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Abstract

The influence of experimental parameters on the structure of global reaction rate oscillations and the coupling of local
oscillators on a catalyst bed in a continuous stirred tank reactor is studied for the oxidation of CO on zeolite supported
palladium catalysts. Global coupling can be achieved via mass transfer through the gas phase or via heat transfer in the case
of a support of high heat conductivity. Characteristic differences in the activity of catalysts as well as in the period and the
amplitude of the oscillations are related to the size of the palladium clusters and can be simulated by adding the state of the
oxidation of the metal surface as a parameter to a common kinetic model. The analysis of observed chaotic behaviour leads
to the conclusion that diffusional chaos characteristic of a distributed system is observed on the level of the zeolite crystallite

that supports the palladium clusters. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction vation of catalytic surfaces under high vacuum condi-
tions with the help of surface science methods [1-3].
Heterogeneous catalytic reactions are highly non-  Oscillatory behaviour can arise on various levels
linear systems usually operated under conditions far of a heterogeneous catalytic system. The first level
from thermodynamic equilibrium where temporal would be an element on a single crystal surface with
and spatiotemporal organisation become possible. oscillatory behaviour which can be described by a ki-
The very rich dynamic behaviour observed in many netic point model. The second level is represented by
heterogeneous catalytic systems includes regular pe-a spatially extended single crystal surface commonly
riodic, quasiperiodic and mixed mode oscillations as including spatial inhomogeneities or by a single metal
well as deterministic chaos. Analysis and simulation cluster bounded by differently indexed planes. The
of the experimental observations have led to a detailed third level for massive catalysts may be considered as
understanding of the underlying reaction mechanisms a whole polycrystalline metallic surface and for sup-
in the past decades especially due to the direct obser-ported catalysts as a pellet. Finally, the fourth level for
supported catalysts is represented by a catalyst bed.
From the second level up always an array of oscilla-

. ; _ tors has to be considered and the observed more or
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observation of periodic oscillatory behaviour of the active Pt/SIQ areas embedded at a distance into a
global reaction rate means complete synchronisation wafer of inactive silica. They identified heat trans-
of local oscillators on each level of a heterogeneous fer through the wafer as the dominant mechanism of
catalytic system. Coupling between local oscillators synchronisation on the level of a catalyst bed. In this
may occur via surface diffusion, diffusion through the work, on the other hand, gas phase coupling was not
gas phase and heat transfer. The dominant mechanisneliminated and its role was not analysed.
of synchronisation will depend upon the nature of the  The lack of synchronisation may lead to the appear-
local oscillator and the conditions of the experiment. ance of complicated time series of the global reaction
In single crystal UHV studies surface and gas phase rate, which are frequently observed in heterogeneous
diffusion are the main mechanisms of coupling, while catalytic systems. In this case it has to be determined
at atmospheric pressure in the case of supported catawhether the complicated oscillations arise due to the
lysts heat transfer may also be important for the syn- superposition of frequencies of local oscillators or
chronisation of oscillations, especially in the case of the observed complicated dynamic behaviour reveals
highly exothermic reactions. all the properties of deterministic chaos. Chaotic be-
Gas phase coupling operates through the variation haviour can originate on various levels of a heteroge-
of reactant concentrations in a reactor due to reaction neous catalytic system [2,8]. It can be temporal (low
rate oscillations. In the case of a continuous stirred dimensional) chaos, which describes the dynamic
tank reactor (CSTR) concentration changes in the gasbehaviour of one oscillator or spatiotemporal (high di-
phase due to local changes in reaction rate are felt onmensional) chaos, which arises in an array of coupled
the entire catalyst surface simultaneously and practi- oscillators [9]. The first type of chaos can be simulated
cally without delay on the time scale of the oscilla- with point or lumped models, representing ordinary
tions; thus this coupling is global. Surface diffusion differential equations, while for the description of
and heat transfer are coupling mechanisms which op- chaotic behaviour in distributed systems partial differ-
erate on smaller length scales and may be only near-ential equations or systems of coupled maps are used.
est neighbours communicate with each other. The ef- In low pressure single crystal studies determinis-
fect dies out with increasing distance and hence thesetic chaos has been identified for three systems+HCO
mechanisms of coupling are considered to be nonlocal O,/Pt(110) [10], NO+ Hy/Pt(100) [11] and CO+
(short range) or even local. NO/Pt(100 [12]. In all these systems chaotic dy-
The verification of the dominant mechanism of syn- namics was observed in a very narrow region of ex-
chronisation can be difficult even in the case of single perimental parameters. The best characterised of these
crystal studies under UHV conditions, where the heat systems is the CO oxidation over Pt(1 1 0) single crys-
produced by the reaction is too small and only cou- tal surface, where low-dimensional chaos with an em-
pling via surface diffusion and via the gas phase is bedding dimension of five was determined [10].
relevant. Forcing experiments and the examination of  In high pressure studies the chaotic behaviour has
spatial surface structures demonstrated that couplingbeen identified for massive metallic [13] and supported
by surface diffusion dominates during CO oxidation catalysts [14]. In these systems chaotic oscillations
on Pt(100), while gas phase coupling is the main are observed in a much larger region of temperature
mechanism of synchronisation for the same reaction and reactant pressure. This fact may indicate that on
on a Pt(110) single crystal surface [4,5]. the highest levels of heterogeneous catalytic systems
It is more difficult to establish the prevailing mecha- the observed complicated dynamic behaviour may not
nism of synchronisation in high pressure experiments, be inherent in the point model, which describes the
where all three mechanisms of coupling can operate. system as one homogeneous local oscillator, but rather
Tsai et al. [6] established mass transport through the results from the coupling of an array of different local
gas phase as the mechanism responsible for the syn-oscillators.
chronisation in the case of the oscillatory CO oxida-  The oxidation of CO over Pd zeolite catalysts dis-
tion on a polycrystalline Pt surface. However, the role plays extremely rich dynamic behaviour including
of coupling via heat transfer was not evaluated. Onken regular periodic, self-similar mixed mode and chaotic
and Wolf [7] studied the oxidation of ethylene on two oscillations [15,16]. In the case of zeolite catalysts
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the reaction proceeds on the active metal particles THERMOCOUPLES —
with a narrow size distribution embedded within the

zeolite matrix. The coupling of distant Pd clusters ~
via diffusion on the surface of the zeolite support
can be neglected due to very small values of surface l

TR AT, AT;

diffusion coefficients and gas phase synchronisation
prevails with coefficients of diffusion in the order
of 104-10"5cm?/s in the channels of the zeolite
for the reacting molecules. Therefore at least one of
the mechanisms of coupling can be excluded on the |
level of a zeolite crystallite and the reaction is con-
sidered to be a suitable model systems for the study
of synchronous and chaotic behaviour.

It is the goal of the present work to analyse the con-
ditions for the appearance and the properties of reg-
ular and chaotic oscillations. Special attention is paid
to the effect of the size of the embedded Pd clusters
on the dynamic behaviour of the system. The possible
dominant mechanisms of the coupling of local oscil-
lators on the level of the catalyst bed in a CSTR will -
be established.
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Fig. 1. Reactor used in the study, allowing the partition of the
reactor volume between two parts of the catalyst layer with dif-
ferent properties of the oscillations (from Ref. [24] reproduced by
2. Experimenta] permission of the Royal Society of Chemistry).

Experiments were carried out in a continuous flow
glass reactor under atmospheric pressure [16]. A cer- of the coupling of two different Pd zeolite catalysts
tified mixture of CO and N (10vol.% CO, 99.97%  a Teflon partition can be inserted into the reactor to
pure Messer-Griesheim, inJNwas passed through a prevent the gas phase coupling between two individ-
glass tube with quartz pellets held at 500 K to remove ual parts of the catalyst layer. Fig. 1 shows the reactor
traces of volatile metal carbonyls and then mixed with with partition. The dynamic behaviour of individual
oxygen (99.995% pure, Messer-Griesheim). Nitrogen parts of the catalyst bed was monitored by two sen-
(99.995% pure, Messer-Griesheim) was added as asitive thermocouples positioned on top of the surface
balance. of the catalyst. Each thermocouple gives a measure

The reaction mixture was fed into the reactor with of the heat production due to the reaction rate on the
a flow rate of 150 crymin corresponding to a linear  catalyst in the vicinity of its spotweld.
flow velocity of 1.89 cm/s. The flow rates were con- A NaX faujasite(Si/Al = 1.25) was used as a ma-
trolled by thermal mass flow controllers (HI-TEC, 1% trix. [Pd(NHs)4]?" cations were introduced into the
precision). The gas composition was changed by vary- faujasite cavities by ion exchange overnight at room
ing the CO concentration up to 3.5vol.%. The outlet temperature from solutions of the corresponding chlo-
CO, CG concentrations were measured by IR anal- ride [18]. The supporting zeolite crystallites had an
yser URAS 10 E. average size of pm in diameter. The Pd loading was

The catalyst was applied under shallow bed condi- 0.05 and 0.01 wt.%. A palladium content of 0.05 wt.%
tions on a glass frit in the reactor depicted in Fig. 1. corresponds to about one Pd atom per 10 unit cells.
The calculations of a small axial Peclet number and the The metal phase was precipitated by an autoreduc-
characteristics of residence time spectra indicate thattion process during the temperature programmed de-
for the given experimental conditions, the behaviour composition of the ammine complex or alternatively
of the flow reactor is similar to a CSTR. For the study by calcination of the sample followed by reduction
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Table 1

Pd zeolite catalysts used in the present study

Catalyst Pd loading (wt.%) Pd surface area {gm Amount of catalyst (mg) Size of Pd crystallites (nm)
A 0.05 15.1 60.4 10

B 0.05 151 24.2 4

C 0.01 5 100 10

D 0.01 5 40 4

with hydrogen yielding narrow particle size distribu- Fig. 2 depicts the region of oscillations for both cat-

tion around 10 and 4 nm, respectively [18]. Metal clus- alysts. The effective CO concentration in the reactor is
ters of a size exceeding the dimension of the supercageused as the abscissa, which under appropriate condi-
by far can be grown within the faujasite host by local tions can oscillate in time. Therefore, the amplitudes
destruction of the surrounding matrix [19]. The sam- of oscillations are shown as slanted bars which indi-
ples were investigated with a Philips EM 420 electron cate the maximum and the minimum of oscillations.
microscope operated at 120 kV. Compositions and no- The CO inlet concentration can be derived from the
tations of samples are listed in Table 1. Prior to each figure by adding the C&concentration in the effluent
experimental run the catalyst was oxidised for 12 h in (ordinate) to the effective CO concentration plotted on
flowing synthetic air at 633 K. The amount of the cat- the abscissa.
alyst was chosen such that the Pd surface area was the Fig. 2 shows that the difference between the two
same for both catalysts. branches is much larger in the case of catalyst B with
the smaller Pd particles (4 nm) and that the reaction
rate on the reduced catalyst is considerably enhanced

3. Results compared to the initially oxidised catalyst. Moreover,
the activity of catalyst B is higher, the region of oscil-
3.1. Particle size effect lations more extended and the amplitudes larger com-

pared to catalyst A loaded with 10nm Pd particles.

The effect of the size of the palladium crystallites Similar results have been obtained for catalysts C and
on the activity and the dynamic behaviour of the cat- D with 0.01wt.% Pd although the differences in the
alysts has been studied under similar experimental activity were less pronounced.
conditions in the reactor, shown in Fig. 1 but with- Significant differences in the oscillatory behaviour
out partition. The activity and the dynamic behaviour were also found in dependence on the particle size
of the system have been analysed under similar ex- under the same experimental conditions. While for a
perimental conditions for catalysts with the same Pd low CO inlet concentration (0.3 vol.%) regular peri-
loading but different size of the Pd particles. Fig. 2 odic oscillations could be established in the case cata-
depicts the dependence of the reaction rate uponlyst A with 10 nm Pd this was not possible for catalyst
the CO concentration in the reactor and the regions B containing 4 nm particles. In the latter case, the os-
and amplitudes of the reaction rate oscillations for cillations are irregular and it was not possible to find
catalysts A and B for the same palladium surface experimental conditions (temperature, CO inlet con-
area of 15.1 crh (Table 1). The measurement of the centration), where regular periodic oscillations could
curves for increasing (open triangles) and decreasing be observed.
CO concentration (open circles) reveal an hysteresis Even more pronounced differences in the oscillatory
phenomenon. However, no true hysteresis has beenbehaviour of catalysts A and B are shown in Fig. 3
established since the differences in the kinetic curves for higher inlet CO concentration equal to 0.5 vol.%.
arise due to enhanced reduction of the oxidised Pd Catalyst B with 4 nm Pd particles was found to be more
particles at high CO concentrations. As a result the active and to spend longer time in the high activity
initial kinetic curve obtained over the pre-oxidised state compared to catalyst A with higher frequency
catalyst could not be reproduced in the second cycle. oscillations.
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Fig. 2. Ascending 4) and descending®) branches of the reaction rate as a function of CO concentration in the feed for catalysts A and
B at 503 K. The region of kinetic oscillations is indicated by slanted lines which represent the amplitudes of the oscillations.

3.1.1. Synchronised behaviour increasing activity of the catalyst the system spends
Regular periodic oscillations have been obtained more time in the high activity state and the wave form
over catalyst A at 503K in a very narrow region of tends to approach that of a catalyst exposed to higher
CO inlet concentrations between 0.3 and 0.34vol.% in CO concentrations prior to the experiment (see Fig. 4).
the case of the pre-oxidised catalyst. At lower temper- Fig. 5 demonstrates the different shapes of oscilla-
atures the reaction proceeded in a steady state. Fig. 4tions at a CO concentration of 0.3% following the
shows for a time span of 8 h how amplitude, period pre-treatment of the catalyst by oxygen and by a reac-
and activity increase with time on stream and the wave tion mixture containing 1% of CO. In the case of the
form slowly changes. Initially, the pre-oxidised cata- more reduced catalyst, the period of the oscillations
lyst A displayed very low activity and it took some has increased and the system spends longer time in
time for the appearance of oscillations. The observed the high activity state.
changes are attributed to the establishment of a more
reduced state of the catalyst. Compared to the exper-3.1.2. Transition to chaos
imental conditions depicted in Fig. 2, the reduction Regular oscillations over catalyst A can keep their
process is very slow at low CO concentrations. With periodicity as long as 17 h. The complication of the
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dynamic behaviour has been detected following a
slow increase of the CO inlet concentration in very
small steps (0.02-0.04%). Fig. 6 demonstrates that the
system undergoes a sequence of transitions from reg-
ular to more complex temporal behaviour. The regular
oscillations start to destabilise @co = 0.34%, when

the periodic state seems to be randomly disrupted
by short perturbations. It can be seen that with in-
creasing CO concentration the irregular perturbations
become more and more frequent until fully developed
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o
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1900 2000 aperiodic behaviour is eventually reached at 0.4%

Co.

The calculations of the largest Lyapunov exporient
by the Rosenstein method [20] for the time series, cor-
responding to 0.4% CO yield a value= 0.08 bit/s.
The positive value of. indicates an exponential di-
vergence of nearby trajectories on the attractor, which
is the main characteristic of chaos. No signs of the
destruction of a torus or of the period doubling sce-
nario can be detected by visual inspection of the time

1500 1600 1700 1800

Time,s

series, presented in Fig. 6. This suggests intermittency
as a candidate for the route to chaos. The intermit-
tency scenario is characterised by the existence of

1900 2000

Fig. 3. The difference in the oscillatory behaviour for catalysts regular (laminar) phases along the evolution of a sys-
with different sizes of Pd clusters at 503K and 0.5% CO inlet tem variable interrupted by bursts (or perturbations)
concentration (from Ref. [24] reproduced by permission of the of irregular behaviour [21]_ The detailed study of

Royal Society of Chemistry).
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Fig. 4. The evolution of regular oscillations over catalyst A with time at 503K and 0.3% CO inlet concentration.
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Fig. 5. Different waveform of oscillations obtained following the pre-treatment of the catalyst: (a) pre-oxidised catalyst; (b) oxidised catalyst
followed by reduction in a reactant mixture containing 1% CO for 30 min.
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the developed chaotic behaviour and the identification
of the route to chaos is presented in Ref. [22].

3.1.3. Chaotic behaviour

For high CO concentrations a very complicated dy-
namic behaviour has been observed over both catalysts
A and B and the time series at inlet CO concentration
equal to 1.1% are shown in Fig. 7a. Fig. 7b depicts the
corresponding Fourier power spectra. Catalyst B with
4nm Pd particles again shows the higher activity. At
the minimum of the amplitude of the oscillations the
reaction rate over this catalyst is even larger than the
maximum reaction rate over catalyst A containing the
larger Pd particles. For both time series, the Fourier
power spectra display the shape of a broadband peak,
which is one of the main characteristics for chaotic
systems. The larger amplitudes of the oscillations and
the more significant contribution of lower frequencies
in the case of catalyst A clearly show up in the spectra.

The experimental data shown in Fig. 7a represent
single-variable time series of the G@oncentration
sk = s(kAr), wherek =0,1,2,..., N, andN is the

Fig. 6. Increasing complexity of the reaction rate oscillations number of points separated by' the Same t_'me SIEp
observed in the case of catalyst A for increasing CO concentration. €qual to 0.1's. From the scalar time series, it is possible
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Fig. 7. (a) Chaotic time series observed over catalysts A and B at
503K and 1.1% CO inlet concentration; (b) corresponding Fourier

ower spectra. . . . .
P P Time delay coordinates with a time delay of 2s were

used for the evaluation of the maximal Lyapunov ex-

to reconstruct the system trajectorydrdimensional ~ Ponent below [22].

phase space. Apparently, the most natural way to do  Fig. 8 shows the different structures of the strange

example, one could set alyst A containing 10 nm Pd particles the trajectories
cover the attractor more homogeneously. The largest

[ 9 d _ Lyapunov exponent was evaluated for each time series
x() = 0 (s() =) dr, x2(1) = s(®), by the Rosenstein method and found to be 0.11 bit/s
x3) =s(@), ..., (1) for catalyst A and 0.09 bit/s for catalyst B. These val-

ues indicate a larger exponential divergence of nearby
wheres = N *1Z’1V sx is the average value affor the trajectories on the attractor in the case of catalyst A
whole time series, and integrals and derivatives are cal- and supports the conclusions which can be made from
culated with the help of standard discrete approxima- the visual inspection of the strange attractors shown in
tions. Fig. 8 demonstrates the projection of the phase Fig. 8. The advantage of the Rosenstein method is that
trajectory onto the subspace of the first three coordi- it allows to evaluate not only the largest Lyapunov co-
nates (1). The drawback of coordinates (1) is the in- efficient but also the embedding dimension. The anal-
crease of the noise/signal ratio with the increase of the ysis of the time series shown in Fig. 8 revealed that
order of the derivative. For this reason time delay co- for both attractors the embedding dimension is more
ordinates instead of differential coordinates are often than 10, i.e., in both cases we may deal with chaos in
used in data processing of high-dimensional systems. a high-dimensional phase space.
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3.2. Coupling of local oscillators on the level of the
catalyst bed

349

of which varied due to the different size of the pal-
ladium particles (see Fig. 2). The amount of the cat-
alysts used was chosen such that the Pd surface area

One of the proposed causes for the appearance ofwas the same for both catalysts. The oscillatory be-

chaos during CO oxidation over Pd zeolite catalysts
was the existence of various nonuniformities in the cat-
alyst bed including a spatial variation of the Pd load-
ing or catalyst density [23]. It was suggested further
that due to these nonuniformities various parts of cat-
alyst bed could display oscillations with different au-
tonomous frequencies. The chaotic oscillations were
supposed to originate if the global coupling through
the gas phase did not lead to a full synchronisation.
To analyse the strength of coupling through the gas

haviour of each catalyst was monitored with the help
of sensitive thermocouples on the surface. Each ther-
mocouple responds to the heat production due to the
reaction rate in the vicinity of its spotweld. To elimi-
nate coupling through the gas phase a Teflon partition
could be inserted in the reactor between the two cat-
alysts as shown in Fig. 1 [24].

As a first step, the experiments had been carried
out with the catalyst layer, combined from 30.2mg
of catalyst A and 12.2mg of catalyst B, i.e., for a

phase, the oxidation of CO has been studied over anPd surface area of 7.5 énfor each of the catalysts.

inhomogeneous catalyst bed simulated by two adja-

The conditions of the experiment corresponded to

cent catalyst layers on the same holder, the propertiesthose, presented in Fig. 3, where the different natural
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Fig. 9. The dynamic behaviour of catalysts A and B at 503K and 0.5% CO inlet concentration without (left-hand side) and with (right-hand
side) global coupling. Top: global reaction rate; bottom: temperature oscillations on the individual catalysts (from Ref. [24] reproduced by
permission of the Royal Society of Chemistry).
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frequencies of catalysts A and B were established catalysts C and D containing only 0.01% Pd. The com-
in independent experiments. However, it has to be parison of the natural frequencies of both catalysts at
pointed out that the dynamical properties of the cat- 503K and 0.7% CO inlet concentration are shown in
alysts change with time on stream and while the Fig. 10. The high conversion and the shape of the os-
properties of the oscillations can be reproduced in cillations indicate that for the smaller Pd content, both
principle in repeated experiments identical time series catalysts seem to operate in a more reduced state in
cannot be expected. spite of their pre-treatment with oxygen. Fig. 11 de-
Fig. 9 demonstrates the individual dynamic be- pictsthe properties of the individual oscillations of cat-
haviour of catalysts A and B as monitored by the alysts C and D and the global reaction rate at the same
thermocouples and the global reaction rate at a CO inlet CO concentration in the reactor with and without
inlet concentration of 0.5% in both cases, i.e., with partition by the Teflon wall. To keep the Pd surface
and without separation of the reactor volume between the same and equal to 1.25€n25 mg of catalyst C
the two catalyst beds. Surprisingly, even with the was placed next to 10 mg of catalyst D (see Table 1).
mass transfer through the gas phase impeded by theln the isolated case, catalysts C and D oscillate with
Teflon wall both catalysts oscillate with the same pe- different waveforms and with different natural peri-
riod and similar waveforms. Without partition, a fully ods of 68.2 and 51.2 s, respectively. The global reac-
synchronised behaviour can be observed (right-handtion rate displays complicated oscillations with large
side of Fig. 9). peaks at moments, when the peak in the reaction rate
The largest difference between natural frequencies happens to coincide for both catalysts. Without Teflon
of reaction rate oscillations over zeolite catalysts con- partition the temperature of both catalysts oscillates in
taining various sizes of Pd particles was found for phase indicating, that global coupling through the gas
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Fig. 10. Oscillatory behaviour of catalysts C and D at 503K and 0.7% CO inlet concentration (from Ref. [24] reproduced by permission
of the Royal Society of Chemistry).
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Fig. 11. The dynamic behaviour of catalysts C and D at 503K and 0.7% CO inlet concentration without (left-hand side) and with
(right-hand side) global coupling. Top: global reaction rate; bottom: temperature oscillations on the individual catalysts (from Ref. [24]
reproduced by permission of the Royal Society of Chemistry).

phase is strong enough for the synchronisation of lo- empty part of the frit does not show temperature os-
cal oscillators with different natural frequencies. The cillations in the neighbourhood of an oscillating cat-
analysis of the Fourier spectra demonstrated that evenalyst bed. Therefore the gas phase coupling through
with the mass transfer through the gas phase impededthe glass frit supporting the catalyst occurs and it may
by the Teflon wall oscillations of the global reaction even be the dominant mechanism of synchronisation
rate do not represent the superposition of natural fre- in the case of the partitioned reactor volume if the nat-
quencies of catalysts C and D. This experimental re- ural frequencies of both oscillators were close to each
sult indicates that some communication between the other as under the conditions shown in Fig. 9.

two catalyst beds exists even in the case of the Teflon

partition, i.e., coupling must still exist to a certain ex-

tent either via heat transfer or via gas phase diffu- 4. Discussion

sion through the glass frit supporting the catalyst. Heat

transfer could be ruled out in the case of the support  The results presented demonstrate that regular peri-
of low heat conductivity. It can be also shown that an odic reaction rate oscillations over Pd zeolite catalysts
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can only be observed in a very narrow interval of ex- oxygen:
perimental conditions, i.e., for a pre-oxidised catalyst
containing 10 nm Pd clusters and for low CO concen- CO+ M gMCO, O, + 2M§’>2MO,
trations in the feed. Under most experimental condi- ket
tions complex aperiodic and chaotic oscillations were \co + Mogcoz +2M, MO + MngvO +M,
detected. X
The oxidation of CO over Pd zeolite catalysts can MvO + MCO=CO, + My + M, )

be considered as a complex multilevel heterogeneouswhere M denotes vacant sites on the metal surface,

catalytic system. Oscillatory behaviour may arise on MCO and MO adsorbed CO and oxygen atoms, re-

the very first level, which is an element (_)f a single spectively. M, indicates free sites and )@ sites oc-
crystal plane. The Pd cluster of 4 or 10 nm in diameter cupied by oxygen atoms in the subsurface layer

can be considered as the second level of the system The dynamic behaviour of the adsorbed species

followed by a zeolite crystallite of pm in diameter, (x,y) and of the dissolved oxygen in the subsurface

which is the analogue of a pellet of a common SUp- |aver () can be described by the following equations:
ported catalyst. It contains aroundk710® Pd clusters

in the case of catalyst A and A@Pd clusters in the dx
case of catalyst B. The catalyst bed then consists of g
about 18 zeolite crystallites in the case of catalyst A dy Caz 2

and 1@ zeolite crystallites in the case of catalyst B. g, = kaPo, & (1 —x — y)" — kaXy — kay(1 —2),

The observation of regular periodic oscillations of the ¢,

global reaction rate in a CSTR was indicative of com- g, =kay(1 —2) — ksxz ®3)
plete synchronisation of local oscillators on all levels . . o . o

of the system such as the single nanometre-sized palla-1 "€ Main nonlinearity in the equations, which is re-
dium cluster, the zeolite crystallite of micrometre size SPOnsible for the appearance of reaction rate oscilla-
supporting many metal clusters and the catalyst bed tlons_|s the exponential dependen_ce of the oxygen ad-
consisting of many zeolite crystallites. In this case the SCrPtion rate upon the concentration of the subsurface
properties of the regular oscillations may give infor- ©XYgen. This feedback mechanism and the value of

mation even about the catalytic processes which occur Parametex = 10 was taken from the study of CO
on a single palladium cluster. oxidation over a Pd(1 1 0) single crystal surface [26].

To simulate the dynamic behaviour of a homoge-
neous catalyst surface in a CSTR equation (5), which
describes the variation of the CO partial pressure in
the reactor must be added to Eq. (3):

=kiPco(l—x —y) —k_1x — k3xy — ksxz,

4.1. Smulation of regular oscillations

Numerous studies of CO oxidation over Pd zeolite
catalysts have established that the driving force for the §p. 0
appearance of kinetic oscillations in this system is the =y (Pco— Pco)
occurrence of a pgriodic oxi(_jation and reduction of —B(k1Peo(l — x — y) — k_1x). (4)
the Pd [15,16]. This mechanism has been supported
by “in situ” X-ray absorption spectroscopy [17] and Herey = F/Vy, B = (NySRT)/ Vi, whereF denotes
FTIR measurements of adsorbed CO [23]. The pres- the flow rate of the reactant mixturé; is the volume
ence of the subsurface oxygen also explains the un- of the catalyst bedS the Pd surface aredl; the ad-
usual counter-clockwise hysteresis in the reaction rate sorption capacity of Pd. The values of these parame-
shown in Fig. 2. ters correspond to the experimental conditions and are

The simplest mathematical model, describing the summarised in Table 2.
appearance of oscillations on the level of an element The simple model (3) can be used for the analy-
of a Pd surface was suggested in Ref. [25]. It was sis of the main properties of oscillations, arising in
based on the Langmuir—-Hinshelwood mechanism, this system due to periodic formation and reduction
which was modified to include the processes of the of the subsurface oxygen. In the high activity state the
periodic formation and reduction of the subsurface oxygen coverage is large, while the concentrations of




Table 2

Parameters of the experimental study used in the calculations
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and periods of oscillations. Fig. 12a shows the relax-
ation oscillations with rate spikes “up”. The wave-

Flow rate,F

cmi/s

Volume of the catalyst bedy, cm?

Pd surface ares&s
The adsorption capacityy
R

cm?
mol/cn?

cme Torr/(mol grad)  6.1510*

2.5 form is typical for the low activity Pd zeolite cata-
4.61x1072 lysts just after the preliminary oxidation. The system
1;3-27 109 spends more time in the low activity state with high
01X

CO coverage leading to the slow reduction of the sub-

surface oxygen. When a critical value is passed the
system reaches the high activity state, in which the sur-
face is mainly covered by oxygen. A rapid formation

adsorbed CO and of subsurface oxygen are relatively of subsurface oxygen causes the transition to the low
small. Under these conditions the adsorbed oxygen activity state after a short time. A completely differ-
penetrates into the subsurface region and the concen-ent waveform of oscillations with rate spikes “down”
tration of the subsurface oxygen increases. At some are demonstrated in Fig. 12b. Here the system spends
point, the oxygen adsorption rapidly decreases and themore time in the high activity state, where the surface
surface is covered mainly by adsorbed CO. This is the coverages are small, the concentration of adsorbed
low activity state. Thereafter a slow increase of the oxygen dominates and the formation of the subsur-
reaction rate occurs due to the reduction of the subsur-face oxygen proceeds relatively slow. The rate spike
face oxygen by adsorbed CO. When the critical con- down then corresponds to the blocking of the surface
centration of the subsurface oxygen is passed, oxygenby CO molecules at the critical concentration of the

adsorption is facilitated and the high activity state will

be reached again.

subsurface oxygen. At high CO coverage the reduc-
tion of the subsurface oxygen quickly proceeds and the

In dependence on the chosen parameters, model (3)system returns to the high activity state after a short
together with Eq. (4) can describe various waveforms time.

CO, Concentration, vol.%
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Fig. 12. Calculated reaction rate oscillations in a CSTRPgs = 160 Torr andPco = 2.16 Torr, generated with mathematical model
(4) for the following set of parameterg; = 12051 Torr1, ko = 92551 Torr™2, k4 = 0.0306s 1, ks = 0.0042s L. (a) Low activity
oxidised catalystk_; = 139551, k3 = 50s%; (b) reduced catalysk_; = 150s %, k3 = 5000s L.
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Table 3
The values of the constants for the oxidised surface which were used in model (7)

kl k—l k2 l@
K (s1Torr ! or s1) 120 6x10° 250 4.35¢10°
E (cal/mol) 0 20000 1000 14000
k! (s1Torr 1 or s71) 120 13.93 92.5 39.32

The results of mathematical modelling shown in ordinary Langmuir—Hinshelwood mechanism
Fig. 12 demonstrate that oscillations with rate spikes
down are produced by catalysts with the higher ac-
tivity. The experimental observations are in excel-
lent agreement with the results of the simulation,
since such type of oscillations were observed over a [M1-CO]+ [M 1—0]=3>C02 + 2[M4]. 5)
Pd catalyst with higher activity which was reduced
prior to the experiment. A similar variation of the
shape of oscillations in dependence on the prelimi-
nary pre-treatment has been observed during the C
oxidation over polycrystalline platinum [27]. Solid
electrolyte potentiometry (SEP) studies indicated
that oscillations were caused by periodic formation
and reduction of surface PtOOn the pre-oxidised

low activity catalyst, the relaxation oscillations with h ible for th ¢
rate spikes up were observed, while more active '"€S€ centres were responsible for the appearance o

surface generated relaxation oscillations with rate oscillations. It was supposed that the reaction over

spikes down. In case an oxidation—reduction mech- the reduced surface can produce oscillations due to
anism operates for the system under investigation the periodic formation and reduction of the subsurface

the analysis of the waveform of the oscillations may ©XY9€n

give information concerning the state of the active 2

metallic component. From the analysis of the shape CO+ [M g]é[M 2—CO], Oz + 2[M3]S32[M»-0],

of the oscillations observed for catalysts A and B

with various sizes of Pd clusters shown in Fig. 3,

the conclusion can be drawn that 4nm Pd clus- [Mz—COH[MZ—O]:%COZWLZ[MZ]

ters exist in a more reduced state compared to the

10nm Pd clusters. The variation of the waveform

and the period of regular oscillations with time (see [M2-O] + [MV]=4>[MV ~O]+ [M2],

Fig. 4) supports the hypothesis that a slow modi- [M,-0]+ [M Z_CO]ZicoZJF[MV] +[M3]. (6)

fication of the catalyst surface may take place due

to the slow reduction of the catalyst A with 10nm The constants of the reaction mechanism (6) were fit-

particles. ted to describe reaction rate oscillations over reduced
To model this process on an initially oxidised surface. Table 4 gives a listing of all constants ob-

surface containing active centres of type;,Mhe tained for the reduced surface. It was also supposed

evolution of a new reduced surface is simulated by that the oxidised surface with active centres b&an

the appearance of new active sites of type. Mc- transfer to the reduced one with active centresavid

cording to the experimental observations, the initially back via the following steps:

oxidised surface N does not produce oscillations

and the steady state is achieved, corresponding to the[M 1—CO]=§[M 2—CO], M 2—O]Q[M 1—0].

CO+[M 1] é{i [M 1—CO], 02+ 2[M 1]%2['\4 1-0],

The rate constants of the reaction mechanism (5) listed

in Table 3 were adjusted to obtain the steady-state
Ovalue of the reaction rate over a pre-oxidised cata-
lyst A. The experimental results depicted in Fig. 4
show that following the appearance of the oscillations
amplitude and period slowly increase with time. This
experimental fact was simulated by the formation of
new active centres of type Mon the catalyst surface.
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Table 4
The values of the constants for the reduced surface which were used in model (7)
k1 kfl k2 l@ k4 IQS
K (s 1Torr ! or s1) 120 6.5¢1010 2.5x10% 5.53x10° 8.27x1073 8.88x1071
E (cal/mol) 0 20000 1000 14000 1000 10000
k2 (s Torrt or s71) 120 150 92.5 5000 0.0306 4303

The rate of the reduction step 6 is assumed to be pro- by model (7) including the values of period and ampli-
portional to CO coverage, while the rate of the oxida- tude and their growth with time. The value®fn time

tion step 7 is assumed to increase with the coverageslowly increases indicating the larger amount of the
of oxygen. The complete mathematical model can be reduced surface, where oscillations can develop. Their

written as follows:

dxq
o k11Pco(a — x1 — y1) — k1111
k31x
kaixayr ko1,
dy1  ka1Poy(@ —x1— y1)?  kaixiyi
D _tufole—n-n’ b,
1 o
dxo

o= k12Pco(B — x2 — y2) — k_12x2

_ kspxayz  ksxaz2

B B

+ kgx1,

dy2  koaPo, € “2/P (B — x3 — y2)?

dr p
ksoxayz  kay2(B —z2) k7v2
p B ’
dzo _ kay2(B —z2)  ksxaz2
dr B B

_d'é — kex1 — k7y2,
» 6X1 7y2

dPco F o
—— = —(Pry — P
dr Vr( coO 'co)

((k11Pco(a — x1 — y1) — k—_11%1)
(7)

whereq is the part of the surface with active centres
M1, while 8 the part of the whole surface with active
centresM (e + =1

r

+(k12Pco(B — x2 — y2) — k_12x2)),

amplitude and period become larger with the increase
of 8. The simulation reproduces also the experimental
observation that with the development of oscillations

the system spends more time in the high activity state.

4.2. The origin of chaos in the system

The experimental data demonstrate that chaotic os-
cillations are observed under most experimental con-
ditions. The increase of the activity due to the reduc-
tion of the catalyst, the increase of the temperature of
the catalyst and of the CO concentration in the feed
favour the appearance of chaotic oscillations. Two ad-
ditional important parameters are the size of the sup-
porting zeolite crystallite and the size of Pd clusters. It
was shown in the experiments that the decrease of the
size of the Pd clusters creates more favourable con-
ditions for the appearance of chaotic behaviour. Ear-
lier it was demonstrated that for a constant size of the
Pd clusters (10 nm) and under the same experimental
conditions regular periodic oscillations were observed
in the case of um and chaotic behaviour in the case
of 50.m supporting zeolite crystallites, respectively
[16].

Prior to the mathematical modelling of chaotic
oscillations it is necessary to identify the level on
which a heterogeneous catalytic system generates
chaotic oscillations. The high embedding dimensions
of the strange attractors shown in Fig. 8 indicate that
chaotic behaviour does not appear on the first level,
namely for the Pd single crystal surface, where the
dynamic behaviour is described by a point or lumped

Fig. 13 demonstrates the result of the simulations mathematical model. As a rule such models gener-
obtained with model (7) and parameters presented in ate low-dimensional chaos in a very narrow range
Tables 2—4. All the experimental trends are reproduced of model parameters. Most likely, the experimen-
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Fig. 13. The development of the regular oscillations generated by model (7) with parameters from Tables Zg=n@007 s and
k7 = 0.001st.

tally observed chaotic behaviour represents a chaoscause the chaotic behaviour. This is the case of the
in a high-dimensional space, which mainly arises in so-called “diffusional chaos” in distributed systems.
distributed systems such as arrays of coupled local However, using the oversimplified point model (3),
oscillators. Experimental data presented in Section 3 which does not consider the variation of the state of
allow us to exclude the appearance of chaotic oscil- Pd with CO partial pressure, chaotic behaviour was
lations due to insufficient synchronisation of various obtained only in a very narrow region of parameters
inhomogeneous parts of the catalyst layer as one of and for a value of the constant for CO diffusion within
the origins of chaotic behaviour. The obtained results the zeolite crystallite larger than experimentally es-
clearly demonstrate that in the system under inves- tablished [29]. The improvement of the point model,
tigation global coupling through the gas phase is so namely by the variation of the state of the Pd in de-
strong that even various catalysts producing different pendence on the CO partial pressure may produce
natural frequencies can easily be synchronised. If the chaotic oscillations in a much larger region of the pa-
difference in the natural frequencies is not too large rameter space and closer to more realistic experimen-
various catalysts produce synchronous behaviour evental conditions. Modelling of these effects is currently
in the reactor with partition, where the gas phase in progress for the present system.
coupling through the porous support appears to be
sufficient for the synchronisation.

Presumably, the chaotic behaviour originates on the 5. Conclusions
level of a zeolite crystallite. The results of the simula-
tions presented in Ref. [28] demonstrated that the in-  Zeolite supported palladium catalysts are suitable
crease of the gradient of the CO concentration within model systems for the study of the influence of ex-
the zeolite crystallite may cause the breakdown of the perimental parameters like the size of the palladium
synchronisation of Pd clusters situated at various dis- clusters and reactant concentrations on the oscillatory
tances from the centre of the zeolite crystallite and behaviour of the catalytic system. The synchronisation
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