RT) (4-2) 

is postulated, this 9% difference is translated into an activation energy 
of 4.4 kJ mol-1 and a maximum surface site concentration of 7.8 x 1 o-5 mol 
g-1• A detailed examination of this problem is beyond the scope of this 
thesis and will not be discussed further. 

The sensitivity of the fit to the values of the parameters was tested 
by altering the value of each in turn, as described in the previous 
subsection. As in the case of the rate constants at 150°c, the quality of 
the fit to the experimental results was found to be sensitive to the 
values of kp 1, km1, kp2 and z0 ~ 

The value of k3, as derived trom fitting transients at 120°c, is higher 
than the corresponding valuf at 150°c and this may be due to the 
insensitivity of the simula.tfd transient profiles to the value of this 
parameter at both temperatures. Given the very small effect that this 
parameter has on the predictions of the model, this inconsistency does not 
necessarily cast doubt on the validity or--t£he estimation process for the 
other parameters at either temperature. 

4.7.4 Estimation At 90°c 

Estimation of the CO/oxygen system parameters at go 0 c presents a 
difficulty due to the absence of the characteristic oxygen profile. Both 
CO and oxygen Rrofiles are fairly smooth, leading to greater difficulties 
in achieving convergence. 

The experiment used in this process was one pictured in fig.4.5. Since 
there are no distinctive features and the CO mole fraction does not become 
negligible, a weighting factor of 1 was used for this species throughout 
the transient. A factor of 10 was assigned to the oxygen profile. 

The values of kinetic parameters derived from fitting transient 
experiments at 150°c and 120°c permit a revision of the estimates of 
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activation energies shown in column 1 of table 4.4. The revised activation 
energies and initial estimates of kp1, km1, kp2 and k3 are shown in table 
4.5. 

The initial estimate of surface capacity was calculated by altering the 
corresponding value at 120°c thr9ugh multiplication by the absolute 
temperature ratio and subsequent r~duction of the value thus obtained by 
10% (the discrepancy between (z

0
/T) values at 150 and 120°c). The oxygen 

desorption rate constant is assumed to be negligible. 

The final values of these rate constants are shown in column 3 of table 
4.5~ The value of z

0 is again slightly lower than the initial estimate~ 
This fact supports the suggestion that there is a progressive activation 
of catalyst sites with temperature, although the results are not 
sufficient for statistical analysis. Fig.4.40 provides a comparison 
between experiment and simulation. 

Once again, each 

optimum value and 

-, 

parameter• in turn was displaced by 20% from its 

' the resµlting simulated profile compared to the . ( 

experimental one. A 20% increase in km1, kp 2 and z
0 

leads to higher rate of 
reaction at any instant in the transient, while a 20% increase in kp 1 has ... the opposite effect~ Altering k3 by 20% has~b observable effect . 

4.8 The Limitations Of In Situ Titrations 

It was shown in section 4.7.1 that the most satisfactory agreement 
between experimental and simulated exit concentration profiles can be 
achieved with~ 46% increase in the concentration of surface sites, as 
determined by in situ CO/oxygen titrations. This agjustment, coupled with 
the one carried out by Goodman (1980) suggest a systematic underestimate 
of the surface site concentration by 29-32%. 

For CO ti trations, the stoichiometry assumed is . one CO molecule 
required , to remove the atomic oxygen adsorbed on one site and an 
additional CO molecule to adsorb end-on on the newly vacated site. If, 
however, all the CO adsorbed in the bridged form, then 1.5, rather than 2, 
molecules of CO would be required per site, so that the apparent site 
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concentration would be underestimated by 25% of the true value . Such a 
miscal culation, therefore , is not sufficient to explain the possible 
underestimate of the true site concentration by 29 - 32%. 

Simulations of CO/oxygen and oxygen/CO titrations at 150°c were 
conducted, using the value of surface capacity corresponding to the higher 
surface site concentration (z

0
=0.1407) and the rate constants presented in 

column 2 of table 4.3 with the following results : 
(1) During an 8 minute long argon flush following exposure to flowing 2% 
CO, the fractional coverage of CO falls from 90.8% to 44.0% . 
(2) During an 8 minute long argon flush following exposure to flowing 3% 
oxygen , the fractional coverage of atomic oxygen falls from 98.6% to 85.1%. 

It will be recalled that the amount of titre used can be estimated from 
two successive step changes to a titre-containing stream (rather than one 
step change and a theoretically predicted CSTR mixing curve) . However, the 
simulations show that the ass1.1mptions about negligible desorption and • 

• complete coverage of the surfai e by the pretreatment gas and the titration 
gas listed in section 4.2.1 lead to a 35% underestimate of the surface site ( 

concentration, both for oxygen/CO and CO/oxygen titrations, assuming 
linear bonding of CO on the catalyst. If the amount of titration gas 

' consumed is est i mat ed from one step chani,~\o the titration gas and the 
theoretical CSTR mixing curve, then the· surface site concentration i s 
underestimated by 12% for oxygen/CO titrations and by 29% for CO/oxygen 
titrations. These results are in agreement with the trends in values of 
site concentration using the various titration and estimation methods 
presented in Goodman (1980) and this work (table 4.1). 

This analysis suggests that the most blatantly untrue assumption is 
that of irreversible adsorption of CO, which has s i:gnificant implications 
in terms of the equilibrium coverage under conditions of flowing CO and of 
desorption under flowing pure argon. When the effect of CO desorption 
during flushing with argon is eliminated (as in the case of an oxygen/CO 
titration combined with use of the theoretical CSTR mixing curve), the 
error is more than halved (12% compared to 35%). Thus, a suitable rule of 
thumb is that for catalyst titrations the closest estimate to the correct 
surface site concentration is given by a process in which CO desorption is 
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unimportant, namely a titration involving pretreatment with oxygen, 
titration with CO and subsequent estimation of the amount of CO adsorbed 
using the theoretical CSTR mixing curve. 

4.9 Estimation Of Support Adsorption Parameters 

It has been noted that a complicating factor in the modelling of 
transient experiments in CO/alkene oxidation is the adsorption of co2 and 
the alkenes on the alumina support. Equations (3-54~ (3-55) and (3-70) 
were used to model the adsorption of Co2 and alkenes on the alumina 
support material. Whenever possible, separate experiments (i .e . not 
involving reaction on the catalyst active surface) were used for parameter 
estimation. Even though zsup' as defined in section 3.4 can, in pr inciple, 
be calculated from experimental data by means of in situ titrations, it 
was decided to fix the value of the co2 desorption constant, km7, at 1.0 ., 
and allow zsup to vary . The, value of Zsup is thus no mor e than an 
arbitrary scaling factor f between the equilibrium constant for 
co2 adsorption (kp7 ) and the actual rate constant of co2 adsorption. 

Once a value for zsup has been determined_.. in this manner , it is assumed 
,~·;; to· be constant in the process of mod~' fitting required to obtain 

estimates of values of kp6 and km6, the constants for propene adsorption 
and desorption on the support. Once these four constants have been 
estimated, their values are assumed to hold for experiments carried out on 
active catalyst samples at the same temperature. This assumption for the 
value of zsup is justified on the grounds that, since the active metal 
covers only a small fraction of the overall pellet area, its effect on 
physical adsorption onto the support is likely to be negligible. 

A step change from argon to 4% co2 was used for the estimation of 
kp 7 and zsup at 150°c (km7=1 by definition, as explained above). The 
catalyst particles had been replaced by an equal number of blank alumina 
pellets. Estimation of kp6 and km6 was based on a similar step change to a 
stream containing 4% propene in argon. In both cases the support was 
assumed to be free of any other adsorbates prior to the step change . The 
initial dimensionless estimates for these parameters were taken from 
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Cutlip et al (1984) and converted to the dimensional system used in this work. 

Estimation. of kp7 and zsup at 120°c was based on the co2 profile in the experiment used for estimation of the CO/oxygen parameters (see fig.4.4). The values of kp 6, km6 were again estimated from a transient experiment consisting of a step change from argon to 4% propene in argon. The initial estimates were the final estimates of the same parameters at 150°c, corrected, where necessary, for the temperature dependence of the collision frequency in adsorption terms. 

The procedure for estimation of the four parameters at 90°c was similar to that used at 120°c. A separate switching experiment was used for estimation of kp6 and km6 on the alumina supporL The values of these parameters at all three temperatures are tabulated in table 4.6. 

These values will also be ~ssumed to be true in the case of ethene 

' adsorption on Y-alumina. l 

4.10 Parameter Estimation For The Propene/Oxygen System 

4.10.1 Estimation At 150°c 

In this section the aim is to determine the value of kp 4, km4 and k5 from transient experiments involving a step change from a 3% propene pretreatment mixture to a 0.5% propene, 4% oxygen mixture ( see fig.4.8). The advantage of such experiments is that, like similar experiments involving CO, the oxygen profile displays a characteristic hump and a subsequent trough before the ultimate rise. 

Inspection of the ordinary differential equations which comprise the 
relevant model reveals that, given the nature of the alke.ne (and a value of 3 for the parameter n), there is one adjustable stoichiometric parameter, Ns (the number of catalyst sites occupied by one alkene molecule) and one adjustable kinetic parameter, NR(the order of alkene surface oxidation with respect to oxygen). Goodman (1980), Mukesh et al (1982;1983) and 
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Cutlip et al (1984) modelled C0/1-butene and CO/propene oxidation with a 
value of 2 for Ns and a value of 1 for NR. 

In section 4.2.3, a titration involving the oxidation of preadsorbed 
propene led to the evolution of an amount of co2 approximately equal to 
three times the number of sites available for adsorption, as calculated 
from oxygen/CO ti trations, leading to the conclusion that one propene 
molecule can be accommodated on a single vacant site. Subsequently, in 
subsections 4.7.1 and 4.8 it has been shown that the true site 
concentration is likely to be 40% larger than that calculated from 
titration data. Even so, 4.21 x 10-4 mol , if evolved from a catalyst on 
which one propene molecule occupies two sites, would have required a 
minimum site concentration of 2.80 x 10-5 mol g-1, compared to the 
corrected value of site concentration of 2.25 x 1 o-5 mol g - 1• Thus, a value 
of 1 for Ns was chosen. 

-J The value of NR is a more , omplicated matter . The rate expression is 
not strictly appropriate tf an elementary step model, as the true 
mechanism probably involves , more than one step. Vayenas et al (1980) 
proposed a rate expression for the surface oxidation of ethene on Pt which 
is first order in adsorbed oxygen, on the ~r..ounds that the slowest step in ;iJ;t, the oxidation mechanism is the reaction of adsorbed ethene with one 
adsorbed oxygen atom to form a reactive intermediate, which then reacts 
with other adsorbed oxygen atoms in non-rate limiting steps to form co2 and H2o. A value of 1 for NR is chosen in this work, based on this 
suggested mechanism. 

The weighting factor scheme used was similar to the one used in section 
4. 7, i.e. weighting factors of 10 and 1 were assigned to the oxygen and 
propene profiles respectively in the intervals from Oto 1.54 min and from 
7.17 to 10.75 min. In the interval from 1.54 to 7.17 min , weighting factors 
of 1 and O were used respectively. 

As in the case of transients involving CO and oxygen, a successful 
simulation of such transients must be able to predict the height and 
duration of the oxygen hump and the duration of the subsequent trough. 
Both these features of the transient response of propene oxidation in a 
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CSTR to an input step change are predicted by the elementary step model 
which therefore is shown to prov ide a semi-quantitative description of the 
experiment. The accurate prediction of both the shape of the initial 
oxygen hump and the duration of the subsequent trough, however, proved 
impossible with this model . 

A set of rate constants (see table 4.7) which led to the successful 
simulation of the initial stages of the transient (such as fig.4.41) lead 
to a simulated oxygen trough longer than the corresponding one irt 
experiments and vice versa. 

As in the case of transients such as fig.4.5, the height and width of the 
oxygen hump, given a value for oxygen adsorption, is proportional to the 
fractional coverage of the pretreatment species, so a successful fitting 
of the initial stages of·the transient suggest a realistic estimate of the 
equilibrium constant for adsorption of the pretreatment species. The end 
of the oxygen trough is showti' by simulations, to be associated with a 

;. predominance of adsorbed oxygf n on the surface. A process of replacement 
of adsorbed alkene by adsorb~d oxygen therefore occurs before the end of 
the oxygen trough . 

... Starting from a set of rate constantl't"which lead to a successful 
prediction of the oxygen hump (in fig.4."41 ), any attempt to improve the 
prediction of the duration of the oxygen trough requires a change in those 
parameters which will lead to a faster replacement of adsorbed propene by 
oxygen. The parameters which can affect this process are the rate 
constants for oxygen adsorption and reversible alkene adsorption. The 
former, having been estimated in section 4.7.1, is assumed to be fixed. Any 
change in the · latter constants aimed at accelerating the process of 
replacement alters the equilibrium constant for propene adsorption, the 
fractional coverage by propene at the pretreatment stage and thus the size 
of the oxygen hump which was previously modelled satisfactorily. 

The solution adopted here to overcome this difficulty is to alter the 
elementary step model to allow a variation in the magnitude of the rate 
constant for desorption of propene during the transient experiment being 
simulated. In this way one value of this parameter can pertain to the 
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initial stages of the transient (i .e. the oxygen hump) and another, higher, 
I value subsequently, in such a way that the replacement process is faster 

than it would have been had this variation not been introduced. 

one such mode of variation is a decrease in propene desorption with 
increasing surface coverage. Typical forms of this dependence would be of 
the form: 

where 
or 

rm4 = km4Z3f(z3) 
f (z3 ) 1 - (z3/z

0
) 

f(z
3 ) = exp(-z

3/z
0

) 

( 4-3) 
(4-4) 

( 4-5) 

In section 1.5.4 it has been suggested that the heat of adsorption of 
alkenes decreases with increasing surface coverage, one possible reason 
for this being an attractive interaction across the ~-bonds of adsorbed 
molecules. Given that the activation energy of alkene desorption is equal 
to or greater than the corresponding heat of adsorption, 

( 4-6) 

the latter of the above forms , of f(z 3 ) is chosen. Thus equation (4-3) can 
be rewritten as: 

rm4 = km4z3exp(q(z9 ... - Z3)) 
; ~ 

(4-7) 

Initial estimates of the parameters were_·derived from those presented by 
Cutlip et al ( 1984), al though they referred to an elementary step model 
with Ns = 2. 

The best fit obtained with the modified ESM is shown in fig.4.42. The 
ultimate rise of the simulated oxygen profile is sharper than in the 
experiment but the position of the rise in the simulated profile is such 
as to minimise the residual between experiment and simulation. The oxygen 

~ peak is too narrow in the simulation and the rate of decay of the propene 
mole fraction is too low, but now all features of the transient (hump and 
trough) are not only predicted qualitatively but their duration can be 
predicted as well, if not perfectly. The final estimates of kp 4, km4 and 
k5 can be found in table 4.7 ~ 

Figure 4.43 is a representation of the fractional surface coverages as 
they arise from the simulations. As in the case of transients with CO and 
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initial stages of the transient (i .e . the oxygen hump) and another, higher, 
' value subsequently, in such a way that the r eplacemen t pr ocess i s f aster 

t han it would have been had this variation not been introduced. 

One such mode of var iation i s a decrease in pr opene desor pt ion with 
increasing surface cover age. Typical for ms of th i s dependence would be of 
the f or m: 

where 

or 

rm4 = km4z3fCz3) 
f(z 3 ) = 1 - (z3/z

0
) 

f(z
3 ) = exp( - z

3/z
0

) 

( 4-3 ) 

(4-4) 

( 4-5) 

In section 1.5.4 it has been suggested that the heat of adsorption of 
alkenes decreases with increasing surface coverage , one possible r eason 
for this being an attractive interaction across the ~-bonds of adsorbed 
molecules. Gi ven that the activation energy of alkene desorption is equal 
to or gr eater than the corresponding heat of adsorption, 

t he l atter of t he above 

be rewritten as: 

I 
Eact 'f Eoact - µ ' (z3/zo) (4 - 6) .... 

' forms of f( z3 ) is chosen. Thus equation (4-3) can 

(4-7) 

I ni t i al estimates of t he parameters wer e_· derived fr om those presented by 
Cut l ip e t al (1 984 ), a lthough they r eferr ed t o an e lementary step model 
with Ns = 2. 

The best fit obtained with the modified ESM is shown in fig.4 .42 . The 
ultimate r ise of the simulated oxygen profile is sharper than in the 
experiment but the position of the r ise in the simulated profile is such 
as to mi nimise the r esidual between experiment and simulation. The oxygen 
peak is too narrow in the simulation and the r ate of decay of the propene 
mole f r act i on i s t oo l ow, but now all f eatur es of the t r ans i ent (hump and 
trough) ar e not only predicted qualitatively but their duration can be 
pr edicted as well , if not per fect ly. The final es t imates of kp4, km4 and 
k5 can be f ound in table 4,7 ~ 

Figure 4, 43 is a representation of t he fr act i onal surface coverages as 
they arise from the simulat i ons. As in the case of transients with CO and 
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oxygen, the replacement of preadsorbed propene by oxygen goes through an 
intermediate stage dur ing which virtually all catalyst sites are vacant . 

4.10.2 Parameter Sensitivity At 150°c 

Each of the kinetic parameters was varied by 20% from its optimum value 
and the resulting simulated transients compared to the simulation in 
fig .4.42. A 20% increase in km4 (fig.4.44) reduces the size of the oxygen 
peak , since fewer sites are occupied by propene during pretreatment, and 
shortens the subsequent trough (since the rate of net removal of propene 
is increased) . A 20% increase in kp 4 has the opposite effect , while a 20% 
increase in k5 has no effect~ Finally, a 20% increase in the exponential 
parameter q affects the simulation in a manner similar to that caused by 
an increase in km4(fig.4.45) . 

Figure 4.46 is the result of a · ~imulation of the experiment in fig.4.19. 
The shoulder in the co2 profile is successfully simulated. The model ' 

. prediction of the surface covi"ages during the same experiment, shown in 
fig.4.47, indicates that , as stated in section 4.5.2, after the step change r 

to the oxygen stream, adsorbed CO is removed first and only then is 
adsorbed propene oxidised to any appreciable extent. This confirms the 
mechanism proposed in sect ion 4.5.2. 

4.10.3 Estimation At 120°c 

The experiment shown in fig.4.10 has been used for the estimation of the 
kinetic parameters kp4• km4 and q, given the values of the other kinetic 
parameters in tab les 4.4 and 4.6. In the first 1.37 min after the step 
change , the oxygen profile is assigned a weighting factor of 10 and the 
propene profile a factor of 1, and in the interval from 1.37 min to 9.22 
min, both are assigned a factor of 1. 

Initial estimates for the parameters kp 4, km4 and q were derived from 
the corr esponding values at 150°c and act i vation energies l isted i n tab le 
4.8. Pr opene adsor ption is assumed to be unactivated and the activation 
energy of desorption is assumed to be equa l to t he hea t of adsor ption. 
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The final estimates of these parameters are presented in column 3 of 
table 4.8 and a comparison between simulation and experiment is provided 
in f ig.4.48. 

The predictions of the model fail in three important respects: firstly , 
the width of the oxygen hump is undE;lrpredicted; secondly, the slope of the • oxygen rise is much sharper in the simulation than in the experiment and 
thirdly, not only is the decay of propene in the simulated transient too 
slow, but there is also an unrealistic shoulder in the propene profile, 5 
min after the step change. The first of these failures can only be 
corrected by increasing the height of the hump, which is larger than that 
of the experiment anyway. The second failure has no solution, in so far as 
all simulations show this high slope of the ultimate rise in oxygen 
concentration. The shoulder in the propene profile suggests that the 
propene equilibrium fractional ~overage necessary to produce an oxygen 
hump of the required size 

the preadsorbed propene 

shoulder. 

4.10.4 Estimation At go0 c 

is so large that, after the step change, some of ., . 

des~bs, leading to the appearance of the ., 

~ 

The experiment shown in fig.4.11 has b~Pn7"' used to obtain values of the 
parameters kp 4, km4 and q at 90°c. As in subsection 4.7.4, the absence of 
any characteristic features (such as a hump) makes parameter estimation 
less accurate. The initial estimates of the parameters are shown in column 
1 of table 4.9. The final estimates are shown in column 2 of the same table 
and the simulation arising from these parameters is compared to the 
experimental profile in fig .4.49. 

4. 11 Parameter Estimation For The Ethene/Oxygen System 

4.11.1 Estimation At 120°c 

The estimation of kinetic parameters from the experiments shown in 
figures 4.15 to 4.18 is hindered by the substantial oxygen concentration 
during the trough following the hump. The experiment in fig.4.17 which 
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illustrates a step change from 2% ethene to a mixture of 0.9% ethene and 4% 
oxygen, in which this complication is least significant is considered 
first. At each temperature, rate constants for the reversible adsorption 
of ethene on the alumina support and for the surface oxidation reaction 
(k5 ) are assumed to be equal to the corresponding constants for propene at 

• the same temperature. The initial estimates for kp 4, km4 and q at each 
temperature are the corresponding values for propene at the same 
temperature. 

The estimation of rate constants for the ethene/oxygen system 
demonstrates clearly the ability of an unmodified ESM to simulate the 
initial stages of a transient. The oxygen profile was assigned a weighting 
factor of 10 and the ethene profile a weighting factor of 1. The rate 
constants in column 1 of table 4.10 lead to a successful simulation of the 
oxygen profile during the first . minute of the transient experiment (see 
fig.4.50) and a rather less successful simulation of the ethene profile f during the same period. The ratf of decay of the ethene in the exit stream . 'j". 

is, as in the case of propeAe, underpredicted. This set of constants, 
however, predicts that the ultimate rise of the oxygen profile will occur 
more than 10 min after the step change. Fig.4.17 shows that this prediction 
is .unrealistic, so once again a dependence ~ ethene desorption activation 
energy on ethene surface coverage was ifitroduced as in equation ( 4-7). 
Tuning of this parameter, q, to bring the duration of the oxygen trough 
into line with exper imental observations leads to the rate constants in 
column 2 of table 4.10 and the simulated profile in fig .4.51. The shoulder 
in fig.4 .48 here becomes a broad and high peak. Thus,only the constants in 
column 1 of table 4.10 are at all realistic and the elementary step model , 
both modified and unmodified , seems to have reached the limit of its 
usefulness. 

4.11.2 Estimation At 150°c 

Following t he f indings of the prev i ous subsec tion, only the first 
minute af ter t he step change of the experiment shown in fi g.4.18 was used 
in de termining va l ues of kp 4, km4 and q at 150°c. Again the oxygen profile 
is assigned a 10-fol d weighting factor compared to the ethene profile . The 
result i ng parameters are shown in table 4. 11 and the simulated pr ofile 
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arising from these parameters is compared to the experimental one in 
f ig.4.52. 

4.11.3 Estimation At 90°c 

Examination of table 4.9 shows that satisfactory agreement between 
experimental data and simulated transients is achieved for the 
propene/oxygen system at 90°c with a negligible dependence of km4 on 
surface coverage and thus no such dependence should be required for ethene 
either. The transient in fig.4.15 was chosen for parameter estimation, the 
weighting factor distribution being equal to that described in subsection 
4.11.2. ,-- _ - The. final estimates are presented in table 4.12 
and the resulting simulated transient is compared to the experimental one 
in fig.4.53. The simulated transient is similar to an expanded version of 
the experimental one. 

., 
4.12 Activation Energies And Pr~xponential Factors 

The values of kp 1, km1, kp 2, kp 4 and km4 (one set of the latter two for 
each alkene studied) found in the extreme right hand most column of tables ... 4.3- through to 4.12 may be arranged on ArrhJi@l1s plots to determine whether 
their individual variation with temperature is internally consistent and 
whether the values of activation energies and preexponential factors thus 
obtained are consistent with the corresponding literature values found in 

. table 1.3. Since data have been presented only for three temperatures, the 
activation energy values are of limited validity and are just presented 
here for comparison purposes. 

The Arrhenius plots are shown in figures 4.54 to 4.60 and the 
corresponding values of activation energy, preexponential factor and 
correlation coefficient are presented in table 4.13 . The straight lines in 
t he figures represent the best-fit str aight 1 ines through the three 
points, calculated by a leas t-squares fit. 

The values of kp4 and km4 for ethene refer to the values obtained from 
fitting just the initial stages of the transients and include no 
dependence on surface coverage. For propene, however, the variation of 
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km4 with surface coverage is included as follows: given the common 
representation of rate constants with surface coverage dependent 
activation energy as: 

( 4-8) 

the quantity tabulated and plotted . in place of km4 as defined in equation 
( 4-7), is km4 *, the rate constant at zero surface coverage, which is 
related to km4 by: 

( 4-9) 

Except for km4*, the rate constants, presented on Arrhenius plots show 
internal consistency, although the values of activation energy obtained 
this way are not in good agreement with the corresponding values listed in 
table 1.3. 

4.13 Conclusions 

Transient experiments involving a single step change in input 
concentration have been used to draw qualitative conclusions about the 
mechanism of the catalytic oxidation of CQi:,.Propene and ethene. By fitting . . ,. 

. the predictions of the elementary step model derived in chapter 3 to such 
experiments, estimates of all the kinetic parameters for all three 
oxidation reactions were obtained at three temperatures. Most of these 
turn out to be internally consistent with an Arrhenius-type dependence on 
temperature. The basic elementary step model had to be modified to account 
for all the features of transient experiments involving propene, by 
introducing a 9ependence of the rate constant for propene desorption on 
the surface coverage of this species. Even this modified version could not 
model experiments involving ethene quantitatively. 

Given the complexity of processes occurring on the catalyst surface and 
the neglect of factors such as different kinds of . adsorption sites, 
temperature effects and adsorbate mobility, the ability of the elementary 
step model to provide a semi-quantitative description of a range of 
transient phenomena represents an improvement on models reported so far. 
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5. CONCENTRATION OSCILLATIONS IN CO/ALKENE OXIDATION 

5.1 Introduction 

Chapter 4 was largely concerned with feed step changes between two 

reactants. This chapter deals with concentration oscillations arising from 
input step changes between three reactants. 

The effect of parameters such as feed flowrate, temperature, catalyst 

charge and alkene input concentration on the occurrence and form of 
isothermal concentration oscill?tions is examined in sections 5.2 to 5.4. 
The alkenes considered are ethene, propene and 2-butene. The elementary ., 
step model, derived in sectiof 3.4 and used for parameter estimation in 
chapter 4, is examined for li,i t ~ycle solutions by numerical integration 
for different sets of parameters in section 5.6. A simplified third order 

model is examined by stability analysis techniques in section 5.7 and is 

sl)own to predict limit cycles. Heat and
1
1flss transfer resistances are 

calculated in section 5.8. 

5.2 Obs~rved Oscillations In CO/propene Oxidation 

5.2.1 Experimental Technique 

Experiments designed to investigate the presen9e of oscillatory states 

in the oxidation of CO/alkene mixtures were conducted at standard values 
of temperature and flowrate, so that the effect of all variables may be 

determined by their effect on the nature of oscillations, if any. 

The standard form of these experiments consists of pretreatment with a 

mixture of either 2% CO or 3% oxygen in argon for approximately an hour at 
reactor temperature and flowrate, followed by a step change to the 
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reaction mixture. The standard reaction mixture consists of 1% propene, 2% 
CO and 3% oxygen in argon, though this composition was varied when the 
effect of reactant concentration on stability was considered. 

Following the guidelines of Goodman (1980), a reaction state is called 
stable if the exit mole fraction of co2 varies by less than 5% over one 
half hour, and oscillatory if three or more cycles of similar period are 
observed. Goodman included the criterion that the three continuous cycles 
should also have the same amplitude as well, but this will be seen to be 
too stringent. No temperature variation greater than 0.25 K has been 
observed except where otherwise explicitly stated in the- text. 

5.2.2 Effect Of Feed Flowra te 

This subsection refers to a detailed examination of the effect of feed 
flowrate on oscillatory states of the reaction of a mixture of 1% propene, 
2% CO, 3% oxygen over 10.04 g of w!atalyst I at 135°c • 

• 
The lowest flowrate consid~red at this temperature was 25 ml min-1 NfP 

(leading to a mean gas resid~nce time (,R) of 84 s) . The reactor output 
consists of oscillations which have a constant period of 2.5 minutes 
(fig.5.1) although their amplitude is no ~j$.onstant. No pattern could be 
found in the variation of amplitude wi try_·time , except for the observation 
that the trough of the oxygen oscillation is deeper every fifth or sixth 
cycle. 

When the flowrate is increased to 37.5 ml min-1 NTP, the oscillations 
lose their symmetry and the period becomes 3 minutes ( f ig.5.2). The 
marginal decrease in propene oxidation leads to a substantial r eduction in 
the amount of co2 produced. As in all subsequent cases of spontaneous . - -
oscillations, the r eactants oscillate in phase and co2 oscillates out of 
phase by approximately half a cycle. 

An increase of fl owrate from 37.5 ml min - 1 NTP to 50 ml min - 1 NTP 
produces a dramatic change in the period and shape of the oscillations 
(fig.5.3). Upon switching feed streams, a series of sinusoidal oscillations 
of increasing amplitude and period occur for approximately 11 minutes 
(i .e . about 14,R) and , subsequently, a quiescent state of about 15 minutes ' 
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duration and relatively low conversion is attained before two bursts of 
co2 are observed and the system drops to the low conversion quiescent 
state again. 

The same experiment was repeated following pretreatment with 2% CO, 
rather than 3% oxygen. The pattern of double co2 bursts was repeated at 
irregular intervals, although the initial series of oscillations was of 
shorter duration than that in fig.5.3. 

Increasing the flowrate to 75 ml min-1 NTP preserves the pattern of 
double bursts interrupted by longer periods of low conversion. The 
experiment lasted for more than three hours. The pattern described above 
persisted throughout this period, although the quiescent intervals 
increased from 30 to 90 minutes. The differences between the oscillatory 
patterns at 50 and 75 ml mi~- 1 NTP consist of a shorter initial 
oscillatory section for the latter case and a longer duration of the first 
quiescent interval (18 minor 35,R). The low conversion region gets longer • • on each cycle and the double, spike nature of the co2 bursts becomes less 
pronounced at the higher flowrate • 

. ( 

Finally a steady state is attained by the reaction when the experiment 
is repeated at a feed flowrate of 100 ml rn~1 NTP. 

5.2.3 Ef:fect Of Temperature 

The previous subsection described the effect of feed flowrate on the 
concentration oscil,lations of the CO/propene oxidation at 135°c using 
catalyst I. At 125°C all flowrates produce stable steady states. 

When the reactor temperature is increased to 150°c, a stable steady 
state results for a flowrate of 20 ml min- 1 NTP. At a flowrate of 25 ml 
min-1 NTP, small sinusoidal oscillations occur in the oxygen and 
co2 concentrations with a period of 1 min. An increase in feed flowrate to 
37.5 ml min-1 NTP leads to sinusoidal oscillations of the same period. 
These oscillations can also be observed at a flowrate of 50 ml min-1 NTP 
and 75 ml min-1 NTP (fig.5.4), for which the amplitude of oscillations 
becomes slightly irregular. It should be recalled that at this flowrate 
and a temperature of 135°c, the oscillations are of the double burst form. 
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At this temperature oscillations persist up to a flowrate of 150 ml 
min- 1 NTP and a stable steady state is reached at a flowrate of 180 ml 
min- 1 NTP, without the double burst type of oscillations having been 
observed. 

At a temperature of 165°c, small ripples in the oxygen and co2 exit 
concentrations occur at a flowrate of 75 ml min-1 NTP and beyond. At 180°c 
no oscillations are observed either at 50 or 100 ml min- 1 NTP. 

5.2.4 Effect Of Propene· Concentration 

A feed mixture of 0.5% propene was used to examine the effect of alkene 
concentration on oscillations in CO/propene oxidation. This section is 
restricted to results at 135°c, in order to allow direct comparison with 
the experimental results of subsection 5.2.2. 

When the standard switching experiment from 3% oxygen pretreatment is , -, carried out at a flowra te ~ 25 ml min NTP ( f ig.5.5) small amplitude 
oscillations of period 1 ,3 mi4i about a. high conversio~ state are observed. 
At a flowrate of 50 ml ~in~~ NTP, at which experiments with the standard 
feed mixture produce oscillations of the double burst form, symmetrical 
oscillations of period 1~4 min and smalI;~plitude (fig.5.6) are produced 
with the mixture containing 0.5% propene; · 

Oscillations of the double burst form are observed when the flowrate is 
increased to 75 ml min-:- 1 NTP (fig.5.7), The first quiescent region is 47 
min (or 90TR) long and th~ two spikes in each burst can be distinguished 
clearly. Increasing the feed flowrate to 100 ml min-1 NTP maintains the 
overall form of the oscillations (fig.5.8) but there is only a single burst 
per cycle. 

A more general survey of reaction stability as a function of feed 
propene concentration is provided by figures 5.9 and 5.10 in each of which 
the presence of oscillatory states is noted as a function of feed flowrate 
and temperature. The approximate period of oscillations is indicated by 
the density of hatching. Although the lower temperature bound to 
oscillatory behaviour is unaffected, the upper bound rises with propene 
concentration. In the region of sinusoidal oscillations (so called to 

92 



distinguish them from the single- or double-burst type), the qistribution 
of periods also increases with increasing propene concentration. The onset 
of double burst oscillations shifts to lower flowrates with increasing 
propene concentration. 

5.2.5 Effect Of Site Concentration 

. 
All experimental observations on oscillations presented up to this 

point have been obtained using a charge of 10.04 g of catalyst I which was 
shown in section 3.2 to have a lower concentration of active sites than 
catalyst II. In this subsection an equal charge of catalyst II is used. 

The major differences introduced by this increase in site 
concentration is in the temperature boundaries of the oscillatory region. 
At 150°c a mixture of 1 % propene, 2% CO and 3% oxygen flowing over 
catalyst II produces stable steady states for flowrates below 100 ml 
min-1 NTP and small ripples at, a flowrate of 100 ml min-1 NTP (fig.5.11). 1. 

At the lower end 1of the .timperature range no oscillations are observed 
at any flowrate at go 0 c. At ' temperatures above this, the most common form 
of behaviour consists of oscillations just after the step change to the ... standard mixture with period and ampli!jll,-d.e increasing with each cycle, 
which collapse into a steady state- in which there is incomplete 
consumption of the oxygen in the feed mixture . When the temperature is 
raised to 105°c, a flowrate of 20 ml min-1 NTP ieads to oscillations which 
subsequently collapse to a low conversion state , as described above 
(fig.5.12). It should be noted in this figure that at steady state no 
propene is consumed by reaction. 

When the temperatur e i s raised to 115°c, the ~ehavi our de scr ibed above 
is most obv i ous at a flowrate of 100 ml mi n- 1 NTP (fig.5.13) , A mor e 
gradual oscil l atory transi ent period occurs fo r a f eed f lowrate of 50 ml 
min- 1 NTP . Her e the oscillations ar e separated by qui es cent sections, 
lead ing t o compl icated patterns. 

A f urther increase in temperature to 120°c leads to sustained small 
ampl itude oscillations of period 1 min at a flowrate of 50 ml min-1 NTP, 
whose nature slowly alters, but transient oscillations at a flowrate of 
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100 ml min- 1 NTP (fig.5. 14) which collapse into a steady state 51 min (or 
122TH) after the s t ep change to the reaction mixture. No var iat ion in this 
steady state was found over 50 min after its initial appearance. On 
repeating this experiment , the oscillatory pattern was found to be roughly 
reproducible up to the time of its disappearance . In the second experiment 
(fig.5 .1 5) , the oscillations disappear 51 min after the step change to the 
reaction mixture but restart shortly afterwards with increasing amplitude. 
Alternate peaks subsequently contract producing a two-peak cycle and the 
oscillations eventually disappear , permanently this time , 85 min after the 
step change . 

Similar effects are observed at 124.5°c with a feed mixture of 0.7% 
propene, 2% CO and 3% oxygen, where the extinction of oscillations occurs 
70 min after the step change at a feed flowrate of 100 ml min-1 NTP . Stable 
oscillations are also observ~d at a temperature of 135°c and a feed 
flowrate of 100 ml min- 1 NTP (fig.5.16). These are distinctive in having ., 
regions of small oscillationsJ separated by intervals of apparently steady 
reaction rate. The double · deak nature of these small oscillations is 
particularly obvious just before each such steady interval. 

The only occurrence of osc i llation~ resembling the double-burst 
';~ " oscillations seen wi th ea talys t I ( f i.g.5".3) was recorded with a feed 

mixture of 1% propene, 4% CO and 3% oxygen at a temperature of 136.5°C and 
a feed flowra te of 30 ml min -, NTP ( f ig.5.1 7) . The quiescent reg ions of 
r elatively low conversion are up to 30 min long. The bursts of co2 occur 
either singly or in doublets. There is no apparent order in the appearance 
of single peaks or doublets. 

5.2.6 Eft'ect Of Catalyst Charge 

The effect of catalyst charge on oscillations in the reaction of a 
mixture of 1% propene, 2% CO, 3% oxygen was investigated by carrying out 
the standard experiment described in 5:2.1 after pretreatment with 2% CO in 
argon. In between experiments, the contents of two of the seven catalyst
bearing channels of the reactor (i.e. 2.88 g) were emptied and replaced by 
an equal number of blank alumina pellets. Catalyst II was used throughout 
this series of experiments , which were conducted at a flowrate of 108 ml 
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min -l NTP. 

When the reactor is charged with the full 10.04 g of ea talys t, the 
resulting small oscillations have a period of 7 minutes (fig.5.18). A 
reduction in catalyst loading to 7.16 g leads to sharper oscillations, 
(fig.5.19), qualitatively similar to those in fig.5.18, with the familiar 
pattern of trains of small oscillations breaking out of a quiescent state, 
increasing in amplitude and then collapsing again into a quiescent state. 
A small temperature rise of 1 K was noted at the end of this 4-hour long 
experiment. 

A further reduction in catalyst loading to 4.28 g leads to very regular 
double-peak sustained oscillations of period 2.75 min (fig.5.20). A small 
temperature rise of 0.5 K was recorded at the end of the experiment. 

Finally, when the catalyst loading was reduced to 1.28 g, there is a 
transient peak of co2 evolutiorv just after the step change to the reaction 

' mixture, followed by a stea~y state in which no appreciable reaction 
occurs . . The oxygen p.rofile Just after the feed step change appears in the 

r 
familiar form of an oxygen hump followed by a trough and an ultimate rise 
to steady state , a profile discussed extensively in section 4.3. A similar 

- "-trace is obtained for the propene exit cori~'htration. 

5.2.7 Discussion 

A few general observations may be made from experimental results shown 
in this section: in all oscillations, whether sinusoidal or spike-like, 
oxygen and co2 have the largest amplitude. Furthermore, in most cases of 
oscillations, the exit concentration of propene is close to its feed value 
indicating that CO is oxidised preferentially. 

Oscillations occur in a definite temperature range. Below this range, 
oxidation is incomplete (as judged by the concentration of oxygen -the 
limiting reactant- in the output) and above it, all steady states lead to 
virtually complete consumption of oxygen. 

Comparison of figures 5.9 and 5.10 indicates that propene pushes the 
oxidation reaction towards oscillatory states, as shown by the upwards 
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expansion of the oscillation temperature range between the two figures . 
Furthermore, an increase in propene feed concentration pushes the boundary 
flowrate at which spike oscillations first occur to the left of the 
diagram. 

The period of so-called 'sinusoidal' oscillations in general increases 
with the mean reactor residence time. This suggests that, although kinetic 
in origin, the oscillations are directly affected by the gas phase above 
the catalyst.This will be further discussed below. 

Substantial insights can be gained into the nature of oscillations in 
the oxidation of CO/propene mixtures by consideration of sets of 
experiments involving a change in the number of catalyst sites, either 
through the use of catalysts of different site concentration or different 
charges of catalyst from a single batch. An increase in the number of 
catalyst sites (such as a change from catalyst I to catalyst II) shifts 
the upper bound of the temperat~re range for oscillations downwards • • 

Considering the experimenf s in which equal fractions of the catalyst 
charge are successively rem6ved from the reactor and replaced by blank 
alumina pellets, the sharpness and regularity of oscillations improves 
with each decrease in catalyst charge . 

A physical picture of a catalyst unde r oscillating reaction conditions 
consists of discrete ea talys t sites, connected only through the inert 
support which , having a large heat capacity, effectively insulates each 
site from its neighbours. The only means by which one site can be 
influenced by its environment is variation in the properties of the gas 
phase around lt. The spatial homogeneity of the gas phase in an ideal CSTR 
thus imposes synchronicity of the rate oscillations over the whole 
catalyst surface. This explains the dependence of the oscillation period 
on the reactor residence time, mentioned earlier. The loss of sharpness and 
regularity with increasing total number of catalyst sites may also be 
explained by the loss of synchronici ty as the extent to which the gas 
phase can force an increasing number of sites to oscillate in phase 
decreases . 
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The importance of the number of catalyst sites on the occurrence and 
form of limit cycles has also been emphasised in the theoretical work by 
Morton & Goodman (1981) . Examination of an elementary step model for CO 
oxidation in the absence of any alkenes shows that a small value of 
surface capacity is required if a Hopf bifurcation to a limit cycle is to 
occur. The large difference in surf.ace capacity between the system used in 
this work and the work of Goodman (1980), on the one hand, and the systems 
in which oscillations in CO oxidation have been observed on the other (see 
Goodman (1980) for estimates of surface capacities for these) may explain 
why no oscillations have been observed in this work in the absence of 
alkenes. 

The- effect of various operating parameters on oscillations of the 
oxidation of C0/1-butene mixtures, if any, has been tabulated by Mukesh et 
al (1982;1983) in a diagram which is reproduced in fig .5.21. Defining a high 
conversion state (hcs) as one in which all oxygen is consumed (for an 
oxygen-deficient feed mixture9~ the types of oscillations are ordered~ An 
increase in one of the parf!.meters listed will cause a change in the 
oscillatory pattern in the d)rection of the corresponding arrow. No triple 
peak oscillations have been observed in the oxidation of CO/pr opene 
mixtures but the double peak oscillation1 schematically shown in this f~ figure represent the oscillations sh0wn in fig .5.3. Motion along a 
horizontal or vertical line in fig.5.9 or 5.10 will immediately show the 
validity of the variation with temperature and flowrate, proposed in 
fig.5.21. Comparison of figures 5.9 and 5. 10, along the 135°c axis, shows the 
validity of the variation with propene feed concentration proposed in 
fig.5.21. Finally the validity of the last two lines in fig.5.21 is shown in 
subsections 5.2.5 and 5.2.6. In conclusion, with the exception of triple 
peak oscillations and with the proviso that for certain parameter values 
not all forms of oscillations indicated occur for any non-zero interval of 
such parameters, the diagram in fig.5.21, proposed to summarise the 
occurrence of oscillations of C0/1-butene oxidation, is also valid for 
CO/propene oxidation. The appearance of oscillatory states at certain 
values of the operating parameters, regardless of oxygen- or CO
pretreatment , should be no t ed. 
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One final interesting aspect of oscillatory states of CO/propene 
' oxidation involves the transient unstable oscillations observed with 

catalyst II between 105°c and 120°c. One feature which is particularly 
revealing is the oscillatory pattern at 120°c and 100 ml min-1 NTP . This 
experiment was carried out twice. In one case the oscillations collapsed 
into a low conversion ~tate after 51 minutes. In the other, there was a 
short quiescent period 51 minutes after the step change but a new series 
of oscillations of increasing amplitude built up out of this. The system, 
during the first quiescent period, is thus shown to be poised in an 
unstable state and any small perturbation can push it into a steady or an 
oscillatory state. 

5.3 Observed Oscillatios In C0/2-butene Oxidation 

., 

' 
5.3.1 Experimental Method 

;. 

' Goodman ( 1980) investigated concentration oscillations in dilute 
C0/1-butene mixtures using catalyst I and observed a variety of 
oscillatory phenomena ranging from small period sinusoidal oscillations ' 

~ t ·o spike- like oscillations (single- or d(!,~\e-peak) with a period of up to 
28 minutes. His brief investigation of th·e oscillatory behaviour of dilute 
C0/2-butene mixtures was considered by him to have been rendered suspect 
by a sharp deterioration in catalyst activity. 

In this study, a mixture of 1% 2-butene , 2% CO and 3% oxygen has been 
used to examine the dependence of oscillatory states on flowrate, 
temperature and catalyst charge. Catalyst II has been used throughout. The 
experimental procedure is that outlined in subsect ion 5.2.1 except for the 
nature of the pretreatment mixture which was composed of 2% CO in 
argon. [ 1] 

[1] The exit mole fraction of 2-butene does not appear in some of the figures referred to in this section due to a fault in the connection between the mass spectr ometer and the analogue-to-digital converter which introduced spurious signals into the signal corresponding to 2-butene . 
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5.3.2 Effect Of Temperature 

10.04 g of catalyst II were used to carry out a series of experiments at 
a flowrate of 100 ml min- 1 NTP. At 120°c the state resulting from the step 
change is a stable one with incomplete consumption of oxygen but one which 
displays transient oscillations (fig.5.22) similar to those in fig.5.14, 
obtained with 1 % propene at the same temperature and flowrate. 

When this experiment is repeated at 135°c, sustained oscillations are 
observed (fig.5.23) which appear in trains. Within each train the amplitude 
broadly increases and then suddenly drops to zero for one or two cycles 
before another train appears. 

At 150°c, small ripples can be seen in the exit concentration of oxygen 
and co2 but have too small an amplitude to be significant. In fact, at this 
temperature, oscillations can only be observed clearly at a flowrate of 
145 ml min- 1 NTP and beyond. ., 

't· 

5.3.3 Effect Of Catalyst Chargl And Flowrate 

As mentioned above , no substantial oscillations are observed for a feed 
mixture of 1% 2-butene, 2% CO, 3.% oxygen c;.t ":,150°c either at 50 or 100 ml 
min- 1 NTP. When, however, 29% of the c~~lyst charge is removed and 
replaced by an equal number of support pellets, oscillatory states result 
at this temperature and flowrates in the range 50 to 110 ml min-1 NTP. 

At a flowrate of 50 ml min~ 1 NTP, reactor output consists of sinusoidal 
oscillations of period 1.7 min but slightly varying amplitude (fig. 5.24). 
At 70 ml min-1 NTP similar oscillations are observed but the period is 
reduced to 1.1 min. The amplitude of the oscillations varies irregularly, 
although cycles of small amplitude follow abruptly~from cycles with larger 
amplitude. 

A further increase of the feed flowrate to 100 ml min-1 NTP leads to 
double burst spike oscillations with a quiescent interval as long as 40 
minutes (fig.5.25) preceded by a 40 min-long transient period of 
oscillations of period 1.4 min and varying amplitude (fig.5.26). A similar 
pattern is produced at 110 ml min- 1 NTP with two crucial ~iffe~ences: the 
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ultimate spike form of the oscillations have a 3-burst form (fig.5.27) and 
the transient oscillatory regime preceding the spike oscillations lasts 
for 120 minutes after the step change to the reaction mixture. 

Towards the end of this transient regime the regular appearance of 
peaks higher than either of their nearest neighbours (fig.5.28) points to 
the existence of two time scales: one is the interval between two 
successive spikes (1 .4 min) anc;i the other is the interval between two 
successive high spikes (7.1-8.6 min). 

5.3.4 Discussion 

It will be remembered that, considering the stability of CO/propene 
oxidation, it was established that an increase in temperature leads from 
a low-conversion steady state to (possibly) a spike form oscillatory 
state, to a sinusoidal oscill.atory state, to a high conversion steady 
state. This dependence on tem,~rature was found to hold for oxidation of 
C0/2-butene mixtures. , 

r As with CO/propene oxidation, no oscillatory states of the spike form 
were observed with a full charge of ea talys t II. The high conversion 
steady state obtained with a full ;li~alyst charge at 150°c and 
intermediate values of flowrate can be altered to stable oscillatory ones 
by one of the following methods: increasing the flowrate to a value 
greater than 145 ml min-1 NTP, reducing the reaction temperature or the 
catalyst charge. Thus the diagram summarising the effects of various 
parameters on the character of states attained in C0/1-butene oxidation 
(fig.5 .21) holds for C0/2-butene oxidation as well. 

A more direct comparison with the results of Goodman (1980) cannot be 
carried out because of the different catalysts used in the two studies . It 
is however easier to compare the effect of 2-butene and propene on the 
occurrence of oscillations over catalyst II . At 150°c, small ripples are 
observed with either alkene at a flowrate of 100 ml min- 1 NTP and greater. 
Stable oscillations are observed at 135°c for most of the flowrate range 
considered for both alkenes and, finally, unstable transient oscillations 
leading to a low conversion steady state have been observed for both 
alkenes at 120°c and 100 ml min-1 NTP , though the duration of the 
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transient oscillations is different . 

5.4 Observed Oscillations In CO/ethene Oxidation 

5.4.1 Experimental Met hod 

The investigat i on of oscillatory states in the oxidation of dilute 
mi xtures of CO and ethene was carried out as for mi xtures of CO and 
propene. One important difficulty with mixtures of ethene (mass number 28) 
and CO (mass number 28) is the overlapping of their respective mass 
spec t r ometer primary signals. Ethene also produces a signal at a 
mass/charge ratio of 26 (at which neither pr opene nor CO produce a signal) 
but no simultaneous moni t or ing of CO (which does not have any substantial 
secondary signals) is possible ·without very sophisticated data analysis 
which would increase the error ~in the CO signal and the effort in which 
wou l d be di sproportionate to tlfe additional information obtained. 

' 5.4.2 Eff'ect Of' Temperature 

The s t andard swi tch i ng exper iment fr om ~% oxygen pre t r eatment t o t he 
Ij%;i 

reac tion mi xture was ca r ried out at a fee d flowrate of 100 ml min- 1 NTP 
and at 90, 120, 135 and 15o 0 c. At t he lowest of t hese t emper atur es , t her e i s 
a burst of co2 production followed by a low conversion steady s t a t e. 

On repeating the experiment at 120°c (fig.5.29), oscillations appear 
about 5 minutes after the step change. They have a period of 0.5 minutes 
and increasing amplitude. These last for about 7 minutes and are succeeded 
by a short quiescent period about 2 cycles long. A new series of 
oscillations and a second almost quiescent period appear followed by a 
third series of oscillations which finally coi'lapse into a low conversion 
steady state about 45 minutes after the initial step change. 

This pattern of transient oscillations of increasing amplitude ending 
in a low conversion steady state is repeated when the catalyst has been 
pretreated with CO rather than oxygen although the transient oscillatory 
regime begins approximately 20 minutes after the step change . 
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A further increase in temperature to 135°c leads to the peculiar 
phenomenon of oscillatory regions of approximate duration 10 minutes 
followed by a short quiescent period and oscillations restarting but at a 
lower mean concentration (fig.5.30). 

Finally, at 150°c, there is virtually complete consumption of all 
reactants (fig.5.31) and the oscillatory pattern consists of regions of 
oscillations of period 25 s (or 1,R) interrupted by quiescent periods of 
duration 3 min. In contrast to the oscillations at 135°c, the overall level 
of co2 production does not decrease over many of these quiescent periods 
and the oxygen concentration is seen to increase slightly during each 
quiescent period and to drop during each oscillatory period. 

5.4.3 Effect Of Flowra te 

It was mentioned above that, at 120°c, transient oscillations which 
collapse into a steady state ~~ observed at a flowrate of 100 ml min- 1 

NTP ( f ig.5.29) following prefrea tmen t with 3 % oxygen. Rep ea ting th i-s 
experime~t at 50 ml min-1 NTP, leads to sustained complicated oscillations 
(fig.5.32) which sometimes resemble triple peak oscillations in that every 
third peak is higher than the two precedin~ones. A similar experiment at 
150 ml min-1 NTP leads to transient o~~ i llat~ons followed by a low 
conversion steady state, as for 100 ml min~ 1 NTP. 

The effect of feed flowrate on the oscillatory pattern consisting of 
small oscillatory sections interrupted by quiescent periods is evident 
from consideration of the results of the standard experiment at 150°c. It 
was shown in the previous subsection (fig.5.31) that at a flowrate of 100 
ml min-1 NTP the reactor output consists of regions of small amplitude 
oscillations (of period 24 s) followed by quiescent intervals of 
approximately 3 minutes duration. The corresponding pattern at a flowrate 
of 50 ml min- 1 NTP consists of oscillations of smaller amplitude and 
irregular period interrupted by 2 minute-long quiescent periods. At 134 ml 
min- 1 NTP, the duration of the quiescent per iods is increased to 4 minutes 
and the period of the small oscillations is 26 s (fig.5.33), As at 100 ml 
min- 1 NTP the reactant concentration is marginally higher during a 
quiescent period than during an oscillatory one. 
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5.4.4 Propene/ethene/CO Mixtures 

Experiments in which both propene and ethene were included in the 
reaction mixture were carried out. At 120°c, a mixture of 0.5% propene, 0.5% 
ethene , 2% CO and · 3% oxygen was used. At a flowrate of 30 ml min-1 NTP, 
small amplitude oscillations of irregular period are observed (fig.5.34). 
For a flowrate of 50 ml min-1 NTP (fig.5.35), the transient oscillations of 
increasing amplitude persist for 95 minutes after the step change . A 

. -1 similar pattern persists for 30 minutes at a flowrate of 100 ml m1n NTP 
( f ig.5. 36). 

Two more cases of oscillations with mixtures containing both alkenes 
were obtained with a reaction mixture consisting of 1% propene, 1% ethene, 
4% CO and 3% oxygen. At 18 ml min - 1 NTP, the oscillations have a true 
sinusoidal character and a period of 1.3 min (fig.5.37) and at 
50 ml min- 1 NTP they become mor·e irregular and have a period of 2.4 min 
(fig.5.38). ., 

• 
' 5.4.5 Discussion 

The oxidation of CO/ethene mixtures in the temperature range 90-150°c 
o~er catalyst II displays most of the o~~+latory features exhibited by 
CO/propene and C0/2-butene mixtures. Tran'sient oscillat i ons followed by a 
low conversion steady state are observed at 120°c and 100 ml min-1 NTP, 
which can be altered to stable ones by reducing the flowrate or increasing 
the t emper atur e. 

Some comment is r equir ed on the oscillations such as those in f ig.5.33. 
Two time scale~ can be observed here , one being equal to the per iod of each 
cyc l e in the oscillatory region , i.e . approximately 20 s , and the other 
being equal to the inter va l between quiescent periods , i .e. approximately 
10 minutes. If osc ill ations occur for a r egion of va l ues of ethene 
concentr ation , the two period oscillation may be due to var i ation in 
e t hene concentra t ion with a time scale of 10 minutes and smal l CO 
oxidation oscillations when the appropriate values of ethene are ach ieved. 

When propene and ethene are oxidi sed s imultaneously along with CO, 
propene i s the less reactive component. This manifests itself in two ways : 
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in fig.5.35, where the exit concentration of the two alkenes is the same , 
the downwards peaks of ethene are far more pronounced than those of 
propene. In all other experiments propene has a higher exit concentration 
than ethene. This is particularly obvious in fig.5.37 and 5.38 in which 
propene is almost at its input concentration, whereas there is substantial 
consumption of ethene, even though their amplitudes are similar. It may 
thus be reasonable to consider that, to a first approximation, propene acts 
as an inert adsorbate during the oxidation of mixtures of CO and both 
alkenes. 

• 

5.5 Catalyst Activity 

Catalyst activity was monitored by two means. One is the temperature at 
which substantial consumption of oxygen first occurs , on heating the 
catalyst up from room temperature while a reaction mixture of 2% CO and 3% 
oxygen flows into the reactor. 1The second is an oxygen/CO titration. For 
fresh catalysts, the results ff such titrations at 150°c are of the order 
of 1.5 x 10-5 mol g-1 (for catalyst II). Any substantial reduction of the ' number of sites should be detectable by this method . Even if the absolute 
number of sites is estimated incorrectly by this method , a proportional ... 

;~- 5: decrease in the number of sites is still ~1gnif icant in this context . 

The largest variation observed occurred upon titration after a series 
of experiments involving pretreatment of the catalyst with propene in 
argon. The estimated site concentration, using the set of assumptions 
listed in section 4 .. 2 was 1.30 x 1 o-5 mol g - 1, i.e. 13% smaller than the 
standard estimate of this quantity at this temperature. Analysis of the 
data in table · 4.1 shows that this value is outside the 99% confidence 
interval for the mean site concentration at 150°c. Comparison between 
micrographs of this catalyst sample, after it was removed from the reactor, 
and fresh oxygen-treated samples of catalyst II show no obvious difference 
in metal particle size. 

Related to this phenomenon of irreversible changes of catalyst 
activity was a single experiment in which the temperature-rise experiment 
described at the beginning of this subsection was carried out with a 
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sample of catalyst used over a period of five months . The 11ignition'' 
temper a ture for CO oxidat i on was appr ox i mately 10 K hi gher than for a 
fresh act ivated sample of the same catalyst. Fur thermore hysteresis was 
obser ved on cooling the catalyst after t he temper atur e-rise exper iment 
and , in the temperature range 115- 96° c, spontaneous i rreproducible 
concentration oscillations were observed on the upper branch of the 
hysteresis curve . This sole experimental observation of oscillations 
dur ing t he oxidation of CO in the absence of deliberately added impur it i es 
must be at tr ibuted to the pr esence of adsorbed propene on the catalyst 
sur face since no such oscillations were observed upon replacing the 
catalyst. 

Given the sensitivity of the oscillations to the number of active sites 
in the reactor , the question of reproducibility of the experimental 
results presented in this thesis must be dealt with . A substantial 
fraction of the experiments conducted in the course of this work (of which 
approximately one third app. ~r in this thesis) were concerned with 
reproduc i bility of transient t ·and oscillations. No irreproducible effects 
wer e obser ved upon repea t i ng some of t he experiments presented in chapter , 
4, provided the pretreatment cond i tions were t he same and suff ic iently 
l ong fl ushing of t he reactor with argon had occurred to allow desorption ... 

r~ " of adsor ba tes f r om the metal and t he support. 

The reproducibility of oscillations is a more compl i cated matter . While 
the existence of an osc illat ory state may be conf irmed by repeating an 
experiment, t he ampl itude and period of such osc i l l at i ons cannot always be 
reproduced exactly. Repeating an experiment simi l ar to the one shown in 
f ig.5.3, for example, after an interval of a few we eks , led to similar 
double bur s t s of co2 i n t he ex i t str eam, separated by qu i escent per iods 
whose duration, however, was not the same as in the- original experiment . 
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5.6 Numerical Limit Cycle Solutions 

5.6.1 General Remarks 

Given the number of adjustable parameters in the model for the 

oxidation of CO and one alkene over supported Pt catalysts, an ab initio 

numerical search for limit cycle solutions is an immense problem. The 
simplification chosen in this section was to fix the values of all rate 

constants, except for kp 4, km4, q and Ns, at values derived from separate 
experiments in cnapter 4. The standard input mixture was assumed to 
consist of 1% propene , 2% CO and 3% oxygen. The model presented in section 
3.4 is used for all simulations, and the results are presented in terms of 

real, rather than dimensionless, time to allow direct comparison with the 
relevant experimental results. 

5~~~2 Limit cycles With N5 =1, q'if 

' In section 5.2 it was shown that, with catalyst II, the most interesting 
r 

form of oscillations occur at 135°c. By using the activation energies and 

preexponential factors presented in table 4.13, values of kpl, kml and ... . 

kp 2 at 135°c were calculated ( see tabli~ 1). The values of the other 
parameters listed in table 5.1 are · the geometric means of their 
corresponding values at 150°c and 120°c. At a residence time of 23.3 s 
(equivaient to a flowrate of 100 ml min- 1 NTP) and for the values of km4, 
k5 and q listed in table 5.2, limit cycles were obtained for the range of 

kp 4 between 1.85 x 107 - 2.00 x 107 mol ml-1 s-1 NTP. The limit cycles 
obtained with a value of 1.95 x 10 7 for kp 4 are shown in fig,5.39, These 

have a period of 9.8 min (or 25 ' R) . No oscillations of this period have 
been observed experimentally, although their amplitude and form are 
similar to the ones shown in f ig.5.2, 

Inspection of the surface fractional coverages also plotted in fig,5.39 
indicates the predominance of adsorbed propene, which over one cycle 

occupies between 82.1% and 94.2% of the active sites. The rates of the 
mechanism steps are also plotted in the same figure . 
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The variation of the rate terms and fractional coverages , shown in 
fig.5.39, lead to a physical picture of an oscillatory cycle. A description 
of such a cycle can start from the extreme left hand side of the figure. 
The rate of CO surface oxidation outstrips the net rate of CO adsorption 
(r1 ) and t he accumulated adsorbed CO is consumed. Vacated sites are 
occupied by adsorbed atomic oxygen until r 3 drops to a value equal to the 
net rate of CO adsorption (the flat part of curve r 3 )'. Oxygen adsorption 
now exceeds consumption by CO oxidation and adsorbed oxygen accumulates , 
leading to a sudden increase in the rate of propene oxidation (r5 )'. Once 
all accumulated oxygen has been consumed, r 5 becomes insignificant and the 
rate of oxygen adsorption (r2 ) now limits r 3 (in the sharply declining 
part of the r 3 curve), allowing CO to accumulate on the surface, even 
though the concentration of vacant sites and, hence, the rate of CO 
adsorption are decreasing. 

Propene desorption, due to the propene surface coverage being above its 
equilibrium value, liberates s ~\s for CO and oxygen adsorption. It should 
be recalled that the rate of¥ oxygen adsorption is proportional to the 
square of the concentration qf vacant sites ( zv) • Thus a daub 1 ing of zv 
leads to a quadrupling of r 2, but only a doubling of r 1• Furthermore , 
r 1 cannot increase linearly with zv, becau~e of the CO desorption term ,Jlfl which becomes mor e significant as the- surface concentration of CO 
increases. 

The increase in adsorbed oxygen concentration allows an increase in 
r 3 and the liberation of more sites. Propene and CO start adsorbing again. 
The self-catalysing effect of oxygen adsorption leads to a maximum vacant 
site concentration, maximum rates of adsorption for all reactants and 
consumption of the accumulated CO. The cycle is now complete. 

Even though limit cycles arise out of this model even when propene is 
assumed to be inert (k 5 = 0) , the propene surface oxidation react ion 
serves to remove any remaining adsorbed oxygen in the appropriate part of 
the cycle and accelerates the accumulation of CO on the surface, whereas 
otherwise some of the CO would have been required to neutralise the 
adsorbed oxygen before CO could accumulate on the surface. 
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Table 5.3 shows the variation in turnover rates for CO and alkene 
oxidation during one simulated cycle. The turnover ra tes for these 
react ions at steady state at 150°c are provided for comparison. The steady 
state turnover rate for CO oxidation is appr oximately 70% of that 
estimated by Cutlip & Kenney (1978) . 

It is instructive to consider the effect of various operating 
parameters on the occurrence and period of limit cycles . The variation of 
period with reactor residence time , for the set of parameters in tables 5.1 
and 5.2, is shown in fig .5.40. This lack of variation is not in agreement 
with experimental results and no explanation for this discrepancy can be 
offer ed. Furthermore, the range of residence times which lead to 
oscillations is far smaller than in practice. Variation in the feed 
concentration of either CO or propene has the same qual i tative effect 
(compare figures 5.41 and 5.42) , i .e . an increase in the feed content brings 
the oscillatory region to lower flowrates , in agreement with section 5.2.7 • ., 
Variation in z

0 
has the oppos :ife effect (fig.5.43). 

. . 

' The effect of the kinetic parameters can be most easily examined by ( 

displacing each by 10% from .its value in tables 5.1 and 5.2 and recording 
the effect of this pertur bation on the period and amplitude of the 

tiJi,;;, r esulting limit cycles. Inspection of tabJ:~ '5.4 shows that limit cycles are 
most sensitive to the rate constants for propene adsorption and desorption 
on the catal ys t and the surface capacity z

0
, followed by the rate 

constants for CO and oxygen adsorption and CO desorption. Rate constants 
for propene oxidation and adsorption on the support have a marginal effect 
and the remaining parameters have no observable effect . 

Replacement of 1% propene i n the reactor input by 1% ethene leads to a 
4.3% increase in cycle period ( see f ig.5.44), if the rate constants in 
tables 5.1 and 5.2 are used. Given this, replacement of 1% propene in the 
r eactor input by 0.5% propene and 0.5% ethene leads to limit cycles 
(fig.5.45) , [2] whereas addition of 1% ethene leads to a steady state. 

[ 2] the profiles of the two alkenes are superi mposed in fig.5. 45 
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5.6.3 Limit Cycles With N
3 =1 And q>O 

Limit cycles discussed in the previous subsection were solutions of the 
unmodified ESM (i.e. f(z

3 )=1 in equation (3-52)) ~ Increasing the value of 
the parameter q in equation (4-7) · leads to a monotonic decrease in 
amplitude and period of the oscillations. Beyond a value of 7.5 for q, the 
oscillations become damped and vanish completely when q reaches a value of 
10. If q is set at a value of 10.8 (the value derived in chapter 4), then a 
15% reduction in the value of km4 to 0.2800 s-1 is sufficient to produce 
limit cycle solutions of period 6.7 min (fig.5.46). As in the limit cycles 
presented in the previous subsection, the propene exit concentration 
oscillates about a mean approximately equal to the feed concentration. 

5.6.4 Limit Cycles With N
8

=2 

The elementary step model can also have limit cycle solutions when 
propene is assumed to requirl! two sites for adsorption. Cutlip et al 

' (1984) used rate constant1· derived by Goodman (1980) to simulate 
oscillations over catalyst I. In this study, the rate constants derived for 
CO oxidation and propene and co2 reversible adsorption on the support at 
150°c ( tables 4.3 and 4.6) are used~ Fol' the values of kp 4, km4 and 
k5 listed in table 5.5, the limit cycle .~ution of fig.5.47 is obtained. 
These oscillations have a period of 4 min at a feed flowrate of 100 ml 
min-1 NTP. 

The same model can lead to limit cycles of period 46 min, when the input 
concentration of propene is reduced to 0.5% and the residence time is 
reduced to 12 s (fig.5,48). The pattern of oscillations is the opposite of 
that in fig.5.3 in that, while the latter shows bursts of co2, here there 
are bursts of reactants in the output stream. Nevertheless, this is proof 
that limit cycles of very long period can arise from the interaction of 
fast reaction steps without need to introduce a step with a time constant 
of the order of the oscillation period into the reaction mechanism. 
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5.7 The Simplified Elementary Step Model 

5.7.1 The Problem 

One of the aims of this thesis is to show that an elementary step model • 
can lead to limit cycle solutions analogous to the spontaneous 
oscillations observed during the simultaneous catalytic oxidation of CO 
and alkene mixtures . 

Two approaches, which are to an extent complementary, have been 
identified in chapter 3. One is analytical, in which mathematical 
techniques are used to draw conclusions about the possibility of limit 
cycles in various regions of phase space. Its main disadvantage is that 
models of fourth or higher orders soon become intractable by such means. 
The other is numerical integration, which provides a reasonably exact 
solution of the model equationstat one particular set of parameters. Each 

' . new set of parameters will riquire a new integration. A search for limtt 
cycles, without any restrictions on the range of parameter values likely 

r 

to lead to limit cycles, wil1 require immense computing resources and will 
not identify trends. Furthermore, if the range of one parameter which will 

·1iJi lead to limit cycles is smaller than 1
ffi'§ sampling increment of that 

parameter , the limit cycle solution may be missed altogether . 

Inspired guessing or use of the analytical approach outlined above can 

eliminate regions of parameter space and can, therefore, allow closer 
examination of the regions most likely to lead to limit cycle solutions. 

5. 7 .2 The Method 

The full model for the catalytic oxidation of CO and one alkene 
consists of nine ordinary differential equations (see appendix D) . The 
highest order model which is compatible with a physical image of phase 
space is a third order one. If the full model is to be reduced to a third 
order one, six of these ODEs will have to be replaced by algebraic 
equations. The most obvious candidates for such replacement are the mass 
balances on the species adsorbed on the catalyst support, i.e. equations 
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(D-8) and (D-9) . Thus, the following restrictions apply: 

( 5- 1) 

(5-2) 

Inspection of the experimental incidences of spontaneous oscillations 
i n section 5.2 indicates that, · to a first approximation, the exit 
concentrations of propene and CO do not oscillate. Thus a further two 
equations may be replaced by algebraic ones by setting: 

(5-3) 
(5-4) 

leaving five ODEs. Since propene adsorption on the support is no longer a 
time-varying process, the mass balance on gas phase co2(equation (D- 4)) 
can be neglected since it affects no other equation. Of the remaining four 
ODEs one more must be set to ~era. If i 2 is set to zero, then the model 
becomes unrealistic, since inspection of the results in section 5.2 shows -, 
that the oxygen concentrati§h in the gas phase oscillates. In the case 
where Ns = 1 and NR = 1 , the i odel is unaltered by mutual exchange betw~en 
z

1 and z
3

, except for the stoichiometric coefficient in equation (D-6). 
The sur face cover age of propene , z3, is chosen as the time-dependent 
variable , since the presence of the ~ ameter s Ns and NR allows the 
investigat i on of more general cases. Th,f volume change due to react i on i s 
neglected, as an additional s i mpli f i ca tion. The model , ther efor e , r educes 
to: 

ctx2 /ctt = x2F - x2 - Tr 2 
dz2/ dt = , (2r2 -r3 - 9r5 ) 
dz3/dt = , (r 4 - r 5 ) 
r 1 - r 3 =0 

where the ri terms are defined in section 3.4. 

( 5-5) 

(5-6) 
(5-7) 

(5-8) 
(5-9) 

(5-10) 

Analysis of this model by use of the Morton-Goodman er i terion is 
presented in appendix E. This analysis shows that the second Hurwitz 
determinant cannot vanish while all characteristic coefficients remain 
positive. Given that this is a necessary condition for a Hopf bifurcation 
to a stable limit cycle , no such bifurcations can be expected with this 
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model. 

Examination of the expressions derived in appendix E for the 
characteristic coefficients of this model in terms of the rates of the 
various steps in the mechanism shows that certain combinations of 
par ameters can lead to states for which up to two eigenvalues of the 
linearised system have positive real parts. This finding becomes 
significant, in terms of the occurrence of limit cycles, when it can be 
shown that, for any of these combinations of parameters, ·the unstable 
steady state is the only steady state of the system, in which case (as 
stated in section 3.2) a stable limit cycle must exist around this steady 
state. 

5. 7 .3 Results 

In order to test the simplified third order model for consistency with 
the full modei, the steady stclte(s) of the simplified model were found 
using the method outlined injection 3.5.2 and their stability determined. 
For the sets of parameters which lead to limit cycle solutions of the full r 
model (see section 5.6), the simplified model predicts unique unstable 
steady states. 

For the case Ns = 1, the variation of CO exit mole fraction with the 
mean residence time of the reactor is shown in fig.5.49 . The full nine
equation model has limit cycle solutions in the residence time range 22-26 
s. The prediction of the simplified model for the lower end of the range of 
residence times which lead to unique unstable steady states is 19 s . The 
upper end lies beyond a value of 2000 s. Fig.5.50 shows the variation in the 
lower end of the range of r es i dence times leading to un ique unstabl e 
steady states with z

0 , as predicted by the simplified model . Th i s can be 
compared with fig .5. 43 , which shows the same variation as predicted by the 
f ull model. 

The inabi l ity of the simplified model t o pr ed i ct an ~pper limit to the 
range of residence times l ead ing t o uni que unstable steady states is 
probably due to the restriction on variations of the surface CO 
concentration. At high values of residence time the surface concentration 
of CO can be expected to become more significant leading to a breakdown of 
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the similarity between the full and simplified models. The simplified 

model can thus provide guidelines for the location of unstable steady 

states. One such guideline, derived from the form of the characteristic 

coefficients calculated in appendix E, is: 

( 5-11 ) 

i.e. that the surface concentration of oxygen should be very small. The 

uniqueness of such unstable steady states must be ascertained before 

conclusions can be drawn about the existence of limit cycles. 

One final matter concerns the role of CO in the simplified model. As 

neither gas phase nor surface CO are assumed to vary with time, it is 

tempting to suggest that CO can be ignored and the system can be reduced 

to one in which the surface capacity is equal to (z
0 

- z1 ) and in which 

there is no CO in the input stream. Its importance lies in the fact that CO 

oxidation ( in effect, a first ·order decay of adsorbed oxygen) removes 

adsorbed oxygen atoms and creat£s free active sites . • 
' 5.8 Heat And Mass Transfer Re~istances 

The discussion of single transient exp.&iments and 1 imi t cycles (both 

experimental and theoretical) has assum~d that all reactions occur in a 

CSTR with the properties of the bulk gas extending all the way to the 

catalyst surface, and with the catalyst in the form of non-porous solid 

cylinders, on the surface of which the active metal particles are 

dispersed. 

The bulk gas temperature has been shown by direct measurement to vary 

by less than 0.5 K during any experiment. The temperature difference 

between bulk gas and catalyst surface has been estimated in appendix F 

from correlations in the literature, for steady and oscillatory states 

(experimental and simulated). Estimation of such differences for 

oscillatory states was carried out by assuming a hypothetical steady state 

at which the rate of consumption of reactants is the same as the maximum 

such rate during one cycle, leading to the 'worst case' estimate of 

concentration and temperature gradients between the catalyst surface and 

the bulk gas. Calculations in appendix F show that the largest 
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experimental temperature difference is 2.3 K and that simulated limit 
cycles lead to a max imum temperature difference of 3.1 K. 

Similar calculations on the concentration differences of reactants 
between the bulk gas and the layer just above the catalyst surface show 
that the highest difference occurs for propene in the transient of fig.4.8, 
where the difference is 17% of the steady state bulk concentration. In all 
observed oscillatory states, no difference greater than 4.6% of the 
propene concentration was found,although calculations on the simulated 
limit cycles show a difference of 18% of the CO concentration. 

Finally, it is shown in append ix F that the effectiveness factor is 
approximately equal to unity, justifying the assumption that all catalytic 
sites are on the surface of non-porous solid cylinders. 

5.9 Conclusions 
-, 

• 
In this chapter , the sim~l taneous oxidation of CO and one or more 

alkenes and the resultihg concentration oscillations has been 
-investigated as a f unct ion of operating parameters , catalyst loading and 
site concentration. 

The concentration of active sites on the catalyst is an important 
factor in any attempt to obtain consistent results. Even catalys ts with 
the same weight content of act i ve metal can have very different reaction 
properties because of differences in site concentration. In fact, certain 
forms of oscillatory behaviour (such as spike-type oscillatory states) 
observed may yani sh upon altering the total number of active ea talys t 
sites in the reactor. 

The extinction of isothermal concentration oscillations on increasing 
the reactor temperature provides evidence that the oscillations are not 
just due to thermal effects but are intrinsically related to reaction 
kinetics, given the gradientless operation of the reactor demonstrated in 
section 5.8. 
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When more than one alkene is included in the feed mixture, there is 
preferential consumption of ethene rather than propene and the latter acts 
as an inert adsorbate. 

The proposed elementary step model, both modified and unmodified, has 
been shown to lead to limit cycle solutions qualitatively similar to the 
observed concentration oscillations, using rate constants mostly derived 
in chapter 4. Limit cycles are shown to occur whether the number of sites 
which one adsorbed alkene molecule occupies is equal to 1 or 2, although 
with different sets of kinetic parameters and with different periods. 
Finally, a simplified third-order model has been shown capable of 
predicting the occurrence of such oscillatory solutions. 

The temperature range for oscillations considered in this work is lower 
than that in other studies reported in the literature. Thus, although the 
formation of a surface oxide is not required for the existence of limit 
cycle solutions of the mode~, such a step may become relevant at 

' temperatures greater than 250j -c. 
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6. INPUT .CONCENTRATION CYCLING 

6.1 Introduction 

The transient studies of the oxidation of CO/alkene mixtures reported 

up to this point involve either a single step change in the input 
concentration of reactant or, in a few cases, two such step changes . In 
this chapter the behaviour of the reaction system under periodic step 
changes in the input concentration of reactant is examined mainly as a 

function of feed cycling period. The aim of this study is twofold: firstly, 

to investigate the interaction of the complex . dynamics of a self

oscillatory reaction (such as }he oxidation of CO/propene mixtures over 

supported Pt in a CSTR) with . periodic input and, secondly, to ascertain 

' whether periodic feed operation alters the time-averaged rate of 
r conversion and, if possible, to derive some guidelines for the optimum 

operation of catalytic oxidation reactors under periodic feed switching. 

Though investigations of catalytic · reactions under periodic feed 

cycling have been reported in the literature (see section 6. 2), their aim 
has commonly been the second of the two mentioned above. The catalytic 

oxidation of CO/alkene mixtures can provide more inter esting behaviour 

under feed cycling because it can be considered as a 'chemical oscillator'. 

Analytical and numerical studies of the effect of periodic input have 

been carried out on several oscillator models , proposed to account for 

self-oscillating systems (biolog ical , chemical etc). An example of a 

,biological oscillator examined under periodic input is the Hodgkin-Huxley 
model of the behav iour of squid giant axons (Aihara et al 1984) under a 

sinusoidal stimulating current. Most studies of chemical oscillators under 
periodic input have concentrated on the so-called 'Brusselator', a second 
order system of ordinary differential equations describing a tri
molecular reaction , devised by Lefevre and Prigogine (1968) which has been 
extensively studied since wi thout a forcing term (see Nicolis and 
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Prigogine (1977) for a review) . The first studies of periodic for cing of 
the Br usselator (Tomita and Kai 1977 ; Kai and Tomita 1977) introduced the 
stroboscop i c representation as a method of analysis of oscillator 
response , and this was further developed and used by Hao ( 1982) . 

6.2 The backgr ound to the problem 

The theoretical basis for the investigation of catalytic reactions 
under periodic feed s~itch i ng was laid by Bailey (1973;1977). For a lumped 
parameter system, denoted by Bailey as 

dx 
~ = !_(~,~) 
dt 

( 6-1) 

where~ is n-dimensional and~, the periodic forcing term, is of the form 

u(t) = u(t+T) (6 - 2) - . 

comparison of the characteristt c response of the system 'c to the period 
of the applied oscillation ,! establishes two asymptotic regions, where 
the system' s response can be predicted with ease and an intermediate 
r egion where more complicated phenomena can occur. These are: 
(1) the quasi - steady state region for which ,>>,c. In this region for the ... 
simple case of squar e feed oscillat ions~ he system has enough time to 
r ecover from each change of f eed composi t ion and attain a steady state 
appr opria t e to t he f eed at t ha t part of the cycle. Provided the system 
steady state is unique and stable, t he system dynamics can be approx i mated 
by t he ,-per i od ic f unc t i on 

x (t ) = h ( u ( t)) ( 6-3) 

where 

i_(~(~(t)) ,~(t)) = 0 (6-4) 

(2) the relaxed steady state region for which ,<<,c. In this case, the 
oscillation frequency of the feed is so high that the system cannot follow 
the changes in feed concentration and displays small oscillations around a 
steady state which is defined by 

(6-5) 
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There is a very important difference between the two regimes. In the 

former the system oscillates between two states which correspond to the 

steady states the system would attain had it been subjected to each of the 

feed mixtures independently of the other, whereas in the latter, the 

re l axed steady state may be unique to periodic operation and Js a function 

of the relative predominance of each feed within each cycle; 

(3) the intermediate frequency region in which the time constant of the 

system 1c and the feed period are of a similar magnitude. Few analytical 

inroads into this region have been made and all discussion, from the work 

by Sincic and Bailey (1977) onwards, has been based on simulations of 

specific systems. These authors reported subharmonic response 

oscillations [1] in the simulated case of a first order, exothermic, 

irreversible reaction occurring in a CSTR with the coolant temperature 

undergoing symmetrical step ('bang-bang') oscillations. In particular, 

periodic response with periods . 4,5,8,9,10,11 times the forcing period were 

obtained from such simul ations • ., 

' Up to the time of writinff there have been no reports of experiment~l 

observations of subharmonic response phenomena in the heterogeneous 

catalytic reaction literature. 

Experimental studies of the behavio1fti; of catalytic reactors under 

forced feed concentration cycling have advanced further than the 

theoretical framework for them. The first report of such work (Unni et al 

1973) was on feed cycling during the oxidation of so2 on v2o5'. As can be 

seen from the chronological table of reports on feed concentration cycling 

(table 6.1), investigations in this field have been gathering momentum and 

pride of place must go to the University of Waterloo in Canada . 

From the diverse catalytic reactions examined under fo r ced feed 

concentration cycling, two basic featu r es of cycling emerge. The first 

concerns exo t hermic r eacti ons occurring in f i xed beds . Periodi c f eed 

cycling has been found to r educe the magnitude of hotspots inside the be d 

in the syn t hesis of ammonia over i ron (Jain e t a l 1982 ;198 4) and in the 

[1] oscillations whose period is an integral mul tiple of the forcing 
period 
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oxidation of ethene over silver (Renken et al 1976). In the case of a 
desired reaction occurring in parallel or in series with reactions leading 
to waste products, which are favoured by higher temperatures, this feature 
may serve to explain the higher selectivity. This thermal effect, however, 
is not enough to explain the enhancement of conversion in totally 
isothermal reactions, such as the oxidation of CO over Pt (Cutlip 1979) 
and over V 2o5 ( Abdul-KofElem et al 1980a). 

Feed composition cycling, in reactions in which it leads to 
improvements in conversion to (desired) products, has an effect common to 
all these reactions. It periodically reduces the concentration of surface 
species (whether reactants or not) which inhibit the desired reaction and 
allows storage of a needed reactant on the surface. 

In the case of ammonia synthesis, this needed reactant is nitrogen 
which is stored on the surface· in the form of iron nitride during the 
nitrogen-rich fraction of the fEJed cycle. In the oxida t it)11 of so2, oxygen is 

' stored on the surface during, the oxygen-rich fraction of the cycle and 
this leads to a short burst ·of product at the beginning of the so2-rich 
cycle fraction. A similar oxygen storage mechanism may be the cause of 
increased rates of conversion of ethene on silver, although it was not 
discussed by the authors. 

The reduction of inhibition through the use of periodic feed cycling 
can explain the increased rate of addition of ethene to acetic acid, the 
oxidation of CO on Pt and the oxidation of NO/CO mixtures. In the first 
case it is shown by Renken et al (1984) that acetic acid inhibits the 
sorption of ethene and their conclusion is that, to increase the reaction 
rate, the sorption steps must be decoupled from the chemical reaction step. 
By periodically eliminating acetic acid from the feed, ethene can adsorb 
more freely than if acetic acid were present in the feed in that part of te 
cycle, and the time-averaged reaction rate increases. 

The concept of inhibition can be extended to the second of these 
react ions, the oxidation of CO on Pt. It has been found by Cutlip and 
Kenney (1978) that in the temperature range 100-180°c, this reaction can 
exhibit two stable steady states. Of these the high conversion steady 
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state is associated with a predominance of empty and oxygen-covered 
catalyst sites on the surface and the low conversion state is associated 
with a predominance of CO- covered ea talys t sites. Cutlip ( 1979) shows 
that , with steady stoichiometric feed, the catalyst surface is covered 
with CO and a low conversion state is attained, whereas feed switch i ng 
between CO and oxygen maintains the concentration of the two species on 
the surface at levels similar to each other, thus increa~ing 
co2 production. [2] Similar conclusions are reported for the oxidation of 
NO/CO mixtures by Hegedus et al where, in addition to the 'inhibition' as 
defined above caused by adsorbed CO, there is also temporary poisoning of 
the catalyst by surface iso-cyanate, the amount of which can be minimised 
by feed switching between net oxidising and net reducing conditions. 

In a number of the cases mentioned here, improvement of conversion is 
observed in a relatively narrow range of feed cycle periods. Abdul-Kareem 
et al (1980a) report this range for CO oxidation on v2o5 to be 

I approximately 20 minutes anct 9-1nni et al (1973) found the range for so2 oxidation over the same catAl.lyst to be of the order of 4 hours. Using 
Bailey's analysis of forced periodic behaviour, they estimate · the 
characteristic time of the system to be of the order of 4 hours, suggesting 
that . any model proposed must be able to ~ ount for the rate-determining 
step having a characteristic time of · 4 hours. It has however been 
subsequently shown by Klein & Schmidt (1982) that , in a reaction scheme 
with t wo competing steps of similar r ates , the over-all characteristic 
time can be larger than those of the i ndi victual steps by orders of 
magnitude . Thus, it is no t necessary to have a single step of 
characterist ic time 4 hour s in order for the overall character ist ic ti me 
of so2 oxidat i_on t o be so l ar ge . 

In addition to the exper imental studies , shown i n t able 6.1, mention 
mus t be made of two numerical studies based on t he experi mental r esults of 
Cutlip (1 979) . Cutl i p et al (1 983 ) used feed switching data t o carry out 

[2] If the surface rate step is determining, from equa tion(3 ~.51/, it is clear that the max imum rate is achieved when z1=z 2=z
0

/2. The choice of a stoichiometric mixture as r eference has been criticised by Amariglio et al (1984) who suggest that comparison of rates under . steady and periodic f eed requires the rate value at optimum steady feed concentration. 
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model discrimination between an elementary step model , as defined in 
chapter 4, and a dual site model proposed by Herz and Marin (1980) . Lynch 
(1983) examined the behaviour of an elementary step model under sinusoidal 
feed cycling and reported instances of subharmonic response of order 1/2 
('period-doubling') and a region of forcing period values which produce 
resonant behaviour . This model has been modified (Lynch 1984a; 1984b) by 
the introduction of unequal maximum surface coverages for CO and oxygen on 
the catalyst to correct for divergences between experimental results and 
predictions of the previous model for input concentration cycling with a 
time-averaged feed CO concentration less than 10-2• 

6.3 Experimental method 

In this chapter, reactor input is classified in terms of switching 
schemes. Each scheme consists of two feed mixtures , each of which flows 
through one of the lines FS1 a~ FS2 in fig~2 ~1~ After pretreatment of the 
catalyst, cycling between the two feed mixtures is achieved by manual 
activation of the solenoid va~ve (see fig.2.1). The time elapsed since the 
previous feed switch is monitored on an analogue timer and the switching 

. pattern is maintained until at least thr~e consecutive output cycles :~ ,. 
differ in amplitude by less than 5%. Each act i vation of the solenoid valve 
is·recorded by the PDP 11 computer for subsequent period verification. In 
all ot her aspects, experimental procedures are as described in section 
5. 2. 1 • 

6.4 Experimental results 

6.4.1 Subharmonic response 

The investigation of reactor response to periodic switching was 
carried out by using three standard feed mixtures in the following 
schemes: 

Scheme X1: Switching between 0.5% propene, 4% CO, 3% oxygen in argon 
and 1 % propene, 4% CO, 3% oxygen in argon. 

Scheme X2: Switching between 0.5% propene, 2% CO, 3% oxygen in argon 
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and 0.5% propene, 4% CO, 3% oxygen in argon. 
Scheme X3: Switching between 0.5% propene, 2% CO, 3% oxygen in argon 

and 1 % propene , 4% CO, 3% oxygen in argon. 

Scheme X1, in which the two streams differ only in the concentration of 
propene, was applied at 135°c and with a feed flowrate of 22 ml min-1 NTP 
following pretreatment of the catalyst with a mixture of 1% propene, 4% CO, 
3% oxygen. Under similar conditions, this mixture exhibits spontaneous 
oscillations (fig.6.1). When periodic feed switching is applied with a 
forcing period of 50 s (fig.6.2) and 40 s (fig.6.3), the reactor output 
response consists of concentration oscillations of period equal to the 
forcing period. The duration of two feed cycles is shown in each figure to 
provide comparison between feed and the output response. In both cases, 
the oxygen concentration oscillation provides the clearest indication of 
the nature and period of the osci~lations. 

When the forcing period is ~ duced to 30 s , the reactor, after about 3 
cycles, settles down to a subhf.rmonic oscillatory response (SHR) of 60 s 
period (fig.6.4) . A further ·reduction of the forcing per iod to 20 s 
eliminates the reactor oscillations virtually completely (fig.6.5) 

~ Another instance of S.H.R. occurred with ~e same input switching scheme 
at the same temperature after the same pretreatment. The feed flowrate was 
40 ml min - 1 NTP and feed switching of period 40 s led to reactor 
oscillations of period 80 s (fig.6.6). The same scheme was tried at 150°c 
and a feed flowrate of 50 ml min- 1 NTP . For each one of the cycling periods 
10 s, 30 sand 40 s, the response period was equal to the feed period and 
for a feed switching period of 60 s, aperiodic behaviour was observed. 
Although this may not be strictly 'chaotic' behaviour, it may be indicative 
of a transition to such behaviour. At these conditions the reactor, for a 
steady feed of 0.5% propene, 4% CO and 3% oxygen attained a stable steady 
state. The latter of these has been shown to be r eproducible. 

Scheme X2, in which the two streams differ only in the concentration of 
CO, was applied to the reactor at a temperature of 135°c and a feed 
flowrate of 30 ml min- 1 (conditions under which scheme X1 produced sub
harmonic response at a feed period of 40 s). The response period was always 
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equal to the forcing period for all periods examined, i .e . 20 s, 30 s, 40 s. 

Scheme X3 was applied to the reactor at both temperatures. At 135°c and 
feed flowrate of 100 ml min- 1, feed oscillations of period 40 s, 30 sand 
20 s l ed to concentration oscillations of period equal to the forcing 
period and reducing the forcing period to 10 · s eliminated product 
oscillations altogether. At 150°c and 47 ml min-1, feed oscillations of 
period 20 s, 30 s, 40 s, 60 s and 120 s produced concentration oscillations 
in the product of period equal to the forcing period. Under the same 
conditions, a constant composition feed mixture of 0.5% c3H6, 2% CO and 3% 
o2 gives spontaneous oscillations of approximate period 27 s. 

Finally, an irreproducible case of 'beating' was observed during cycling 
between 0.5% propene, 4% CO, 3% oxygen and 1 % co2, 1 % propene, 1 % CO, 1 % 
oxygen (fig.6.7) with a forcing period of 10 s. The envelope curve has a 
period of 51 s _and the fine · structure oscillations are harmonic. The 
sampling period of the mass sp. ~trometer was reduced from 3 s to 1 s to 
ensure that there was no effec1t ·or the scanning rate on the oscillations. 

6.4.2 Periodic input and the rate of co2 production 

Spontaneous oscillations in the oxidat r:tm., of CO/alkene mixtures over 
.. Pt have so far been studied in terms of- operating parameters such as 

t emperature , feed flowrate and catalyst charge. The study of oscillations . 
under periodic changes in feed composition requires three more parameters 
for a complete decription. These are the amplitude of the feed cycle and, 
following the analysis of Cutl i p (1979) , the period of the feed cycle , t F, 
and the fract i on of the cycle , a, during which reactor input is the s tream 
ri cher in fuel (defined as that having more mol es of carbon available for 
co2 for mation) . 

The desired objective is t he maxi mi sation of the r a t e of pr oduction of 
co2, as measured by the mole fraction of co2 in the reactor ex i t s tream 
(though the relat i on between the two is complicated by the ads orption of 
co2 on the catalys t support ) . 

A systematic investigation of the effect of tF and a on the rate of 
production of co2 was undertaken at a temperature of 150°c and a flowrate 
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of 100 ml min- 1 NTP. The limits of the above variables were 0.2 and 0.8 for 
a and 30 sand 180 s for 'F· Feed to the reactor oscillated between 3% 
oxygen i n ar gon ·and one of the three mixtures below: 

(1) 0 . 5% pr opene , 2% CO , 4% oxygen 
(2) 0.5% propene, 2% CO, 0 . 25% oxygen 
( 3) 1 % propene : 2% CO 

For each of the above switching schemes and for each cycle period , the 
catalyst was pretreated with 3% oxygen for two hours at reaction 
temperature and flowrate. Each experiment covered the complete range of a 
in ascending order and then a few values of a were examined in descending 
order to ascertain whether past treatment of the catalyst had any effect 
on the rate of co2 evolution. Only in one case was any such hysteresis 
observed. The value of the feed flowrate was checked occasionally during 
such experiments. 

-, 
The average mole fraction o~ co2 in the exit stream of the reactor, as 

' given by: 

( 6- 6) 
. ... 

/11,fl 
was calculated from the instantaneous values as recorded by the computer, 
once succesive cycles were judged to be sufficiently similar to each 
other. These average co2 concentrat ions are presented in f ig.6.8 to 6.1 0 as 
contour maps and three-dimensional surfaces. 

If xifr is the mole fraction of species i in the fuel-rich fraction of 
a cycle, and xi~r is the same quantity in the oxygen-rich fraction of a 
cycle (typically O for all species except oxygen) , the time-averaged mole 
fracti on of species i is defined by: 

x
1
. = ax.fr + (1-a)x.or 

l l (6-7) 

and the dashed lines in figures 6.8 and 6.9 indicate the value of a for 
which the time-averaged feed mixture is a stoichiometric one. In fig.6.10, 
the time-averaged feed mixture includes sufficient oxygen for complete 
oxidation of all CO and propene present , for all values of a . 
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The maximum rate of co2 evolution for any feed switching period occurs 
near the value of a which leads to a stoich i ometr i c time-averaged feed 
mi xture. The dependence of the rate of co2 evolution on the feed period is 
more complicated and no general guidelines can be established. For case 
( 1) there is an improvement in the r ate of co2 production for feed 
periods of 30 and 60 s . The surface plot in f i g.6.8 shows this decrease in 
co2 evolution with increasing feed period as a saddle. Case (2), 
represented in fig.6.9, displays a relative improvement in the rate of 
co2 evolution for a feed period of 60 s, coupled with a relative 
deterioration at a period of 90 s, especially in the oxygen-deficient 
region (i.e . above the dashed line in the contour diagram). 

When the time-averaged feed mixture is fuel-deficient over the whole 
range of a examined, such as in case (3) above, then the highest rate of 
co2 evolution occurs at a feed period of 90 s . 

Differences in the rate of c@2 evolution as a function of feed cycle • period and fuel-rich cycle frai tion can be separated into differences due 
to the absolute time- averaged rates of reactant inflow and those due to 
r elative rates. A normalised representation is therefore introduced, which 
eliminates the effect of the forme r by comparing that actual rate of 

~ co2 evolution with t he max imum rate possi~ (i .e . that which would have 
been achieved had a ll the limiting r eactant been converted to co2) . Two 
di ff er ent reg i mes must be distinguished: i n the case of fuel -deficient 
mi xtures (i .e . below t he dashed lines in figures 6.8 and 6.9 and in the 
whole r egion of 6.10) the max imum poss ible rat e of co2 evolution (in mol es 
per unit time) is equal to the time-aver aged r a t e of inflow of car bon ( in 
moles per un i t time , whe ther i n the form of CO or pr opene) . In the cas e of 
oxygen-deficient mixtures, cal culation of the maximum poss i ble ra t e of 
co2 evol ution is mor e complicated. Si nce each mole of oxygen be i ng 
.consumed l eads to the production of two moles of co2 through CO oxidation 
and 2/3 of a mole through propene oxidat ion, the maxi mum rate is 
calculated on the assumpti on that CO oxidation proceeds to completion, if 
possible, and any remaining oxygen is consumed by propene oxidation. This 
set of rules provides a normalised distribution of co2 evolution as a 
function of feed period and fuel-rich cycle fraction, as shown in figures 
6.11 , 6.12 and 6. 13 for cases (1), (2) and (3) respectively. 
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In fig .6. 11 , for a less than 0.7, the minimum rate of co2 evolution for 
each va l ue of a occurs for feed periods between 90 and 120 s , confirming 
t he signi f icance of the saddle shape in fig.6 .8. It is instructive to note 
tha t hi gh rates of normalised co2 evolut i on occur a t small period feed 
oscillations and low values of a, and low rates occur a t long periods and 
high values of a. 

In fig .6. 12 the same gradual reduction in normalised rate of co2 
evolution as in fig.6 .11 can be observed in the upper right hand corner of 
the diagram. For most values of a, a feed cycle period of 60 s provides a 
rate of co2 evolution at or near the maximum value and always more than 
90% of the max imum. There is also a small deterioration of the rate at a 
feed per iod of 90 s, compared to 60 s and 120 s, which manifests itself 
most clearly in a trough at low values of a. 

For case (3) , finally, figur~ 6.13 indicates that the maximum rate 
occurs broadly at a feed cycle per iod of 90 s, while the minimum normalised 
rate of co2 evolution occurs, ~tr all values of a, at a cycling period of 
120 s . 

6.4.3 Discussion 
"' ... ;j!J!;,; 

I n t he previous subsect i on the emphasis :has been on maxi mis ing t he rate 
of co2 evolution i n v i ew of the i ndustrial i mpor tance of oxidat i on of 
CO/ hydrocar bon mixtur es in catalyt i c exhaust converters . 

In fig.6. 11, the normalised representation shows clearly the inver se 
dependence of rate on t he amount of carbon-conta i ning r eactants on the 
surface. At a= q.8, it may be safely assumed t hat t he amount of oxygen that 
r eaches t he surface duri ng t he fifth of the cyc le i s so small that t he 
reaction is inhibited. 

Comparison of figures 6.11, 6.12 and 6.13 shows that the lower 
normalised rates of co2 evolution are attained in the upper right hand 
corner of fig.6.11. This is due to the lack of any incoming oxygen in the 
fuel- rich part of the cycle. The same pattern of decreasing co2 evolution 
at the upper right hand corner of the contour map is observed in fig.6 .9 
and it should be noted that in both figures 6.11 and 6.12, this region is in 

1 26 



the oxygen-deficient region of the map. Once again, in fig.6.12, there is a 
marginal improvement in rate along the 'F = 60 s vertical line. 

Discussion of subsection 6.4.1 on subharmonic response is incorporated 
in the next subsection. 

6.5 Numerical studies 

6.5.1 Subharmonic response: simulations 

Simulations of forced feed cycling experiments were carried out with 
two models for CO/propene oxidation and kinetic parameters derived in 
chapter 5, in order to establish whether subharmonic response can be 
induced and, if so, whether gen~ral criteria for its appearance can be 
established. 

-f • .... The kinetic parameters usef for both models refer to the reaction at 
150°c, even though the observed occurrences of SHR were at 135°c. r 

The feed flowrate values assumed in the simulations were also different . ... from those at which experimental observa!fltms of SHR were made . Though 
neither the fe~d period for SHR nor the ~ime-averaged concentrations of 
the various species are identical in simulations and experiments , the 
discrepancies are small enough for simulation values to be of the same 
order of magnitude as the experimental values. In view of this, it should 
be understood that the simulations were carried out not to try to model 
particular instances of SHR reported in other sections of this d1°1"~~-, but 
primarily to gain insight into the origins of experimental phenomena. 

Various feed switching strategies were employed in the simulations, 
including: 

Scheme S1: Switching between 0.5% propene, 2% CO, 3% oxygen and 
1 % propene, 2% CO, 3% oxygen 

Scheme S2: Switching between 1 % propene , 2% CO, 3% oxygen and 
1 % propene, 4% CO, 3% oxygen 

Scheme S3: Switching between 0.5% propene, 2% CO, 3% oxygen and 
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1 % propene, 4% CO, 3% oxygen 

Scheme S4: Switching between 0.5% propene, 4% CO, 3% oxygen and 

1 % propene, 4% CO, 3% oxygen 

Two versions of the ESM, as defined in section 4.4, have been used for 

simulations. One version is specified by Ns =2, f(z 3) = 1 and the other by 
q ( zo-z3) . 

Ns =1, f(z 3) = e (1.e. the ESM as modified in section 4.10). 

With the former model , simulations of CO/propene oxidation at a feed 

flowrate of 100 ml min- 1 NTP, with a feed mixture of 1% propene, 2% CO and 

3% oxygen and the kinetic parameters specified in table 5.5, leads to 
sustained limit cycles of period 4 min (fig.5.47). 

Figures (6.14) to (6.16) are the product of feed switching scheme S2 , 

which is similar to experimental scheme X2 in that the two component 

mixtures differ only in the conce~tration of CO. Each type of oscillatory 

phenomenon identified by Sin~ic and Bailey (1977) is seen here. At large 
f 

values of the feed forcing pefiod (e.g. 5 min), the reaction exhibits 

concentration oscillations of period equal to the forcing period 
(fig.6.14). A reduction of the' forcing period to 2 min. leads to output 

oscillations with a period of 4 min. ( 'period doubling') (fig.6.15). A 

further reduction of the feed period to 1 1.t$1· leads to a relaxed steady 
state (fig.6.16) with small oscillations atibut a mean concentration value. 

It will be recalled, however, that experimental scheme X2 did not produce 
any instances of SHR, whereas scheme X1 (in which the concentration of 

propene is the time-dependent variable) did. Thus experimental evidence 
suggests that variation in the alkene content of the feed is necessary for 

SHR, whereas simulations suggest that either alkene or CO variation can 

produce this type of response. This may arise from the fact that both 
reactants are treated similarly in this reaction mogel . 

The range of periods which will produce SHR when feed switching scheme 
S1 is examined is wider than that for S2. Output oscillations have the same 

period as input oscillations for values of feed period greater than or 
equal to 4 min. 

The intermediate region, where pathological phenomena such as SHR 

occur , is bounded by forcing periods of 3.5 and 1.0 min. Below 1.0 min. the 
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system achieves a relaxed steady state. The simulated response of the 
system is summarised in table 6.2. Subharmonic response of order 1/2, 1/3 
1/5 and 1/9 is exhibited. This kind of response appears to arise out of 
harmonic oscillations in which the amplitude of alternate peaks contracts 
to produce SHR and ultimately disappears into a relaxed steady state 
response. In this context, the form of oscillations in fig.6.17 is 
important. The period of each peak is 4 min. ( i,e. very close to that of the 
spontaneous limit cycles in fig.5.47). The output is thus an additional 
45° out of phase with the input at each cycle, so that when the fourth 
cycle is due to occur, output and input are out of phase by approximately 
180°. This cycle is skipped and the process starts again. This leads to a 
biperiodic response with periods of 4 and 14 min. 

Selected simulations show that the form of the reactor output is 
independent of the order in which the feed mixtures are introduced after 
pretreatment. Pretreatment with 3% oxygen is assumed throughout this 
discussion. -, 

• 
' The complicated oscillator.y patterns in fig.6.18 should be noted. Two 

superimposed oscillatory patterns are produced, one of which is a harmonic 
oscillation and one a subharmonic oscillation of order 1/7. The closest ... . 
experimental analogue to this is the set off~ ats' shown in fig.6.7, though 
in that case the fine structure is most evident in the co2 rather than the 
propene profile. 

Inspection of table 6.2 shows that SHR occurs, for the unmodified ESM, 
when the feed forcing period becomes smaller than· the limit cycle period 
for a steady input of 1 % propene, 2% CO and 3% oxygen. In subsection 6.4.1, a 
feed mixture of 1 % propene , 4% CO and 3% oxygen is shown to lead to 
observed concentration oscillations of approximate period 150 s. 
Experimental feed switching schemes which include this mixture (such as 
X1) lead to SHR when the for cing peri od is fixed at 30 or 40 s . 

According to the analysis of Sincic and Bailey (1977), SHR may appear 
at forcing periods of similar magn itude to the characteristic time of the 
oscillator. In cases where one of the feed mixtures leads to limit cycles, 
the characteristic time of the system has been shown by this work to be 
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approximated by the period of the limit cycles and the search for 
subharmonic response may usefully be concentrated in the range of periods 
below the limit cycle period of either component mixture. The difference 
in limit cycle period between experiment (see fig.6.1) and simulation (see 
fig.5.47) also explains the difference in forcing period ranges in which 
SHR appears. 

Scheme S4 is similar to S1, in that only the propene concentration is 
time-dependent . Of the two component mixtures of scheme S4, neither leads 

• to limit cycle solutions under steady input. Simulations with this scheme 
over a range of periods rrom 0.5 to 4 min. produce only harmonic response. 
This suggests that a necessary condition for SHR is that one of the feed 
mixtures should lead to limit cycle solution of the model. 

Finally, the latter of the two models examined for SHR did not produce 
any instances of SHR, when schem·e S1 was applied to it under conditions 
identical to those used to obtaifl the results of table 6.2 over the range 

' of forcing periods from 0.5 to jO min~ 

( 

6.5.2 Model predictions of' co2 evolution 

The modified ESM, as derived in sectio~~10, was used to predict the 
time-averaged rate of co2 evolution with _bscillating feed concentration. 
As the experimental results summarised in figures 6.8, 6.9 and 6.10 were 
obtained at a temperature of 150°c, kinetic parameters shown in column 3 

of table 5.2 were used to simulate such experiments at a flowrate of 100 ml 
min- 1 NTP. The time-averaged rates of co2 evolution (equation 6-6) 
derived from these simulations are presented in the form of contour maps 
and surface plots in figures 6.19, 6.20 and 6.21. 

Comparison of these figures respectively with figures 6.8, 6.9 and 6.10 
shows the extent to which the model can predict the response of the 
CO/propene oxidation system. At long feed cycle periods the qualitative 
trends of co2 time-averaged evolution rate as a function of the fuel-rich 
cycle fraction are predicted well. As in experiments, the maximum rate 
occurs near the value of a which leads to a stoichiometric time-averaged 
feed mixture. At low values of the feed cycle period, and in the region of 
a values between 0.3 and 0.7, an improvement in co2 evolution rate can be 
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achieved if the reactor feed is cycled with a period of 60 s . These 

plateaux vanish as 'Fis increased. It should be noted that the saddle in 

fi g.6.8 cannot be predicted by the model. 

The most severe discrepancy between simulation and experiment occurs 

in the case of feed cycling with a time-averaged mixture which is always 

fuel - deficient (fig .6.10 and 6.21). The model predicts small improvements 

in co2 evolution at a. = 0.3 or 0.6 when the period is fixed at 60 s. This is 

contrary to the experimenyal results in which no plateaux can be observed 

and in which the maximum rate of co2 evolution at each value of a. occurs 

for a feed period of 90 s . 

6.6 Conclusions 

The oxidation of CO/propene · mixtures under forced feed concentration 

oscillations, examined experime11tally and numerically, can achieve relaxed 

or quasi-steady state operatf on, or display more complicated behaviour, 

' depending on the forcing fr~quency, as determined theoretically by Sincic 
r 

and Bailey (1977) . As predicted for complex self- oscillatory systems under 

periodic input, subharmonic oscillations were observed for values of the 

furcing period which are too smal l to aL'.j1l1,, quasi-steady state operation 

and too large to allow relaxed steady st-ate oper ation. In this respect the 

CO/alkene oxidation reaction is similar to the previously proposed 

homogeneous forced chemical oscillators. 

The elementary step model, which has been used so far to model 

spontaneous isothermal concentration oscillations during the oxidation of 

CO/alkene mixtures on Pt, is also able to display such subharmonic 

response, though at larger values of the feed forcing period. This is not 

surprising, given the dependence of the range of feed periods which lead 

to SHR on the reactor residence time, as shown by the model. For a given 

set of conditions, oscillation in the feed alkene concentration can lead 

to SHR, whereas oscillation in the feed CO concentration cannot. Observed 

cases of SHR were only of order 1/2 ('period-doubling'), whereas the model 

also produced cases of higher order. 
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A representation of co2 production as a function of input forcing 

period and fuel-rich cycle fraction has been presented, which eliminates 

dif f er ences in co2 production due to the different absolute time- averaged 

rates of r eactant inflow but no substantial effect of input forcing period 

on the rate of co2 production has been detected. It had been hoped that 

such ef fects would have led the way to more efficient operation of air 

pollution abatement equipment (such as catalytic exhaust converters) by 

periodic cycling of the input between the pollutant mixture and air. 

' • 
' 



7, CONCLUSIONS AND RECOMMENDATIONS 

7,1 Introduction 

The aim of this work has been to combine experimental and theoretical 

i nvestigations of transient phenomena in CO/alkene oxidation over 

supported platinum cat alysts , in order to understand some underlying 

macroscopic mechanisms of heterogeneous catalysis ano to show that some 

stable oscillatory states can be pr edicted without recour se to 

super imposed non- linear · phenomena (such as temperature fluctuations) . 

Furthermore , in contrast to other theoretical works on oscillations in 

heterogeneous catalysis, the _,values of kinetic parameters used were 

derived, as far as possible , f1'°m separate simpler exper iments. 

' 
7,2 Transient Exper iments 

,...= ... 
;~ ;, 

Experiments consisting of a s t ep change f rom one r eac t ive component to 

a mixture of t wo such components have been used to gain i ns i ghts into t he 

reaction mechanism and to estimate rate constants for the adsorption, 

desorption and surface oxidation of CO, ethene and propene and the 

adsorption of oxygen. The estimation of rate constants for a l kene 

oxidation must take into account the reversible adsorption of the alkenes 

on the alumina support. 

An elementary step model has been found adequate for modelling step 

changes from a CO-containing stream to a CO/oxygen mixture, with one 

exception which is discussed later. A similar model, however, cannot 

account quantitatively for all the features when CO in .the input stream is 

replaced by an alkene . The elementary step model has therefore been 

modified to allow a non-linear dependence of the alkene desorption rate on 

the fractional coverage of the alkene and this has led to better agreement 

between experiment and model pr edi ction in the case of pr opene. In t he 
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case of ethene, even the modified model cannot account for the latter 

stages of the transient though the initial stages are simulated 

satisfactorily. All rate constants have been estimated at 90, 120 and 

1 so0 c. 

The rate-determining steps in the transients used for parameter 

estimation are the adsorption and desorption of CO or the alkene and the 

adsorption of oxygen. Simulation of these transient experiments is 

i nsensitive to the values of the other parameters. One parameter which has 

been shown to have a substantial effect on the simulations · is the 

dimensionless concentration of catalyst active sites. Catalyst titrations 

with pairs of reacting gases have been shown to lead to systematic errors 

in the calculation of this quantity. Suggestions for improvements can be 

found in section 4.8. 

Arrhenius plots of the con~tants of the rate-determining steps show 

that the estimates for each oC the constants at the three temperatures • listed above are internall'f consistent. Comparison of the activation 

energy values thus derived (see table 4.13) to those found in the 

literature (see table 1.3) show little agreement. 

There are two major improvements to~ model which are suggested by 

the comparison between simulation and experiment (figures 4.29 and 4.44) . 

In both these cases, given a successful simulation of the oxygen profile 

in the initial stages of the transient, the rate of decay of the exit 

concentration of the oxidi.sed species is l ower in t he simulation than in 

the experiment. The correct simulation of the oxygen profile, however , 

requires a high fractional coverage of the surface by the pretreatment 

species. This · coverage leads to desorption which keeps the rate of decay 

of the concentration of this species, after the . input step change, well 

above its experimental value. 

One alteration to the model which may resolve this is the introduction 

of the concept of active sites not available to oxygen but available to 

all other species, as suggested by Herz & Marin (1980) and Lynch (1984). 

Such an alteration would allow sufficient hindrance to oxygen adsorption 

to permit the appearance of the oxygen hump but would reduce the overall 

134 



fractional coverage (and, hence, desorption rate) of the pretreatment 

species. 

Such a restriction on sites available for oxygen adsorption may be due 

either to a requirement for pairs of adjacent vacant sites (so that single 

vacant sites would not be considered in the dependence of oxygen 

adsorption on vacant sites) or to inhomogeneities on the surface. 

7.3 SpoV\ ta.~_eo.us o~ci\1 oJi O{)S 

The experimental study of sustained concentration oscillations in 

CO/alkene oxidation over platinum concentrated on the effect of various 

operating parameters on the occu rrence and form of oscillations in the hope 

of understanding more about their mechanism. 

The dependence of the period of oscillations on the reactor feed 
·I 

flowrate suggests that the gaf phase above the catalyst plays an important 

part in these oscillations~ possibly by synchronising oscillations in 

different regions of the catalyst. 

Oscillations can take either a sinusoidal form with a period of the --~ ; ~ ;,, 

order of the mean reactor residence ti~e~or a less regular form with a 

period up to 90 mean residence times. The occuci"ence of oscillations 

consisting of a quiescent regime of such duration interrupted by (single, 

double or in some cases triple) bursts of co2 evolution is strongly 

dependent on the number of active sites in the reactor. Such oscillations 

are replaced by sinusoidal ones either upon increasing the catalyst charge 

or upon repl~cing the catalyst with an equal mass of catalyst of higher 

site concentration. In the case of feed mixtures including ethene or 2-

butene, oscillations can also appear in trains of increasing amplitude 

followed by a short quiescent period. 

An associated phenomenon is the presence of oscillations arising after 

a step change in feed concentration which grow in amplitude up to a 

critical point and are then replaced by a steady state of low conversion. 

Evidence has been presented to show that , in certain cases, the system is 

poised between a steady and an oscillatory state and can end up in either, 



depending on random perturbations. 

It has been shown that the form and period of oscillations in CO/alkene 

oxidation is the same regardless of the nature of the pretreatment (CO or 

oxygen), suggesting that the critical adsorbed species is the alkene. 

An elementary step model has · been examined both analytically and 

numerically for limit cycle solutions. Numerical searches were restricted, 

as far as possible, to values of rate constants derived from separate 

transient experiments. Oscillatory solutions were obtained as a result of 

these searches, al though their period was longer than that of typical 

experimental oscillations. 

Analytical studies concentrated on a simplified elementary step model. 

The number of time- dependent variables was restricted to three, the oxygen 

gas and surface concentrations . and the ·surface concentration of propene. 

This simplified model has beep shown to predict unique unstable steady 

states and, hence, limit cyc f es for the parameters which lead to limit 

cycle solutions of the full f ime-dependent model. The possibility of Hopf 

bifurcations in this model was, however, eliminated. 

Rates of heat and mass transfer duri ~ steady state experiments and 
. ]~~ 

oscillations have been calculated using experimental and simulated 

profiles. Mass and heat transfer resistanc~s between the catalyst surface 

and the bulk of the gas phase have been shown to be negligible. During 

oscillations, the highest calculated temperature difference between 

surface and bulk gas was found to be approximately 3 K. 

In this work, surface concentrations of reactants have only been 

estimated through the predictions of the proposed model. A means of 

observing variations in surface coverage during transient experiments and 

oscillatory states is desirable, since such variations would allow a more 

discriminating process of parameter estimation and independent 

confirmation of the variation in fractional coverages proposed by the 

model. 

Infrared thermography, a process outlined by D'Netto et al (1984), can 

be used to obtain thermal images of the catalytic surface during 



oscillatory oxidation of CO/alkene mixtur es. Spatial and temporal 

vari a t ions in surface t emperature can thus be mon i tor ed. Such var iations , 

i f signif i cant, can be incorpor ated in the model and may account f or the 

fine s tructure of observ ed oscillations. 

Extrapolation, ba sed on acti vation ener gies and preexponent ial fac t ors 

obta ined, may lead to estimates of the values of the rate constants at 

t emperatur es above that quoted as the thermodynamic lower bound for the 

f or mation of platinum oxide. These can be used to check whether , at such 

temperatures and with low enough values of surface capacity, oscillations 

in the absence of alkenes can be predicted by the model , without invoking 

t he pr esence of such an oxide . 

The simplified third order model , which can predict regions of limit 

cyc l e solutions of the full model for CO/alkene oxidation, may be used for 

more extensive searches of parameter space. The difference in oscillation 

period between the obser ved os®illations and those predicted by the model 

' suggests that t hose parametei s not derived from separate experiments (i '. e. 

the const ants for alkene r eversible adsorption and surface oxidation) 

lead t o an i ncor rect t i me scale for variation of the alkene sur f ace 

concent r a tion. Ot her values, in appr oximately t he same r atios between 
. ~ 

thems elves, may l ead t o di f f er ent t ime sc1-f"es for t he system and, hence , to 

oscillatory states of more r ea l ist i c per"iod. 

7.4 Oscillatory Input 

The oxidation of CO/propene mixtures with period ic variations in input 

concentration has been investigated from two different viewpoints : 

firstly, as a problem in optimisation of the rate of co2 production and 

secondly, as a chemical oscillator producing complex dynamic phenomena in 

response to periodic variation in the input. 

In the former case, both experimental and numerical studies of the 

effect of cycling the reactor input between a mixture containing CO, 

propene and (sometimes) oxygen and another consisting only of oxygen in 

argon show no dramatic variation of conversion with the input cycling 

period. A normalised representation of overall conversion has been 



presented to show that there is no variation of this with cycle period or 
the relative predominance of each mixture in the time-averaged input. 

These investigations were only carried out at one temperature and 
flowrate. Further investigations are needed to establish the effect of 
increasing the oxygen content of the oxygen stream to 21%, as poss ible 

operation of catalytic exhaust converters will involve air as the oxygen
rich stream and to examine the effect of temperature cycling on 

conversion. 

In the latter case, however, investigations of feed cycling have led to 
'period-doubling', a phenomenon hitherto predicted in analytical and 

numerical studies of forced oscillators but not observed in heterogeneous 

catalytic oscillatory systems. Some of these instances have proved to be 

reproducible. Parallel numerical investigations show that, in the case of 
switching between two mixtures, one must be able to lead to spontaneous 

oscillations. 
·I 

' An understanding of this, phenomenon cannot be achieved until the 

dependence of the range of input periods which lead to subharmonic 

response on the residence time and other characteristic times of the 
reaction is developed~ This will require an extensive search for other 

' instances of such response. Once mathemati:e' ~l models can predict realistic 
periods for spontaneous oscillations, then the interdependence between the 

spontaneous oscillation period and the range of input periods which lead 
to subharmonic response can be examined. 

Summarising this work, it has been shown that transient experiments 

provide information about the absolute rates of reactions in 

heterogeneous · catalysis, which steady state experiments cannot provide. 

The simultaneous oxidation of CO and one or more alkenes over supported 

platinum catalysts in a CSTR leads to spontaneous isothermal 
concentration oscillations. When the input to the reactor is altered 
periodically, instances of 'period doubling' have been observed. An 

elementary step model has been shown to predict both these kinds of 

oscillatory phenomena. 
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APPENDIX A 

BACKFLUX OF COMPONENTS DURING FEED MIXTURE PREPARATION 

During feed mixture preparation , after the addition of the 

nth component, the filling line and mixture tank are allowed 

to equilibrate. During this p~riod, lastin~ typically 3 min., 

there is no pressure difference to keep the previous n-1 

components in the tank and there may be some diffusion of these 

components into the filling line, rendering subsequent 

calculations of mixture composition inaccurate. As diffusion 

coefficients vary inversely with total pressure, this effect is 

likely to be more pronounced after the addition of the second 

component. 

Typically, the first component is propene (2 psi) and the 

second one is CO (4 psi). To estimate an upper bound on the 

amount of propene that can · diffuse back into the CO-filled line 

during total pressure equalisation, we consider the simpler -, 
problem of a tank filledft o a total pressure of 6 psia 

(33% propene, 67% CO) bJing suddenly connected to an infinitely 

long tube of 1/8 in dic3.lileter, full of CO at 6 psia. The sudden 

connection of the tank to the line is intended to represent the 

moment at which the total pressure difference between tank and 

line becomes negligible. 

The diffusion of propene into the line is governed by: 

with C = C 
0 

ac a2
c = D 

at ax2 

x = 0 and t O and 

c = 0 , x ) 0 and t = 0 . 

(A-1 ) 

The concentration at the connection is assumed to be constant 

here, although there will be a reduction in the amount of 

propene in the tank, as it diffuses into the pipe . This is not 

important however, as it would reduce the amount diffusing and 

does not alter the upper bound of this value. 

The standard solution of equation (A-1) is: 

A.l 



APPENDIX A 

BACKFLUX OF COMPONENTS DURING FEED MIXTURE PREPARATION 

During feed mixture preparation , after the addition of the 

nth component, the filling line and mixture tank are allowed 

to equilibrate. During this period, lasting typically 3 min ., 

there is no pressure difference to keep the previous n-1 

components in the tank and there may be some diffusion of these 

components into the filling line, rendering subsequent 

calculations of mixture composition inaccurate. As diffusion 

coefficients vary inversely with total pressure, this effect is 

likely to be more pronounced after the addition of the second 

component. 

Typically, the first component is propene (2 psi) and the 

second one is CO (4 psi) . To estimate an upper bound on the 

amount of propene that can · diffuse back into the CO-filled line 

during total pressure equalisation, we consider the simpler ., 
problem of a tank filled ilo a total pressure of 6 psia 

(33% propene, 67% CO) bEf.i.ng suddenly connected to an infinitely 

long tube of 1/8 in dia~eter, full of CO at 6 psia. The sudden 

connection of the tank to the line is intended to represent the 

moment at which the total pressure difference between tank and 

line becomes negligible . 

The diffusion of propene into the line is governed by: 

ac a2c 
= D 

at ax2 
(A-1) 

with c = c x = 0 and t O and 
0 

c = 0 , x ) 0 and t = 0 • 

The concentration at the connection is assumed to be constant 

here, although there will be a reduction in the amount of 

propene in the tank, as it diffuses into the pipe. This is not 

important however, as it would reduce the amount diffusing and 

does not alter the upper bound of this value. 

The standard solution of equation (A-1) is: 

A.l 



C X 

c = 1 - er£ 2 IDt 
0 

(A-2) 

(Crank 1956). The diffusion coefficient can be calculated from 

the correlation given by Perry and Chilton (1973) to be: 

D = 0.32 x 10-4 m2s-l at 298 Kand 6 psi, 

given bpC H = -48°C 
3 6 

vb 
- 1 = 66.6 ml mol 

C3H6 

Equation (A-2) is solved to find the distance from the connection 

at which c = O.Olc , and from standard tabulations of the error 
0 

function: 

(A-3) 
21Dt 

Fort= 180 s, x = 0.35 m. 

The amount of propene or.iginally in the tank can be calculated 

from PV = nRT as ., -2 
nc H 9 = 2.23 X 10 mol 

3 f -3 and C = 5.57 mol m 
0 , 

The amount of propene in the pipe at the end of the 3 minute 

period can be calculated from 

(A-4) 

but an upper bound on this integral can be given by 

1Td
2 

X n' ~c -x(0.99-
2

+0.0lx) 
C3H6 o 4 

(A-5) 

as seen in fig.A.l, or 

L. -3 1r -3 
2 

2 n' - 5.57 mol m -
4 

(3 .12 x 10 ) m (0.99x0.175+ 
C3H6 

O.Olx0 . 35) m= 

n~ H 6 7 . 53 x 10 -
6 

mo 1 
3 6 

The fraction of propene that escapes during the pressure 

equalisation stage is 

n' 7.53 X 10-6 
C3H6 ~ = 0.034% 

n 2.23 X 10-2 
C3H6 



APPENDIX B 

CONSIDERATION OF REACTOR VOLUME AND MIXEDNESS 

B. l CSTR volume determination 

The basic mass balance equation fo r an inert 

V de 
dt = ~ci.n - qv C 

tracer in 

(with the volumetric flowrate constant and calculated at 

temperature and pressure) which, given ' = V/q ' reduces 
V 

dx x. - X 
P d t = --"1.:..;;na...... __ 

R ' 

a CSTR 

reactor 

to 

For a step change at t = 0 to a tracer-containing feed, the mole 

fraction of tracer in the output is 

x(t) = x. (1 - e - th) 
in 

x. > o, in x (O) = 0 
(B-1) 

For a step change at t = 0 to a tracer-free stream, the mole 

fraction of tracer in the output is 
·" 
• -th 

x(t) i x(O)e 

x. := 0 x(O)> 0 
1.n r ' 

(B- 2) 

Equation (B-1) can be r~written as 

(B-3) 

and equation (B-2) can be rewritt en as 

ln( x(t) ) = - .!. (B-4) 
x(O) , 

In an ideal CSTR, the linear relations (B-3) and (B- 4) are 

satisfied exactly. The reactor CSTR volume can be calculated 

from the residence time and the flowrate at reactor temperature 

and pressure. 

B.2 Absolute reactor void volume determination 

is: 

For a step change to a tracer-containing feed stream at time 0, 

inflow=· f 
I/O 

total molar tracer ~ .x. dt 
0 l. l. 

total molar tracer outflow= !: ~0 x
0
dt 

B.l 



If. there is no reaction in the reactor, the molar inf low and outflow 

are equal, and 

total amount of tracer 

accumulated 1.n reactor = q J
00 

(X. - X )dt 
illO 1. 0 

volume in reactor ·RT q . Rill oo 
= p J (x. - X ) dt 

occupied by tracer R o 1. o 

Once steady state has been reached, the mole fraction of tracer 

in the reactor is equal to that in the feed stream, so 

RTR~ oo 
= J (x. - X )dt 

xiPR o 1. o 
Reactor volume 

The molar inflow,~· can be expressed 1.n terms of volumetric 

flowrate at feed temperature and pressure 

q .PFTR 
Reactor volume = v1. J

00

( - x )dt 
xiTFPR o xin out 

(B- 5) 

Conversely, for a step ch~nge to a tracer-free feed, similar 

arguments lead to the foll~wing expression for the reactor volume: • 
' q . PFTR 

Reactor vol.ume = v; J
00 

x dt 
xb?FPR o out 

(B-6) 
. r 

where x9 is the tracer mole fraction in the feed for t < 0 . 
in 

... 
B;) Calculation of absolute and CSTR""6id volume 

Tracer: 2.25% argon in helium 

TF 297 K 

TR 301 K 

mean: flowrate 

PF 75.0 cm Hg 

PR 79 . 5 cm Hg 
-1 

63.0 ml min 

The analysis is based on 2 step changes from carrier to tracer

containing stream and 2 changes in the reverse direction . In all 

four cases, the time delay between activation of the stream

switching solenoid valve and initial change in the response of the 

detector is 5 s, so the plug flow volume is: 

1.05 ml 
. -1 

& X 5 S = 5.25 ml 

All subsequent data have been corrected for this plug flow region. 

(i) Calculation of absolute volume 

Application of equations (B-5) and (B-6) to the argon tracer data 

leads to an estimate of the volume of 48.5 ml 

B.2 



(ii) Calculation of CSTR volume 

Application of equations (B- 3) and (B- 4) leads to the plots in 

fi g .2. 9 . Consider i ng only the points to the left of the vertical 
dotted lines, the mean value of reactor residence time is shown 

to be 

T = 48 ,2 S , 

The flowrate at reactor conditions is 1.00 ml s - l and 

the mean estimate of the volume is thus 

V = 48 . 2 ml. 

The discrepancy in the two values of volume is discussed below . 

B. 4 . Error Analysis 

(i) Accuracy of flowrate calculation 

For pure He stream 

For Ar/He stream 

= 63.17 ml min-l 

= 62.91 ml min-l 

0 23 ml 
. -1 s

1 
= . min 

. -1 s
2 

= 0 . 42 ml min 
Assuming the standard deviation for the two populations is the same, 

s 
p 

2 
= 0.115 

-, s = 0 . 34 ('pooled estimate') 
41 p 

with 10 degrees of freedo,n. At-test with 10 degrees of freedom 
establishes that the difi- erences in flowrate between the two 

streams are not signifit ant to the 95% confidence level . 

The t r ue value of the flowrate to 95% 

~ = 63 . 04 + 2 . 228 x 0 . 34 = 63 .Q4 

= 1.05 + 0.01 ml s - l .;fif'p 

confidence level 

+ 0 . 7 ml mi n 
- 1 

= 

or 1.00 + 0.01 ml 

is : 

- 1 
s at 

r eac t or conditions . 
(ii ) Accur acy of residence time calculation 

Mean value of T f r om 4 estimates= 48 .2 s 

s = 3 . 0 s 

hence t he 95% confidence int er val wi th 3 degrees of freedom i s 
T = 48,2 + 3.182 X 3. 0 S = 48 .2 + 9 , 5 S 

and the 95% confidence interval of the volume is: 

V = 48 .2· + 10 . 0 ml ~ 48 + 10 ml. 

(iii ) Accuracy of ab s olute volume ca l cula tion 

Comparison of equations (B-5) and (B-6) shows that it the 
terms containing mole fraction values are grouped separately 
and the relevant values calculated from experimental results, 
the remainder of the equations will be common to all. 

The mean value of the integral from the 4 experimental runs 
is 48.3 and the estimate of standard deviation is 2.5. Thus the 
true value of the calculated quantity to 95% confidence, with 
3 degrees of freedom, is : 

48 , 3 + 3 . 182 X 2 . 5 = 48 . 3 + 7 . 9 

B. 3 



leading to a volume estimate of 48.5 + 8.2 ml. 

For the sake of completeness, the level of significance of 

the difference between the two estimates of volume (through the 

estimate of CSTR residence time and through absolute measurement) 

was checked in the same way as the level of significance of the 

difference between the two feed stream flowrates (in B.4(i)). 

Finally, in an effort to identify potential systematic 

errors in the calculation of volume introduced by drifting 

flowrate values, the appropriate flowrates for the measurements 

which did not agree with the remaining ones were used to 

recalculate the volume from the value of residence time in B.3(ii) 

but were found to have no significant effect (e.g., the highest 

of the volume values, as derived from the CSTR approximation, 

was reduced from 52.3 ml as calculated with the mean value of 

flowrate to 52.0 ml). 

• 
' 

., 
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APPENDIX C 

CALCULATION OF ACTIVE SITE CONCENTRATION 

An oxygen/CO titration has been carried out at 150°C on a 10.04 g 
sample of catalyst II. The pretreatment and titration gas mixtures 
(3% oxygen a.nd 2% CO respectively) were introduced at a flowrate 

. -1 0 of 100 and 104.9 ml min at 25.3 C and 76.9 cmHg. The mixing 
curve (curve (b) in fig.4.1) was derived experimentally and both 
argon flushes were of 8 minutes' duration. The signals were 
directly off the chart recorder roll. A deflection of 81 nnn was 
caused by a 2.03% CO mixture. The shaded area in fig.4.1 has been 
calculated using Simpson's discrete approximation method available 
on TI-58 progrannnable calculators as 276 nnn min. 

Calculation of the molar flowrate presupposes a knowledge of 
the total molar concentration at the conditions at which the 
volumetric flowrate was measured. Using the ideal gas relation, 
PV = nRT, the total concentration is found to be: 

1 

p ~5 -2 l.013x . Nm x769nnnHg 
C = =-

760 nnn Jg x 8.314 J mol-l K-1 RT x 298 AS K 

-3 ( 

10-5 mol ml -l = 41.3 mol m = 4. 13 X 

so the molar flowrate is: ... 
104.9 ml min -1 

X 4.13 IO~~ ol 
-1 

4.33 X 10-3 mol ~= X ml = 

and the amount of CO consumed is: 

4 . 33 -3 -I 
276 nnn min 2.03 10-2 X 10 mol min X X X f = = 

81 nnn 

= 3.QQ X 10-4 
mol co consumed or 

2.99 X 10-s mol co consumed per gram of catalyst . 
Assuming end-on adsorption of CO on Pt atoms, two moles of co 

m1.n 

consumed correspond to one mole of active sites (see section 4.2) 
and the concentration of active sites is I . SO x 10-S mol g-l 

C. I 
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APPENDIX D 

THE ELEMENTARY STEP MODEL AND VARIATIONS 

D.1 The Elementary Step Model 

The ESM derived in section 3.5 for the general case of 
oxidation of a mixture of CO and C H2 takes the following . n n 
form for n=3 

'dx
1 xlF - xl 

= - r + 
dt pi 

T 

dx2 x2F - x2 
= - r + 

dt T 
p2 

dx3 x3F - x3 
= - r -

dt T 
p4 

dx
4 

-x 
= ~+ r3 + 3rs -

dt T 

dz 1 = r - r - r3 
dt 

pi ml 

dz 2 ' = 2rp.2 - 2rm2 - -r 
dt , 3 

dz
3 = rp4 - rm4 - rs 

dt 

dz
3 = rp6 - rm6 

dt 

dz4 -= rp7 - rm7 
dt 

where: 

r = k plxlcTOTzv pi 

r = k ml zl ml 

kp2x2cTOTzv 
2 

rp2 = 

km2z2 
2 

rm2 = 

r3 = k3zlz2 
N 

kp4X3CTOTzv 
s 

rp4 = 

rm4 • · k z 
m4 3 N 

R 
rs = k5z3z2 

r = kp6x3cTOTZ:. p6 

r ml + XIL 

rm2 + x2E 

r 6 + r ~ + r 6 p m_ m 

r 
p7 

+ r 
m7 + X4L 

., 

- 9r 
5 

D . I 

+ X3L 

(D-1) 

(D-2) 

(D-3) 

(D-4) 

(D-5) 

(D-6) 

(D-7) 

(D-8) 

(D-9) 

(D-10) 

(D-11) 

(D-12) 

(D- 13) 

(D-14) 

(D-15) 

(D-16) 

(D-17) 

(D-18) 



r = km623 m6 

k -r = p7x4cTOT 2 v p7 

r = km72t. m7 

z = z - zl - z2 - N 
s 2 3 V 0 

- N -z = z - z3 - z4 V sup 

E = r - r + r -r + pi ml p2 m2 

+ rp7 - rm7 - r3 - 3r5 

D.2 The Oxygen Precursor Model 

r - r + r p4 m4 p6 

Equations (D-2) and (D-6) are replaced by: 
dx2 

dt 

dt 
r - r p2a p2b 

dz2b 
---= 2rp 2b - 2rm2 - r 3 ~ ~9r5 dt "" 

and equation (D-12) by: 4 
rp2a = kp2ax2cTOT 2 v 

rp2b = \2b2 2a2 v 

- r m6 

(D-19) 

(D-20) 

(D-21) 

(D-22) 

(D-23) 

(D-24) 

(D-25) 

(D-26) 

(D-27) 

(D-28) 

(D-29) 

Finally, equations (D-14), (D-17) and ~ 22) are respectively 
replaced by: 

r3 = k3 2 12 2b 

rs = k5 2 32 2b 
NR 

z = z - z - z - 2 2b - Ns 2 3 V o I 2a 

and equation (D-24) l.S modified 

D. 3 The Oxygen Island Model 

D. 3.1 The equations 

accordingly . 

(D-30) 

(D-3 I) 

(D- 32) 

The model is ident ical to the elementary step model, except 
f or equat ions (D-14) and (D-1 7) , which ar e replaced by : 

(D- 33 ) 

(D-34) 

A derivation of the relation between k
3
i, k

5
i and the corresponding 

constants in the elementary step mode l is provided in the next 
subsection. 

There are other complexities 1.n a model like this, but they are 
D.2 



beyond the scope of this work . The main one 1.s the modelling 

of the extinction and creation of these islands. A convenient 
but arbitrary solution is to establish a threshold below 
which islands cea se to exist, so that below this thr eshold the 
island model collapses into the ESM . The value of this threshold 
is also discussed in the next subsection 

D.3.2 Derivation 

The rate of oxidation of adsorbed CO can be expressed as : 

(D- 35) 
where z

2
r is the dimensionless concentration of the fraction 

of adsorbed oxygen atoms which can react and k
3 

is the constant 
for oxidation in the ESM . 

If the total number of moles of adsorbed oxygen is ms 2 , and 
there are n islands , each island contains (ms

2
/n) moles . If a 1.s 

the eross . sectional area of one molecule, the a.r.ea of one 

island is 
2 nr
9

., = Lms
2
a/n (D-36) 

where r is the radius, of one island ; the perimeter of all n 
islands is 

P n = /4,mLams
2 

The perimeter of one adsorbed oxygen atom is: 

P
1 

= i4Tia "" ": 
J~ f! 

and the number of reactive atoms is found by combining 

equations (D-37) and (D-38) as : 

N = Lms 2 o r 
= inmLs 

2 

(D-37) 

(D-38) 

(D-39) 
Note that, if each oxygen atom is surrounded by adsorbed CO , 
(i.e. n = Lms 2) equation (D-39) leads to the result: 

N
0 

= Lms
2 

which is consistent with the ESM . 

Equation (D-39) can be rearranged to give 

= /(nm /L) 
s 

and this can be substituted in equation (D-35): 

to give: 

D.3 

(D-40) 

(D-41) 



(D-42) 
or 

(D-43) 

In subsection D.3.1 mention was made of the problem of 
island formation. The solution adopted in tH:s work was 
to assume a value of z

2 
below which the island model collapses 

into the ESM, i.e. equation (D-33) is broken down into: 

r3 = k3zlz2 

r 3 = k/z/z2 

= k3Fiz/z2 

(D-44) 

(D-45) 

In order to allow a continuous variation of r
3 

through the 
changeover point, Fi must take a value of lz

2 
at z

2 
= 10-m 

F. = 10-m/Z (D-46) 
i 1 

r 3 =\ 3z/z2 

' 
and 10-m/Z (D-47) 

Comparison of equations (D-42) and (D-47) leads to : 

(D-48) 
i.e. an expression linking the threshold for formation of ... 
islands to the number of islandsf!rtsumed in the model . .. 
The parameter m was varied in integrations from m = 4 to 
m = 8 with no appreciable effect on the simulation results. 
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APPENDIX E 

STABILITY ANALYSIS OF THIRD ORDER 

MODEL FOR CO-ALKENE OXIDATION 

The complete model for CO-alkene oxidation (neglecting 
changes due to reaction) can be written as : 

dx/dt -= ( x I F -x I ) /T: - rl 

dx/dt = (x2F-x2) /T: - r2 

dx3/dt = (x3F-x3)/, - r4 - r6 

d2 1/dt = rl - r3 

d2/dt = 2r
2 

- r
3 

-9r 
5 

d2/dt = r4 - rs 

d6/dt = r6 

d6/dt = r7 

This can be reduced to a third order model by setting 
• • 

=, ~3 
• • xl = x3 = 84 = 21 = 0 

leading to: 

' dx2/dt = x2F - X , - ,r
2 2 , 

d2/dt = T (2_r Z - r3 - 9r
5

) 

d2/dt = ,(r4 - r 5) ... 
fllf:l 

rl - r3 = 0 

,r
1 

= x!F - xl 

,r4 = x3F - x3 

where the r. terms are defined in equations and e = t/, l. 

volume 

The Jacobian matrix about a steady state can thus be written: 

2 -1-,k 2 
p2 V 

2 
2,k 22 p V 

0 

-2,kp2x22v(a2v/a2 2)+2,km222 -2,kp2x22v(a2v/a23), 

4,kp
2
x

2
2v(a2v/a2

2
)-4,km222-9,k523 ' 4,kp2x22v(a2v/a23)-9,k522 

-,k523 -,k522 

E . I 



but (azv/ azz) = -1 and (azv/az3) =-N
6 

If the rate terms are 
redefined by 

R. = ,r ., i = 1, 3 pl pl 

R • 
m1 

RS = u 5 

= 1,3 

the Jacobian matrix can be rewritten as : 

ZN R zg · 
S p V 

ZRpZgv + ZRmZgZ 

-4Rp2gv - 4Rmzgz - 9R5gz -4:N R g - 9R5g3 S pZ V 

- RSgZ 

where: h . = I /x. 
1 1 

g. = I /z . 
1 1 

The eigenvalues , A, of this matrix form a cubic equation of the form: 
3 z ., 

A +plA 1J Pi+p3=0 
For the matrix above , the¥· characteristic coefficients take the 
following form 

pi= I + RpZhZ + 4RpZgv + 4Rmzgz + 9R5gz + R5g3 (E-1 ) 

Pz = 4Rp2gv + 9R5gz(I + RpZh2) + 4Rm2gZI~ R5g3(pl - R5g3). 

- R5gz(4NsRpZgv + 9R5g3) (E-2) 

P3 = R5( 4RpZgv(g3 - Nsgz) + 4Rm2g3gZ) (E-3) 

The Hurwitz determinants for this matrix are: 

HI= pi 

Hz= P1Pz - P3 

H3 = P3Hz 

Goodman (1980) shows, that for a Hopf bifurcation to exist, 
the following conditions must be satisfied: 

(E-4) 

(E-5) 

(E-6) 

pi > 0 ; i = I , 3 (E-7) 
Hz= 0 (E-8) 

Inspection of the equation for p
1 

(equation E-1) shows that 
condition E-7 is always satisfied for p

1
, 

E.2 



Substitution of equations (E-1) , (E-2) and (E-3) into equation 

(E- 5) leads to: 

H
2 = (p 1 - l)p 2 + 4RpZgv + R5 (9g 2 + g3)(1 + Rp 2h2) + 4Rm2g2 > 0 (E-9) 

for any values of the variables . 

Conditions (E-7) and (E-8) thus cannot be satisfied . However , 
inspection of equation (E-3) suggests that unstable steady states 
can occur if 

(g - N g ) « 0 
3 s 2 (E-1 O) 

The parameter N commonly takes the values I or 2. Thus condition s 
(E-10) can be satisfied if 

(E-11) 

·I • 
' 
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APPENDIX F 

ESTIMATION OF TRANSPORT COEFFICIENTS AND MAXIMUM 
TEMPERATURE AND CONCENTRATION GRADIENTS 

Introduction 

The values of temperature and concentration measured are those of 
the bulk gas phase in the reactor . The temperature of the catalyst 
surface and the gas concentrations just above it will strictly be 
equal to the corresponding bulk values only if there is no 
resistance to heat and mass transfer . 

Heat Transfer 

Assuming no heat exchange between the catalyst pellets and the 
reactor inner walls, all heat removal from the catalyst pellets 
is to the gas flowing in the reactor. All positive changes in the 
heat content of the catalyst are due to the heat generated by 
the exothermic reactions occuring on the surface . Thus a heat 
balance on all the catalyst pellets together can be written as: 

where: 

me 
p 

A 

dT 
--= 
dt 

~ -, 
m L f ! (-t,H . ) - h A (T - T ) 

i=J ; i i g g 
(F- 1) 

(m2) 
C 

p 

is the heat transfer ar ea 
' is the specific heat capacity of - 1 -] catalyst (kJ kg K ) 

h is the heat transfer coefficient (kJ m-2 K-1 s -I) 

~ is the number of reactioii!i.:-ate expressions 
is the mass of catalys t-m 

r! 
i 

T 

is an elementery step reaction rate 
is the temperatur e 

t is .time 

-tiH. is the heat of reaction for r! i i 
and subscript g refers to the bulk gas phase. 

At steady state: 

dT 
= 0 

dt 
., 

and equation (F-1) can be rewritten as: 

hgA(T - Tg) = m{r3(-t,H3) + r;(-t,Hs)} 

(mol 

(kg) 
-I -I kg s ) 

(K) 

(s) 

(kJ mol-l) 

(F-2) 

Calculation of the right hand side of equation (F-2) and the h A 
g term will allow an estimation of the temperature differ~nce 

between catalyst surface and bulk gas. 
Calculation of the heat transfer area of the catalyst assumes 

that each pellet is a non-porous cylinder. A spherical particle 
of equal external area would have a di~meter dp where: 

F. I 



d = (d·L + !d2) ! 
p 

where: d is the diameter of the equivalent spherical particle p 
d is the diameter of the cylinder 

L is the height of the cylinder. 
The dimensions and other parameters of catalyst II are: 

diameter (d) 3.2 x 10-3 m 

height (L) 3.5 x 10-3 m 

average mass of 

one pellet 4.59 X 10-s kg 

equiv.diameter (d ) 4.04 X 10-3 
m p 

external area of 

one pellet 5 .13 X 10-s 2 
m 

surface area/mass 1. 12 2 -1 m kg 

surface area for 

10. 04 ~ (A) I. 12 X 10-2 m 2 

Carberry (1960) proposed the correlation: 

where: St 

St= .~15 Re-O.S Pr-0 •67 
t• 

is the St:inton number 

(F-3) 

Re is the Reynolds number for flow around a sphere 
with an external area the same as that of the 
cylindrical pellet 

' Pr is the Prandtl number ~~ the gas 
for the estimation of heat transfer -to a;. · ~flowing fluid in a 
packed bed and this correlation will be used to derive a value 
for h • 

g 
Since in a typical experiment the gas mixture contains 

92 - 97% argon, the bulk properties of this ·gas will be used in all 
calculations. All calculations will be made at IS0°c because of 
the large number of experiments in this work conducted at this 
temperature. 

The required properties of argon at 1so0
c are: 

specific heat capacity, c 
p 

0 . 522 -1 -1 kJ kg K (Perry et al, 1973) 
viscosity, µ 

density, p 

Prandtl number 

2.90 x 10-S kg m-l s-l (as above) 

1.15 kg 

0.67 

-3 
m (as above) 

(US Dept of Commerce , 1955) 

Calculation of St through equation (F-3) requires a value of Re, 
which in turn requires the calculation of the interstitial velocity 
of gas in the reactor channels. 

average mass of 1 pellet 

volume of 1 pellet 

F.2 

4 . 59 X 10-S kg 

2.81 X 10-S m3 
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volume of 10.04 g 

volume of catalyst basket 

reactor bed voidage 

Cross sectional area 

available to flow (all channels) 

recycle flowrate 

interstitial velocity 

Reynolds number= 
u .d p 

1. p 

µ 

= 

6.16 X 10- 6 m3 

2.54 X 10-S m3 

1-(6.16 X 10-6/2,54 X 10-S) = 

= 0 .757 

4.99 X 10-4 2 
m 

2 . 35 X 1 o3 ml min 
-1 

= 

3 .92 10-S m 3 -1 
X s 

3 . 92 X 10-S m 3 - 1 
s 

0 .757 X 4 . 99 X 10-4 m2 

= 0 . 104 m s -I 

0 . 104 X 4 . 04 x 10-3 x I.I S 
=~~~~~~~~~~~~~= 

2.90 X )Q- S 

= 16 . 7 

Hence, from equation (F-3 ) , 

.,.,. 
so 

and 

St= 0 . 368 

J' h 
St =f-g_ 

j'. 

, pucp 

h ·., '= 
g 

2.30 x 10-z kJ m- z K-I 

2.58 x 10-4 kJ K-I s-l 

-1 
s 

h A= 
g 

The heats of c~~bustion of CO and Y.jt.pene at 298 K are -283 kJ mol-l 

and -1929 kJ mo l respectively (Perry et al 1973). Given the 
' -I -I 

following values of specific heat capacities (all in J mol K ): 

water 34.7 (Perry et al 1973) 

co 29 . 5 (as above) 

Co2 47.5 (as above) 

02 35.0 (as above) 

propene 88.2 (Reid et al 1977) 

the corresponding heats of combustion at 150°C are calculated to 

be -283 and -1930 kJ mol 
-1 

respectively. ., 

Using these figures the following cases will be examined: 

(i) heat generation at steady state and (ii) heat generation at 

the instant of maximum rate during the concentration oscillations . 

(i) STEADY STATE 

At steady state the net generation of heat on the catalyst surface 

will be equal to the heat of combustion at the reaction temperature, 

even though each of the elementary steps in the oxidation process 

involve enthalpy changes . If no alkene is included in the reaction 

mixture, the maximum heat generated arises from the complete 

F.3 
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oxidation of CO in experiments such as the one in fig.4.5 . If x
1 ~ 0, 

From equation (F-2): 

T - T 
g 

r' = 
3 

qFcTOT 
XlF 

m 

100 ml min- l x 3.3 x 10-S mol ml-l 
= 

60 s min-l 10.04 g 

L I O x I O - 7 mo 1 g - I -I 
s 

JO. 04 X 1.10 X 10-7 
X 283 

= K = 1. 21 K 
2 . 58 X 10-4 

To consider the heat generation due to propene , calculation like 
the one above will also be conducted based on the experiment in 
fig.4 .. If x

3
~ 0 

qFcTOT 
~~~x3 = 2 . 74 x I0-8 mol g-l -J 

s 
m 

Using equation (F-2) again, 

10.04 X 2.74 X 10-8 
X 1930 

T - T =-"·~1'--~~~~~~~~~~~-
g ! 2.58 X )0-4 

' 
1- = 2. 06 K 

To estimate temperature differences between the surface and the 
bulk gas in the case of osci '\lQ.hoYV)."' in the simultaneous oxidation ... 
of CO and propene, the heat of reactiorl1'~ calculated from an 
imaginary steady state in which the gas phase concentration of CO 
and propene ia the same as the lowest concentration in a cycle . 
The resulting temperature difference is then calculated from 
equation (F-2). This calculation was carried out for three 
observed and one simulated types of limit cycle and the resulting 
temperature differences are presented in table F.I. 

Mass Transf-er 

This section deals with mass transfer from the bulk gas phase 
to the layer just above the catalyst surface (interparticle 
transfer) and from the external surface of the catalyst particles 
to hypothetical active sites inside the pellet pores (intraparticle 
transfer). 

Interparticle Transfer 

The simplest picture of mass transfer from the bulk gas phase above 
the catalyst to the layer just above the catalyst surface (the 
catalyst being treated as a non-porous cylinders) involves diffusion 
through a thin film of gas about each pellet. A full dynamic 

F.4 
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repr es ent ation of this effect would involve intr oducing four 
more differentia l equat ions in t he mode l, one each fo r the concentration 
of a spec i es j ust above the catalyst sur fac e. Each of the origi na l 
gas phase species' equations would be transformed to : 

dx i xiF - xi 
- = ---- - k A(x. - x. ) • g 1g 1S dt 

and x. would be replaced by x . in all adsorption rate expressions . 1 1S 
At steady state, when no accumulation of gas just above the catalyst 
occurs , we can write : 

cTOTk A(x . - x. ) = mr ! g 1 1S 1 (F- 4) 

wher e : cTOT 
k 

is the overall gas phase concentration -3 (mol m ) 
is the mass transfer coefficient g 

A is the surface area of the catalyst 

- 1 
(m s ) 

(m2) 

x . is the bulk mole fraction of species 1 1 

x. is the mole fraction of i just above the 1S 

m 

r ! 
1 

catalyst surface 

is the mass of catalyst 

rate 
The mass t ransfer 

is an .~ementary step reaction 

analo \u~ to equation (F-3) is : 

where 

St' = I. IS Re-0. S Sc- 0 · 67 

St' 1s t he modif ied Stan ton number (k /u) 
g 

Sc i s t he Schmidt number~ for the gas . 

(g) 
-1 - 1 (mol kg s ) 

(F - 5) 

As i n the ca l cu lation of heat transf er properties, the bulk pr operties 
of the gas are t aken t o be equa l to t hose of ar gon at IS0°c . From 
that calculation 

Re = 16 . 7 

u . = 0. I 04 
1 

The Schmidt number is defined by: 

µ 
Sc = 

pDAB 

-I 
m s 

and it is clear that a different value of Sc lllust be calculated for 
each pair of components of the gas phase in the reactor. One of the 
gases will be taken to be argon and the other will be that which 
leads to the smallest value of diffusivity since that will be the 
'worst case' of resistance to mass transfer. 

The Wilke & Lee modificat ion of the Hir schfelder , Bird & Spotz 
equation for prediction of diffusivities is recommended by Perry 
(1973). This equation is: 
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where 

= 
BT3/2/{ (1 /Ml) + (1 /M2)} 

2 
Pr12ID 

is the bulk gas diffusivity 
= (10.85 - 2 . 50l{(I/Ml)+(l/M2)} x 10-4 

is the absolute temperature 
are the molecular weights of species 
is the absolute pressure in atm 
is the collision diameter 
colliaion'· integral for diffusion 

(F- 6) 

2 -I (cm s ) 

(K) 

and 2 

(1{) 

Values for the diffusivities of the reactants in argon at 1 atm 
total pressure and 150°c have been calculated using the constants 
found in Perry (1973). For propene, values for r 12 and ID which are 
not available directly, have been calculated by use of bulk gas 
properties. Since propene has the smallest diffusivity of all 
reactants, the 'worst case' binary mixture considered is propene in 
argon. Using a value of 2.33 ·x I0-5 m2 s-l for the diffusivity, 

Sc = 

., -5 2 . 90 X 10 

, · I , 15 X 2 , 33 X 1 0 - 5 = 1. 08 

and f r om equation (F-5) 

and 

(i) STEADY STATE 

St'= 0 . 267 

k 
g = 2.78 X 10-7d - 1 

s 

If cTOT at the condi tions of experiment such as the one considered 
-5 -I in the previous sec tion is 3 . 30 x 10 mol ml , substitu t i on 

into equation (F-4) leads to: 

x. 
i 

x. is 

= 

I O, 04x2 . 7 4x I O - 3 mo 1 s - I_ 
- 5 - I 6 - 3 - 2 2 -2 -1 3 . 30 x 10 mol ml x lO ml m xl. 12x1 0 m x2.7 8xl 0 ms 

2. 68 X 10- 5 

The mo l e fr action of pr opene a t this r eaction r ate is 0 . 014%. Hence 
~ the mo l e f r ac tion di ffer enc e between bu l k gas and t he cat alyst sur face 

is 0 . 00268% of the tota l mo le frac t ion or 17% of the steady state 
propene mole fraction in the r eactor. 

(ii) S\'Ot--:IT~NE:Ot;IS' OSCILL/:\i1<:-NS' 

The corresponding diffusivity for CO in argon has been calculated to 
be equal to 3.94 x I0-5 

m
2 s-l, leading via equations (F-5) and 

(F-4) to value of 0.640 for Sc and a value of 0.379 for St'. The 
resulting value of k is 3.94 x 10-2 ms-l. As in the case of heat g 
transfer, the worst case of mass transfer resistance is calculated 
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at an i maginary steady state in which the bulk concentration of CO 

and propene have the value at the highest rate par t of the cycle. 

The maximum mole fraction differ ences are calculated by means of 

equation (F- 4) . The limit cycles considered are the same as the ones 

examined fo r temperature differenc es. The resu l ting diff erences 

are presented in table F . 2 

Intraparticle Transfer 

Any effects due to intraparticle mass transfer resistances will be 

a result of molecMles diffusing down the catalyst pores and reacting 

on active sites on the walls of these por es . These pores are consider ed 

to be cylindrical. The mean radius for pores in catalyst I is 

estimated to be 20 R or 0 . 002 µm (see table 2 . 1) . Catalyst I will be 

considered in this section because no such data is available for 

ca~alyst II. 

The mode of mass transfer in cases in which the mean free path 

of molecules is considerably greater than the pore diameter is 

Knudsen flow. At a press~re of I atm, Knudsen flow will predominate 

in catalysts with pores . ~ss than 100 R in diameter (Thomas & Thomas 

1967) . 

' The diffusion coefficient is given by : 

2r 
Dk = 3 1 (8RT /nM) 

~ ~ 
where r is the por e radius ~Ji«~ 

R is the gas constant 

T is the absolute temperature 

M is the molecular weight of the gas 

(m) 

(J mol 
-I K-1) 

(K) 

At 150°c, the values of Knudsen diffusion coefficients fo r CO is 
-7 2 -I -7 2 -I 

7 . .s ·x 10 re s , for oxygen is 7.1 x 10 ms and for propene 
-7 2 -1 

is 6.2 x 10 ms . 

The effectiveness factor, n, represents the enhancement of the 

reaction rate on a catalyst pellet compar ed to the rate in the 

absence of intraparticle transfer effects. Most standard textbooks 

on heterogeneous catalysis contain plots in which the value of n 

can be read off from a knowledge of the dimension}ess modulus, ~. 

with two other dimensionless groups, 6 and y, as parameters. 

The modulus ~fora flat plate geometry is defined by: 

where L 
p 

~ _ 1! r~ dnJ-1 (F-6) 

~ Ve dt c8 

is the depth of the plate 
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is the effective diffusion coefficient 

based on the cross sectional area normal 

to the direction of diffusion (m2s - I) 

V is the 
C 

volume of the catalyst particles (m3) 

- dn/dt is the observ ed r eaction r ate (mol 
- I 

s ) 
C 

g 
is the bulk gas reactant concen t r ation (mol 

-3 
m ) 

The values of all these para~eters can be observed or predicted 

independently. 

The parameter Sis defined by: 

B = 
cg(-6H)D 12 

TgkT 
where k,_r is the thermal conductivity of the pellet. 

The parameter Sis positive for an exothermic reaction and 
represents the effect of poor heat conduction from sites on the 
surface of the pores to the outer surface of the catalyst pellet . 
The parameter y is defined by ': 

y = E/~T 

where E 
g 

is the activa~ on energy of the reaction (kJ mol- 1
) 

This parameter represents . t\ e sensitivity of the rate to temperature 
changes . 

In the case cons i der ed her e , the differ ence between pore size 

and pellet .diam~ter ~llows a ~l~t pl~t~1i:Zometry to be considered . 
The effectiv e diffusion coefficient is . equal to the Knudsen diffusion . 

Exami nation of t abl e F . 2 shaws that t~e highest ra te occur s fo r CO 
ox idation in the limit cycle shown in fig. 5 .20, wi th (-dn/d t) ~ 

· - 5 - I -8 - I 8 . 08 x 10 mol min and c = 6 . 6 x 10 mol ml , The parameter g 
<fJ is then giv- en by: 

(0.03 I 0-3/ 2 
X 8, 08 

- 5 -1 
(1 / 60) 

-1 
X m X 10 mol ml X mi n s 

<fJ 

7. 5 ~ 
- 7 2 - 1 

X 6,6 X 10- 8 rnol ml-I 6 -3 10 ms X JO ml m x 6. I 6 

= 0 . 004 

X 10- 6 

Corre lations f or the effectivenes s f actor aga i ns t qi fo r var ious reaction 
kinetics have been presented by Satterfield (1970). For all models 
pre s ented , the eff ectivenes s f actor i s approximate l y equa l to unity 
for <fJ less than 0.1 . A similar conclusion for Langmuir-Hinshelwood 

kinetics can be drawn from Hutchings & Carberry (1966) . 

Considering deviations from isothermal behaviour , examination of 
relations between the dimensionless modulus <fJ and the effectiveness 
factor n shows that no deviation from isothermal behaviour occurs 

for <fJ < 0.1 , regardless of the values of Sand y 

F.8 
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H
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N2 

TABLE 1.1 

Major components of {ideal) exhaust gases 
. 0 

at 4000 R {from Wei 1975) ( fuel : {CH2• 103 )) 

air/fuel ratio 

lean stoichiometri c rich 

16.5 14.7 12.5 

12.4 13.4 10.3 

0 .5 1 . 2 6 .4 

0.1 0.3 1.9 
2.66 0. 7 o.o 

13.5 15 . 1 15.8 
70.9 69.3 65.6 

100. 0% 100.0% 100.0% 

TABLE_l.2 

Hydrocarbon content of typical exhaus t gases 
at 750 °F (from Wei 1975) in ppm 

Saturated CH4 147 . 5 
1 

C2H6 ~ 21. 4 

C3HJ 2. 2 

oth'~r 14 1 . 8 

312.9 

Unsaturated C2H4 160.4 
" ... 

C3H6 58.4 ~ft~ 

C2H2 88.0 

other 67.5 

374. 3 

Aromatics C6H6 21.3 

C7H8 49.3 

other 30.7 

101.3 

Total 788.6 

·1 



TAB LE 1 . 3 

KI NET I C STUDIE S OF CO OX I DATIO N 

CO adsorption CO d eso r ption o 2 adsorptio n 

sample 

Pt/S i 0 2 

Pt(lll ) 

Pt:( 111) 

Pt C5 57) 

PtClll ) 

Pt ( lll ) 

Pt (ll l) 

Pt C 111) 

Pt ( 111) 

pol yx tal i r.E 

Pt C 111) 

Pt/ Al22_3 

s Ead 
- 1 - 1 (s ) (kJ mo l ) 

\) 

(s - 1 ) 

0 

1. 25xl01 5 ( a) 

4x 101 5 (b) 

0. 73 7 2. 9xl013 

0 .7 32(1-8) 2 . l x l0
13 

0 . 74 7. 9xl01 3 

o. 7 26Cl-el 4 . 3x l013 

0 

O. 56 ( e ) 

0.85 (f) 

0.29 . 1. 8xl011 

1 9 5. 4xl01 3 

po l yxtalin e 1 0 1 3 

Pt p owder 

Edo e: s Ead 
-1 ( kJ mol ) (eqn 1-2) ( s - l ) ( kJ mo 1 - l ) 

3 3. 4 0 

1 46 
(a) 

>O 

1 3 9 
(b) 

)0 

1 2 5 0 

1 23 0 
\ 

1 40 0 

13 7 0 
~ ..... 

~ 

1 33 68. 5 

1 4 5±15 
·' : 

··''·,-, 

1 33 

94-136 

NOTE S: (a) 

( b ) 

( c) 

(d ) 

(e ) 

( f) 

( g) 

;fii, 

0 ' 0. 1
1 

' 

>0 

3 3. 3 

11. 0 . ( g) · 

v a l ue for CO adso r bed on s t eps 

do ·. t erraces 
v a l u e a t low c overage 

do. at mcderat: e cov erage 
co. a t z ero c o verage 

do. at 8 =0. 1 

va l id i n the rani:e 400 - 60 0 K 

kLH 

( s-1) 

ox i datio n 

ELH 

(kJ mo l - 1 ) 

105 (c ) 

5 6 ( d) 

1 54 

9 6. 5- 47 

1. 4xl0 
7 

62 . 8 

1 66-68 

59.4 

re ferenc e 

Dwyer ( 1 982) 

Campbel l 

e t a l (198 1 ) 

Lin & Somor jai 

(1981 ) 

Brad s haw 

(1 979) 

Poel s ema et al (1984 ) 

Steiniger et al (19 82 ) 

Ray & And erson ( 1 9 8 2) 

Camp be l l e t al (19 80 ) 

St rozier (1979 ) 

Gland & Kollin (1982) 

Franc is (19 8 2) 

Donnelly et: al ( 1 978) 

Sal es e t al (1981) 



Authors reac t ion catalyst 

Zuniga & J-: 2 oxidation Pt wire 
Luss (1978) 

Rajagopalan n2 oxidation Pd wire 
et al (1980) 

Wicke et al i-i 2 oxidation Pt pellet s 
(1980) supported 

Flytzani- llP. 3 oxidation Pt wire 
Stephanopculos & foil 

et al (1920) 

Tsotsis et al Fischer-Tropsch Fe-ppd. 
(1982) s ynthes is zeolit e 

Hlavlcek CC oxidation Pd honeycomb 
et al ( 1 982) 

Franck et al CO oxidaticn ' polycrystalline 
(1983) Rh 

Subrar:ianiam CO-NO-H 2o Pt/ Al 20 3 
& Varrr.a (1983) oxidation 

Calc.:ell (l seu) fischer-Tropsch sintered Fe 
sj.,. ntf'.esis 

-

TABLE 1 . 4 

OB SERVED OSCILLATIONS I N HETEROGENEOUS CATALYT I C 
REACT i dN S OTHER THAN - CO OXIDATION 

reactor 

single pass, 
tubular 

single pass, 
tubular 

single pellet 

~ .... 
single p2.ss, 

t ubular 

Berty" , , . 

i. --· 

single pass, 
tubular 

single pass, 
t ubular 

, 
singl e pass, 

tubular 

temperature 
and feed 

85-150°C 

O. 2-1. 3% H2 
21-40% 02 
balance N2 
85-14S 0 c 

0.3% H2 
10-40% 02 

30-130°C 
2-8% H2 

':'!1\l 10-so% 02 ... . 

20-40% NH_ 
.j 

balance air 

275-330°c 
(wall ter;,.p) 

127--227°C 
1-10% c o 

370-620°C 
0.35-1% co 

0-1% 02 
0-0 .1% NO 

o or 10% H
2o 

0 or 20ppm so 2 
balance N7 

310 - 360°C 

range of 
oscillations 

±30 K 

50 K 

200 K 

40 K 

0 .2 -0.45%C0 2 

either 
0-:80% 

or 
70-80% 

30-90% 
lCO K 

I 

cycle 
pe riod 

3-50 s 

or 

3- 63 min 

15-180 min 

20-50 min 

2-200 s 

1-2 hrs 

2-12 r:iin 

20 min- -
7 hrs 

initially 
100 r:iin 

form 

relaxation 

relaxation 

symr:ietrical 
or 

relaxation 

symmetrical 

or 

spikes 

some relaxation 

I 

I 
spikes 

spikes 

relaxation 



------·----.-

TABLE 1 . 5 

OBSE RVED OSCILLATIONS IN CO OXIDATION OVER PLATINUM 

authors catalyst reactor tempe rature oscillation oscillation oscil l ation effect of 

& feed range amp l itude (1) period form parameters (2 ) 

Keil & Pt/Al 20 3 t ubular , 100-300~C; 31-30% lOs spikes 

Wicke (1980) - single pass 0 . 1-10% CO 5- 1 6% 

Rathousky Pt/Al 20 3 rec irculating 1 60-2 00 °C; (i)'hard' 20-75% (i) 40 min symmetrical 

et al (1981) gradientless 0 . 1-8% CO (ii)'soft' 70-75% (ii) 2 min & complex 

Sheintuch Pt foil gradient l ess 0- (i) 12-85% (i)25-27 min 1 or 2 F ,A+;P+;y-

(1981) 0 -4 % CO (ii) 74 - 83% (ii) 8 s peaks per C,A+;P+;y-

10-20% o2 cycle 

balance N2 

Turner Pt wire tubular, 150-3 50°C; 0 . 2 to 1 5 K few seconds spikes 7 ,?-;A-;T. d-; 
i n 

et al (198 1) (Pt/Al
2
0 .. ) single pass 0-0.04 •': to 20 min T -

j ~ 
(Ft film) C,A+;T . d+ 

~-------l-------+-----------+---------- - f--------------+-------- -t------- --+----- l n _ 
Earkowski Pt foil s ingle pass 230-390°C 

et al (1982) & wire UHV 0 . 8-5% CO ' .._ 2-10 s 
b 1 ~o ~'1\l a ance L. 2 ,o; 

Edelbock & Pt foil gradientless I 
Lintz ( 19 8 2) & single pass 20 min sinusoidal I 

Rathousky & Pt/A1 20
0 

gradientles s 102-204°C (i)long bed 
/ V 

Elavac ek 0.5·-H .. ,., co 30 - 80% 17-87 min relaxat ion T,P-

( 19 8 2 ) balanc\fp 2 (ii) short bed 

30-50% 

Okamoto Pt/Zr0
2 

single pas s 92-122°C 

et al ( 19 8 3) 0 . 1-0 . 2kPa CO 6 min symmetrical 

4 . 5-20kPa o2 

Lynch & Pt-Pd/ gradient l e ss 115-150°C 83-100% 7,P-;A-

Wanke (1984b) Al
2
o3 0 . 0 85- 0 .4 3% CO at high 7 min spikes F,A+ 

95.1-99.2% o2 recyc l e C,A+ 

balance N2 rates 

Cox et al Pt(lOO) UHV 207°C 

(1985) 5x l0- 5 torr CO 
-4 5xl0 torr o2 

:hi~ work Pt/A l 0 0 0 £radi e ntless 90 -165°C 
• V ' 

I l-4 % CC Ci) 3J s - urr . .:.:: ·. s .: ;!,J:ioiC:al -,: - ,, ,:-

11 3 1 0 ,( i:: l'.J:, t O c; (1 :: . :: : 11 s :· i r'. e s 
0 2 I ! . · 

(' - ' C ., I I I , - o ~ - ; . , I I 
c._ ____ ___________ ; ____________ _ - ·--- - .: , · _ _J_ __J-----~- - - : --

1 



,: ind: 
T p}~ 

NOTES: ( 1) 'c con•;ersion unle ss othcr1-?ise st.:1t,•,: 

(2) the effect of an increase in one 

time in 

time in 

of the followinc ope r a ting paramete rs 
C - CO feed concentraticn 

F - fee d f lowrate 

T - temperature 

on each cf the foll owing oscillaticn 
parameters is indicated hy a+ (for 
increas e ) and - ( fo r decrease) ~. \i:~ 

A - amp l it ude Jl!!lo 
P - period 
y - mean conv ersion 

each c ycle spent i n cycle troui;h 

each cycl e spent in cycle r(',a f: 

..... ,:.·~ .. 

L\Bl.l 2.1 

P11ri t y of gases used for f eed mixtures, 
as supplied b y the manufac t urers 

CO Ar C
2

H
4 C

3
H

6 
0

2 
99. S '.-6 99.995<: 99.8;'i 99 .0;-,, 99.r~ 

The impurities in oxygen cons i st of : 

H
2

o 3-20 ppm N
2

0 0.1 ppm 
Co

2 3 ppm {CHm)n 8 .40 ppm 
co 1 ppm C2H2 0 . 05 ppm 

N2 50 ppm Ar o. 3 70 

TAB LE 2.2 

Properties of catalyst I (manufactured b y Engelhard Ltd) 
{from Cutlip & Kenney 1978) 

Pt dispersion 

H
2 chemisorption 

H2 desorption 

46.7 .!. 3.7;-~ 

48 '.·., 

Thickness of imp r egnated 
layer 0.03 mm 

BET and pore size determination 

Average pore radius 

Total pore volume 

Total pore area 

BET area 

Pellet density 

T,'\BLE 2 . 3 

20. 1 '.ti. 

0 . 2 3 

212 

227 

1. 92 

3 - 1 cm g 
2 -1 m g 
2 -1 

m g 
-3 g cm 

Properties of catalyst I I (manufactured by Johnson-
Matthey Ltd) (data supplied by manufacturer) 

Pt dispersion 51% 

~letal area 1. 2 2 - 1 m g 
SET area 100 2 -1 m g 
Pellet density 1. 63 g - 3 ( appdx. cm F) 



42 

28 

(m/e) 
32 

44 

56 I 
28 

I (m/ e) 
32 

44 I 

TABLE 2.4 

Mass spectrometer cracking ma trix for 

C0/0
2
/c

3
H

6
/co

2 
mixtures. 

species sampled 

C3H6 co 02 

1.00 6,QQ X 10 
-4 ----

-2 1.00 5,60 X 10 
-2 

2.15 X 10 

3.71 X 10 
-2 6.50 X 10 

-3 1.00 

-2 8.60 X 10 
-3 1.00 X 10 

-3 7 , 40 X 10 

TABLE 2.5 

Mass spectrome ter cracking matrix for 

C0/0
2

/2-C
4

H
8

/co
2 mixtures. 

C4H8 co 02 

1.00 

-1 4 , 20 X 10 1.00 5.60 X 10 

---- 6 , 50 X 10 -3 
1.00 

6, 80 X 10 -2 
8 . 60 X 10 -3 

1.00 X 10 

-2 

- 3 

Co 2 

3.92 X 10 
-2 

8. 22 X 10 
-2 

1.00 

C02_ 

- 2 8 , 22 X 10 

1.00 

.... .. I. 
I c;,, .1-

T.'.1:. Llo 4. l 

Rlo SULTS OF IN S ITU CXf..\LYST TITl{Yf!ONS 

l{eactants used temp . surface site 
(2retreat . Lti tr.) oc cone. 5 . -1 

x 10 ! mo l g ) 
Catalyst I 

o
2
/co 100 0. 36 

0/CO 100 o. 35 

Catalyst II 

o 2 /co 24 0 . 87 

o/co 26 1. 27 

o/co 24 1. 73 
o 2 /co 149 1.53 
o 2/co 149 1.47 
o 2 /co 149 1.41 
o2 /co 151 1.54 
o 2/co 150 1 . 49 
o2 /co 150 1.52 

""' eo/o2 149 2. 0 4 
C0/ 0 2 150 2. 03 

T1\BLE 4. 2 

ESTnl;\TES or, co OX I DATION RATE CONS, ANTS AT 150°c 

,I/ITH SUiWACE C\P,\CITY FIXED i\T O. 0965 

init ial elem . ster- oxygen oxygen 
est i mates model i sl ands orecursor 

k (ml/s mol) pl 1 . 34 X 107 
4.7 2 X 10

6 
4 . 7 9 X 106 8.79 X 10 7 

k . 
ml (1/s) 0.385 0 .250 0 . 253 2.50 

kp 2 (ml/s mol) lo6l X i 0 8 6. 03 X 107 
7 . 3 1 X 10 7 ----

k (do.) ----p2a ---- ---- 1. 47 X 10 6 

kp2b (1/s) ---- ---- ---- .. lo2l X 10
4 

km2 (1/s) 1 . 64 X 10-3 o.oo o . oo o .oo 

k3 (1/s) 1 . 29 X 105 7.88 X 108 
3 . 90 5 .86 X 106 



TABLE 4.3 

ESTHl,\Tb OF CO OX"!D ATION R,\TE CONST,\NTS 1\T 150°c 

IIITii V,\RI\BLE SURFACE C\P/\CITY 

Goodman (1980) This work 

k _ (ml mo l - 1 s - l ) 
pl 1.34 X 107 

1.83 X 10
7 

k 
ml 

( s - 1 ) 0.385 1. 2 3 

-1 -1 1.61 X 108 
2.20 X 107 k 2 (ml mol s ) 

P -
-1 

km2 ( s ) 1.64 X 10 -3 
5 . 64 X 10 - 3 

k3 ( s - 1 ) 1.29 X 105 
1.76 X 108 

-2 - 1 z 4. 46 X 10 1.41 X 10 () 

T/\BLE 4.4 

ESTI M/\TES OF CO OXIDATION RATE CONST/\;\/TS ,\T 1.20°c 

'i.I.TH V.c\RL\BLE SURF,\CE CAPACITY 
·' .\c t i v ation initial final ' if eneroies /kJ mol- 1 ) estimates estimates ~; -~ 

k 
pl 0 1 . 77 X 107 

3.00 X 106 

kml 1 20 8 . 88 X 10 -2 1.16 X 10 -1 

kp2 30 1 . 11x107 
1.21 X 107 

km2 >30 o. oo o. oo (assumed ) 

k 3 85 2 . 77 X 10
7 

4.91 X 108 

zo 0 . 131 0 .119 

... ,1-9 ! ._. 

T.\BLE 4. 5 

ESTIM.\TES OF CO OXIDATION R.-\TE CONSTANTS /\T 90°c 

\IIITH VARIABLE SURFACE CAPACITY 

Ac tivat ion initial fi nal 

energies (kJ mol - 1 ) es t imates estimates 

kpl 81 3 . 69 X 105 5 .35 X 105 

kml 120 4.27 X 10 -3 2.35 X 10 -2 

kp2 30 4 .99 X 10
6 

1 . 07 X 106 

km2 >30 o.oo 0.00 (assumed) 

k3 85 3.23 X 10
6 

2. 55 x 10
7 

z 0 .0990 0.0969 
0 

TABLE 4.6 

ES TIMATES OF KI NETIC PAl,AMETERS FOR l<EVEriSIBLE 

ADSORPTION OF co~ & PROPENE ON -i\LUMI Ni\ SUPPORT 

initial final final fina l 

(Cu t lip 1984 a t 90°C at 120°c at 150°c 

k~6 (l)ll/s mol) 3.12 X 104 7 . 49 X 10
4 2.00 X 105 1 .80 x 105 

k m6 (1/s) 3 .09 X 10 -2 10.6 9.60 8.13 

k p 7 (ml/s mol) 1.61 X 10
5 1 . 81 X 10

5 
1.Q9 X 10 

5 1.73 X 105 

km7 (1/s) 3.09 X 10 -2 1 .00 1.00 1.00 

z 1 .00 1 .26 X 10
5 

2.15 X 105 1.35 X 105 
sup 
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TABLE 4 . 3 

ESTHL\T l". :-5 OF CO OXTD,\TIO:S R;\ TE CONST,\'.'JTS ,\T 150° c 

vITH VARI.\BLE SURFACE C/\Pi\C ITY 

Goodman (1980) Th i s work 

k. ( ml mol- l s - 1 ) ·7 
1.83 X 10

7 1.34 X 10 pt 

kml ( s - 1 ) 0.385 1.23 

- 1 -1 
1 . 61 X 108 

2,20 X 107 k 2 ( ml mol s ) 
P -

-1 
km2 ( s ) 1,64 X 10 -3 5.64 X 10- 3 

k 3 ( s - 1 ) 1.29 X 105 
1. 7 6 X 108 

-2 - 1 2 4.46 X 10 1.41 X 10 () 

TABLE 4.4 

ESTI MATES OF CO OXIDATION RATE CONST/\'.'lTS AT 120°c 

'vl_Tl:L v.,\RL\B[,E SURF,\CE CAP,\CITY 
.• Ac t i v ation initial final 

ene rqies (kJ mol-l) estimates estimates 
. i i 

C ' I.I 

k 
pl 0 1 . 77 X 107 

3 .00 X 106 

kml 120 8 , 88 X 10 -2 1,16x10 - 1 

k p 2 30 1 . 11 X 10
7 

1 .21 X 107 

km2 )30 o. oo o.oo (assumed) 

k 3 8 5 2 , 77 X 107 
4.91 X 108 

2 0 0 . 1 31 0.119 

-. .. ! ' 

T.'\BLE 4. 5 

ESTIM.'\TES OF CO OXIDATION RATE CONST,\NTS /\T 90°c 

1.vITH VI\RIABLE SURFACE CAP/\CITY 

Ac t ivation initial final 

energies (kJ mol- 1 } estimates estimates 

kpl 81 3.69 X 105 5 . 35 X 105 

kml 120 4.27 X 10 -3 2,35 X 10 -2 

kp2 30 4 .99 X lOO 1 . 07 X 106 

km2 >30 o. oo 0 . 00 ( assumed) 

'"' k3 85 3 . 23 X 10
6 

2.55 x 10
7 

2 
0 

0 . 0990 0.0969 

T/\BLE 4.6 

ESTIMATES OF KINETIC PAIV\METERS FOR i<EVEl,SIBLE 

ADSORPT ION OF CO- & PROPENE ON -1\LUMIN;\ SUPPORT 

initial final final final 

(Cutlip 1984 at 90°C at 120°c at 150°C 

k~6 (ml/s mol) 3.12 X 104 7 , 49 X 104 
2 . 00 X 105 

1.80 X 105 

km6 (1/s) 3.09 X 10 -2 10.6 9 . 60 8 . 13 

kp 7 (ml/s mol) 1 .61 X 105 1 . 81 X 10
5 

1.Q9 X 10 
5 

1 .7 3 X 105 

km7 (1/s) 3.09 X 10 -2 1 . 00 1.00 1.00 

2 sup 1 . 00 1 . 26 X 10
5 

2 . 15 X 10
5 

lo 35 X 105 

~ 
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T/.i3L.c 4. 7 

!:.:jTHl;\TE; 01' P!<OP1':N c. OXIDATIO,~ ;~_.\TE CON:3T,\NTS 

c'\T 150°C 

initial final f or final for 

from 0 - 1.54 0 - 10.75 . 
Cutlio 1984 min min 

-1 -1 kp 4 (ml mol s ) 3 . 12 X 107 
2.298 X 108 

2.298 X 108 

-I 
km4(s ) 1 . 45 X 10 

-3 4.072 X 101 3 .181 X 101 

k5 ( s - 1 ) 3 . 30 X 10 3 2 ,800 X 108 
5 . 5 26 X 101 

q ---- ---- 10.81 

T/\B LE 4. 8 

E:STIH,\ TES OF PROPENE OXID/\TI0;-,1 R.\TE CONST.'\:\'TS 

,\T 120°c 

,\ct ivation ini tial final 

energies (kJ mol- 1 ) estimates estimates 

kp4 0 2. 215 X 10
8 

4. 116 X 10
6 

.. 
km4 176 0. 697 0 . 188 

k5 ·r 5 .585 X 101 2. 61() X 10l\; 

q - 9.94 3. 175 X 101 

* estima ted at z
3

=0 

T AB LE 4.9 

E:;T I :.;ATES OF P'WPENE OX IDATI ON R,\TE CONSTA:-ITS 

AT 90°C 

i nitial final 

estimat es estimates 

kp4 (ml mol-l s- 1 ) 1 . 102 X 10
5 

6 . 059 X 103 

km 4 0 . 380 X 10-3 

I 
- 4 6 . 693 X 10 

' 
I J . ()40 X 101 I 

3 ,6 35 X 10- 2 k_ 
! ::, 

f, 

.., 
1n- - 4 i 6.()()6 X ~ 

' -:1• ... 

T,\flLE 4. 10 

:CSTH:,\TES OF l,TIIE N!c OX1D,\TI0N 1/,\TE C07'JST,\ NT .", 

,\T 120°c 

es tima tes from I estimates from 

initial staaes fu 11 transient 

ko4 (ml mol-l s ··l) 1 .226 X 109 
1 .689 X 1010 

km4 ( s-1) 9 . 5 4 2 X 101 
6.550 X 10 1 

q 1 . 92 X 10-5 
5 .407 X 101 

T ArlLE 4 . 11 

ESTHi;\TES OF i,THENE OXID!\TION IV\Ttc CONSTANTS 

\T 150°c 
-1 -1 kp4 (ml mol s ) 3. 507 X 10.l l 

- 1 
km4 (s ) 2.904 X 10

4 

-5 q 1.000 X 10 

T,\llLE 4. 12 

l:STHI/\TE'.5 OF ETHENE OXID/\TION R .. \TJ;: cm.JST,\NTS 

/\T 90°C 

-1 -1 k
0 4 

(ml mol s ) 2. 321 X 10
6
. 

-1 
km4 (s ) 1.236 X 10 

-1 

-7 q 9.378 X 10 

T!\13LE 4.13 

TEMPLcR.I\TUi~E DEPENDE,KE OF S l,Li:.CTED CONST,\NTS 

preexponential activation correl a tion 
factor energy coefficient 

/1/s) (i<J/mol) 

co adsorption 9.8 X 10
14 74 - 0 . 9983 

co desorption 2.2 X 10lO 84 -0.988 

--92 adsorotion 9.7 X 10
13 63 -0,955 

5i16 adsorption 6.4 X 10
34 224 -0.996 

J:
3~

6 desorption• 1.6 X 10
35 264 -0.967 

~
2 1~4 adsorpt ion 2. 1 X 10

41 252 -0.9999 

c 211 4 desorptio~~~ 
10.:lO 263 - 0.9999 

• km
4

• as defined in e1uation (4-9) 

I 



kpl 

kp2 

k3 

km6 

zo 

TABLE 5.1 

Rate constants for limit cycles at 135°C 

6 -1 -1 I 6.642 x 10 ml mol s kml 0.380 s -1 

7 - 1 -1 1.680 x 10 ml mol s km2 0.000 s -1 

8 -1 
' k 5 -1 -1 2.938 X 10 S 

p6 1.900 x 10 ml mol s 

8.840 s -1 
kp7 

5 -1 -1 1.373 x 10 ml mol s 

0.1209 z 1.706 X 105 
sup 

TABLE 5.2 

Propene adsorption and oxidation rate 

constants for limit cycle wit h Ns=l 

7 - 1 -1 kp4 1.950 x 10 ml mol s \ km4 0.330 -1 
s 

k5 
3 -1 3.3QQ X 10 S 

TABLE 5. 3 

Turnover r ates for steady st a te and l imi t cycle 

oxidation of CO and p rope ne ( s- 1 ) 

co ' C/16 
oxidation oxidation 

steady 
7.31 X 10 -3 

2.26 X 10 -3 
state 

-3 -7 
limit 3.94 X 10 - 2.8 5 X 10 
cycle 

lo0l X 10 -2 
4.01 X 10 -4 

X§~ 

-

.... 1. 
"" 

TAB LE 5 .4 

Effect o f a lOi'~ incr~ase in e 'ch kinet ic parameter 
on the period and amplitude o f limit c>d. es 

t 
L\.t /t oxyg en 

(min) amp li tude 
base case 9 . 8 ---- O. 7'2:X 

k p l 10. 8 10.2% o.8s,-.; 
k 

ml 9 . 0 -8. 2Jl o. 6CY,.; 
kp2 9 . 5 -3. l~~ o . 22:''c 
k3 9 . 8 o.o:,. o. 727i 
kp4 stab l e steady state 
km4 stable steady s t a te 
k_ 9 . 7 -1. o;.; 0.71% :, 

kp6 9 . 9 1. o;:; 0 . 69% 
km6 9 . 6 -2.0% 0.74% 
kp7 9 . 8 0.0% 0.1m 
km7 9 . 8 0.(X;, 0.72% 
z stable steady state 0 

z 9.8 O. O~f o . 7 2:-l sup 

TABLE 5.5 

Propene adsorption and oxi dat ion 

rate constants for limi t cycle with Ns=2 

k 
p4 1 . 350 x 107 ml mol-l -1 

s km4 1.450 X 10- 3 s-1 

ks 3. 300 X 10 3 -1 
s 



reaction catalyst 

so
2 oxidation V2 05 

c 2H4 oxidation Ag 

C4H
6 hydrogenation Ni 

Pt /A l
2

0
3 

CO ox i d a tion Pt/Al
2

0
3 

V205 

CO -NO oxidation Pt/Al
2

0
3 

trE 3 synthesis Fe 

Ci\ a ddition . E2so 4 
to CH

3
COOH 

Fischer-Tropsch Fe 

synthesis 

CO-C 3E5 oxidation Pt/Al
2o

3 

TABLE 6.1 

EXPERIMENTAL STUDIES OF CATALYTIC REACTIO N 

CYCL I NG 

temperature ; 

authors pressure 
-

Unni et al (197 3 ) 405°C; 892 mm l-ig 

Renken et al (1 975) 190-245°c 

Al -Taie & 70°c 

Kershenbaum ( 1 978 ) 

!-iawkins (197 8 ) 
. 0 

- lOO~i } atm 

Cut lip (19 79) 20- 160~ ~ 1 a"tm 

Abd ~l-Kareem et al 3S5°C 

( 19 80a; l9 80b ; l 980c) 

Heg edus et cl (1980 ) 510°C; 1 atm 

: ~i? 

Jain et a l 
fl!/o 

(19E2;1984) 400°C; 23.8 bar 

Renken et al (1984) ll0°C; 1 bar 

Feimer et al (1984) 245°C; 3.84 bar 

Th is wor k 135-150°C;79-87 

cm_ Hg 

- ---

parameter(s) 

varied reactor 

S0 2 , o
2 fixed bed 

concentration 

c 2H4 cone. fixed bed 

E2, C4H6 fixed bed 
concentration 

CO, o
2 cone. gradient less 

CO, o
2 cone. gradient less 

co, o2 cone . fixed bed 
temperature 

o2 concentration fixed bed, 

differential 

period ; H
2 , N

2 fixed bed & 
concentration Berty reactor 

CH 3COOE cone . fixed bee! 

H2 , CO cone . fixed bed 

C3E6 , CO, 02 gradient less 
concentration 



reaction catalyst 

so 2 oxidation V2 05 

c2H4 ox i c!a tion Ag 

C4H
6 

hydrogenat ion Ni 

Pt/Al 20 3 

CO oxic! a tion Pt /Al 20 3 . 

V20 5 

CO -NO oxidation Pt/Al
2

0
3 

trH 3 synthesis Fe 

C2l\ addi tion . !-i2S04 
to CH

3
COOH 

Fischer-Tropsch Fe 

synthesis 

CO- C3H6 oxidation Pt/Al
2

0
3 

TABLE 6.1 

EXPERI MENTAL STUDIES OF CATALYTI C REACTI ON 

CYCLING 

temper ature ; 

authors pressure 

Unn i et al (197 3 ) 40s 0 c; 8 9 2 mm 1-ig 

Renken et al (1976) 190-24S 0 c 
Al -Taie & 70°C 

Ker shenbaum (1978) 

1-iawkins (197 8 ) 
. 0 

~ 100_..; ;,1 atm 

Cutlip (1979) o- .. 20-160 C; 1 atm 

Abd~l-Kareem et al 395UC 

(1980a;l980b;l980c) 

Heg edus e t ~l (1980 ) Sl0°C; 1 atm 

. '1~1 ~,. 
400°C; Ja in et a l ( 19E2 ; 1984) 23 . 8 bar 

Renken et al (1984) ll0°c; 1 bar 

Feimer et al (1984) 246 °C; 3.84 bar 

This work 135- 1S0°C;79 - 87 

c m Hg 

-

parameter(s) 

varied reactor 

so 2 , o
2 f i xed bed 

concentration 

c2H4 cone. fixed bed 

H2, C4H6 fixed bed 
concentration 

co, o
2 

cone. gradi e nt less 

CO, o
2 

cone. gradient less 

co, o2 cone. 

I 
fixed bed 

tempecature 

o2 concentration fixed bed, 

differential 

period; H
2

, N
2 fixed bed & 

concentration Berty reactor 

CH 3COOH c one . fixed bed 

H2 , CO cone . fixec! bed 

C3H6 , CO , 02 grad ientless 

concentration 



fig. 

5.4 

TABLE 6.2 

Simulated response to feed switching scheITe Sl 
input period (min) response period (min) 

4.0 4.0 

3 . 5 4.0 & 14.0 

3 . 0 6.0 

2 . 5 7 . 5 

2 . 0 6.0 

1. 5 7.5 

1.0 9. 0 

0.5 0.5 

TABLE F.1 

CALCULATED MAX H I UM TEMPE fV\TUl<E DI FFElrnNCES BET t,vEEN 
BULK Gi\S AND SURFACE FOf< EXPElUMENTAL & SIMULATED 

OSCILLATIONS 
oxidation rat e J heat I temp. flowrate co -, propene ge!"}erat e d difference (rnl/rnin) (rnol/fl4n) (rnol/rnin) (kJ / rnin) ( K) 

75.5 4.14 X ,a-5 1.26 X 10-5 
3.60 X 10- 2 

2 . 3 

5.20 108 8 . 08 X '10-5 
4 . 49 X 10-6 

3 . 15 X 10- 2 
;:?. 0 

5. 39 ·* 100 8.12 10- 5 
1 . 27 10-5 

4 . 75 10 
-2 

3. l X X X 

5.3 50 3 . 52 X 10- s • - 6 6 . 03 ·• ' 10 2.16 X 10- 2 
1.4 

T ABLE F. 2 

CALCULATED M,'\XIMUfvJ CONCENTl~i\T ION DIFFERENCES f3ET :JEEN 
BULK GAS AND SURFACE FOR EXPERIMENTAL & SIMULAT ED 

OSCILL'\TIONS * ·* ' ' 

bulk c o n centra t ion cone . difference f i g . flowrate co propene & as ('7 of bulk / C 

(rnl/rnin) ( %) (%) co prooene 
5 .4 75 . 5 a. s o · 0. 5 7 4.7 x l O -5 

2 . 0 :XlO 
- 5 

(0 . 95%) ( o . 36 '."t~ ) 
s . 20 108 0.20 0.83 9.2 xlO-S 7.3 xlO -6 

( 4.6%) ( o. 09:'.: ) 
5 . 39 * 100 o . os 0 . 99 9.3 xlO -5 

2. 1 xlO -5 

(18%) (0.2Ff ) 
5.3 so 0 . 30 0.71 4.0 xlO-S 9 . 8 xlO -6 

( 1 • 39'Z) ( o . 14:-~ ) 

NOTl~S : * simulated oscillations 
·:+* assuming oxidation rates in table F.1 
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fig. 
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TABLE 6.2 

Simulated response to feed switching scherr.e Sl 
input period (min) response period (min) 

4.0 4 . 0 
3.5 4.0 & 14.0 
3.0 6.0 
2.5 7.5 
2 .0 6.0 
1. 5 7 . 5 
1.0 9 . 0 
0 . 5 0 . 5 

TABLE F.l 
CALCULATED MAXII\IUM TEl"IPEfV\TUl{E DI FFEl<ENCES BET \·vEEN 
BULK GAS AND SURFACE FOf< EXPERIMENTAL & SIMULATED 

OSCILLATIONS 
oxidation rate I heat jtemp. flowrate CO -, propene ge!")erated difference (ml/min) ( mo l /if'-i. n) (mol/min) (kJ/min) ( K) 

75.5 4.14 X (o-S 1.26 X 10-5 
3.60 X 10- 2 

2. 3 

s.20 108 8.08 r -5 
4.49 10-6 

3. 15 10- 2 
2.0 X 10 X X 

5. 39* 100 8.12 10-S 1.27 10-5 
4.75 10 

-2 
3. 1 X X X 

5.3 50 3 . 52 X 10-5 6. o ./~f' 10-6 
2.16 X 10- 2 

1.4 

TABLE F. 2 

CALCULATED Mr'\XIMUM CONCENTl"\i\TION DIFFERENCES BET :JEEN 
BULK GAS /\ND SURFACE FOR EXPERIMENTAL & SIMULATED 

OSCILL'\TIONS ** ' 
bulk concentration cone.difference fig. flowrate co propene & as 5:t of bulk (ml/min) (%) ( '.:'&) co prooene 

5 . 4 75.5 a.so ·0.57 4.7 xlO -5 
2.0 .xlO -5 

(0.9592 ) (0. 36'.<i:) 
s.20 108 0.20 o. 83 9.2 xlO -5 7.3 xlO -6 

( 4. 67{.) ( o. 09:'c) 
s. 39 * 100 0.05 0.99 9.3 xlO -5 

2.1 xlO-S 
( 18~'{.) (0. 21'"{) 

5.3 50 0.30 0.71 4.0 xl0- 5 
9.8 xlO -6 

( 1 • 3'.J'Z) ( o. 14:-z) 

NOTES: * simulated oscillations 
-:H assuming oxidation rates in table F. 1 
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Fig.2.2: Gas Mixing Panel 
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Fig.2.3: Reactor Feed Panel 
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Fig.2.4: Reactor Control Panel 
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Fig.2.5: Reactor and Bellows Pump 
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FIGURE 4.3: EXPERIMENT 
STEP FROM 1.Si. CO TO 2i. CO 8t 3i. 02 
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FIGURE 4 .. 5 : EXPERIMENT 
STEP FROM 1.51. CO TO 21. CO, 31. 02 
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FIGURE 4 .7 : EXPERIMENT 
STEP FROM 1.51. CO TO 2?. CO, 3?. 02 
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FIGURE 4.9 ,: EXPERIMENT 
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FIGURE 4 .15: EXPERIMENT 
STEP FROM 2r. C2H4 TO .9r. C2H4, 4r. 02 

3.S -------.---~----...-----.----~---............ 

!Sl 3.8 
. (S) 

X 2.S 

z 
S 2.i r 
u 
<( 1.s a::: 
Ll.. 

W 1.8 
..J 
0 
!: 8.S 

--______ ,,,.. ___ _ 

8.8 a , 
2 

•• 

r · ,, 

' ' I ·,. 

' ' I '"', 
' .... , 
I '· i , .. , ....... _________ .,,,.------'\.,. ........ 

' , 
\' 
\I 

1 \ , \ 
' \ , \ 

' ·················· ... --·· ' ---,..... ----..... ,_.._ __ ,--
___ ,:,,11_, __ , ______________ _ 

' , 
' I 

... ,. 8 18 12 

TIME (MINUTES) 

TEMP .(C) PRESSURE (CM HG) FLOWRATE (ML/MIN NTP) VOLUME (MU 
90.0 87 .0 99.2 48.5 

CATALYST CHARGE (GM) TOT AL CONCN (MOL/MU CATALYST II 
10.04 J.84E-05 

KEY: ---- -C2H4 -02 C3H6 ·------ -C02 CO 
FEED r. 0.90 4.00 0.00 

(S) 
(S) -
X 

z 
0 ..... 
r 
u 
<( 
a::: 
Ll.. 

w 
..J 
0 
!: 

., 

' .... 

' 
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FIGURE 4 .17 : EXPERIMENT 
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FIGURE 4 .21 : EXPERIMENT 
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F!G .4 .23: FITTING OF TRANSIENT IN FIG .4 .5 
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FIG.4 .25: FITTING OF TRANSIENT IN FIG.4 .5 
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FIG.4.27: FITTING OF TRANSIENT IN FIG.4.5 
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FIG.4.29 : FITTING OF TRANSIENT IN FIG.4.5 
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FIG.4 . 31: FITTING OF TRANSIENT IN FlG.4.5 
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FIG.4.33 : FITTING OF TRANSIENT IN FIG.4.5 
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FIG.4.35: FITTING OF TRANSIENT IN FIG.4.5 
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FIG.4.39: FITTING OF TRANSIENT IN FIG.4.4 
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FIG .4.4L : FITTING OF TRANSIENT IN FIG.4.8 
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FIG.4.43: FITTING OF TRANSIENT IN FIG.4.8 
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FIG.4.52 : FITTING OF TRANSIENT IN FIG.4. 18 (DETAIL) 
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FIG.4.53: FITTING OF TRANSIENT IN FIG.4.15 
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FIG.4.53: FITTING OF TRANSIENT IN FIG.4.15 
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FIGURE 4.55.: ARRHENIUS PLOT FOR kml 
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FIGURE 5. 7 : EXPERIMENT 
STEP FROM 3i. 02 TO 0.Si. C3H6, 2i. CO 8c 3i. 02 
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FIGURE 5.8 EXPERIMENT 
STEP FROM 3i. 02 Tb 0.Si. C3H6, 27. co:!lif, 3i. 02 
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FIG. 5.9: OBSERV ED OSCI LLAT IONS-fEEO: 1%C3H6 ,2% C0,3% Oz CATALYST I 
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FIGURE 5.11 : EXPERIMENT 
STEP FROM 3i. 02 TO li. C3Hb, 2i. CO 8c 3i. 02 
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FIGURE 5.12 ~ EXPERIMENT ... 
STEP FROM 3i. 02 TO li. C3Hb,2i. Cif-i. 02 (DETAIL) 
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FIGURE s .. 13: EXPERIMENT 
STEP FROM 3i. 02 TO .1i. C3H6, 2i. CO, 3i. 02 
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FIGURE 5.14 : EXPERIMENT ... 
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FIGURE 5.15 : EXPERIMENT 
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FIGURE 5 .16 : EXPERIMENT . 
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FIGURE s.n: EXPERIMENT 
STEP FROM 2i. CO TO li. C3H6, 4i. CO, 3i. 02 (DETAIL) 

" ~ :, ;. ~. !• ;. :~ : ! t I II 11 1 1 It 

I
: 't : •, : •• : ~ : ~ : ~: ~ 

\ I ' 1 1 
I I ' I .. ____ , ... ' ... _, '•,.. ,• ' ..... __ ...... ' ',, ; ' ... ,• 

18 

............. __ ------- .. , ,, ... , ', ..... __ ...... _______ , ... __ ........ ,,., 

----·-----......... 
I 

--
28 38 

... ~ - --~-- .. ,,---, / '\ 
I ' 
I I ·---------~ 

S8 1,8 78 H 

TIME (MINUTES) 

TEMP.(C) PRESSURE (CM HG) FLOWRATE (ML/MIN NTP) VOLUME (MU 
l 3b.5 79 .0 30.0 48.5 

CATALYST CHARGE (GM) TOTAL CONCN (MOL/MU CATALYST II 
10.04 3.09E-05 

KEY: -co 
4.00 

-02 
3.0b 

C3H6 
0.95 

·------ -C02 
FEED i. 

f 

' 
FIGURE 5 .. 18 ·: EXPERIMENT 
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FIGURE 5.19.: EXPERIMENT 
STEP FROM 2i. CO TO li. C3H6, 2i. CO, 3i. 02 CDETAIU 
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FIGURE 5.20 : EXPERIMENT ... 
STEP FROM 2i. CO TO 1 i. C3H6, 2% CO, 1 • ·.~ 02 CDET AIL) 
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FIGURE 5.22: EXPERIMENT 
STE:P FROM 27. CO TO 17. 2-C4H8,27. C0,37. 02 
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FIGURE 5.23; EXPERIMENT 
STEP FROM 27. CO TO li. 2-C4H8,27. C0,37. 02 
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FIGURE 5.24 : EXPERIMENT 
STEP FROM 27. CO TO li. 2-C4H8, 2i. C~, 37. 02 
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FIGURE 5.25: EXPERIMENT 
STEP FROM 2Y. CO TO 1 Y. 2-C4H8, 2Y. CO, 3Y. 02 (DET AIU 
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FIGURE 5.26.: EXPERIMENT 
STEP FROM 2Y. CO TO li! 2-C4H8, 2Y. ~. 37. 02 
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FlGURE 5.27: EXPERIMENT 
STEP FROM 27. CO TO 17. 2-C4H8, 27. CO, 37. 02 (DETAIL) 
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FIGURE 5.28: EXPERIMENT 
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FIGURE 5.29,: EXPERIMENT 
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FIGURE 5.30: EXPERIMENT ... 
STEP FROM 3i. 02 TO 1 i. C2H4, 2i. C~~7. 02 (DET AIU 
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FIGURE 5.31: EXPERIMENT 
STEP FROM 37. 02 TO 17. C2H4, 27. CO 8c 37. 02 CDETAIU 

4.1 -----------..--------.-----....------,.---, 

tSI 3.S 
CS) 

z O 2.S -1-u 2.1, 

< a::: u. 1.S 

w 
_J 1.1 
0 
L i.s 

•-.,.,,_•'\,""""'",,._ • -• - ., -,---.v .. ..._,A•./'•\,"'41'\',. .,-• -• - •- --•""",..._"'._.,,"'\,,_,.,.,.._, ""•""A'-"" --.,..-..,..,...-..,_Ai, -----.... -.., -..,.,.. ..... "' ..._,::-.,!---------, - ........... -,,..- _..., ...,.,-
I.I " s 18 IS 28 2S 

TlME (MINUTES) 

TEMP .(C) PRESSURE (CM HG) FLOWRATE (ML/MIN NTP) VOLUME (MU 
151.0 87 .0 100.0 

CATALYST CHARGE (GM) TOT AL CONCN (MOL/MU 
10.04 3.29E-05 

KEY: ---- -C2H4 -02 C3H6 
FEED i. 1.00 3;00 0.00 

., 
• 'l'· 

' 
FIGURE 5.32: EXPERlMENT 
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FIGURE 5.33; EXPERIMENT 
STEP FROM 3i. 02 TO li. C2H4, 2i. CO, 3i. 02 
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FIGURE 5.34: EXPERIMENT ... 
STEP FROM 37. 02 TO .57. C2H4, .Si. C3~'!27. CO, 37. 02 (DET AIU 
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FIGURE S. 35 : EXPERIMENT 
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FIGURE 5. 36 : EXPERIMENT ... 
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FIGURE 5.37: EXPERIMENT 
STEP FROM 3i. 02 TO li. C2H4, li. C3H6, 47. CO & 37. 02 CDETAIU 
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FIGURE 5.3e : EXPERIMENT ... 
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FIG.5.39: LIMIT CYCLE WITH 1% PROPENE 
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Fi g. 5.40: VarLation o f per l od wlth ~esLdence, tlme 
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Fig. 5. 41 : Varlatlon of osclllatlon bounds wlth C3Hb feed cone 
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FIG .5.44: LIMIT CYCLE WITH li. ETHENE 
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FIG.5.45: LIMIT CYCLE WITH .Si. PRO~i.fiE g. .Si. ETHENE 
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FIG .5.46: LIMIT CYCLE WITH 17. PROPENE 
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FIG.5.48: LIMIT CYCLE WITH 17. PROPENE 
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FIGURE b.14 SCHEME S2 FORCING PERIOD 5.0 MIN 
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FIGURE 6.16: SCHEME S2 FORCING PERIOD 1.0 MIN 
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reaction steps 

CO reversible adsorption 
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CO surface oxidation 

CnHZn reversible ad sorption 

CnHZn surface ox i da tion 
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