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Abstract

This study concerns the development of a frequency response (FR) reactor capable of 

investigating heterogeneous catalytic systems under realistic operating conditions. 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) and mass 

spectrometry (MS) have been used together to follow the effects of modulation of the 

adsorbent/reactant gas composition at elevated temperatures and atmospheric 

pressure.

Initial assessment of the performance of the reactor involved studies of the 

diffusion of propane though silicalite-1 using MS detection. A mathematical model 

has been developed to describe the diffusion of the propane, yielding diffusion and 

adsorption coefficients from the FR data.

Investigations using the integrated DRIFTS/MS reactor have been made on 

the catalytic oxidation of CO over a 2% Rh/A^Os catalyst supplied by Johnson 

Matthey. The catalyst was studied at different temperatures and in both a 'pre- 

reduced' and 'as received' state. Conventional studies involving CO uptake, 

temperature programming and desorption measurements showed that adsorbed 

species observed on the catalyst surface are in good agreement with the literature. 

Dicarbonyls, linear CO on both metallic and oxidised Rh sites, carbonates and 

bridging CO were all observed. Transient studies in the form of concentration 

modulation experiments were performed and showed the major active surface 

species to be linearly adsorbed CO on oxidised Rh sites (DCO = 2105cm' 1 ) on a 

catalyst surface otherwise dominated by unreactive CO adsorbed predominantly as 

the geminal dicarbonyl species. Full frequency response experiments were conducted 

over a narrower range of experimental conditions, but allowed calculation of surface 

residence times and activation energies for reaction of the surface Rh+CO species 

and desorption of CO2.
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Chapter 1 - Introduction

Chapter 1 - Introduction

1.1 - Kinetics in Catalysis

Catalysis as a science has developed in three major directions: kinetics, catalyst 

characterisation and the synthesis of the catalysts. The scope of this work is 

concerned with the study of kinetics and, to an extent, catalyst characterisation 

within the field of heterogeneous catalysis.

Kinetics involves the measurement and analysis of rates of reactions and 

finds its origin in the early nineteenth century. Among the earliest studies was the 

work of Thenard on FbCh decomposition, of particular interest as it represents one of 

the earliest measurements of the rate of a reaction, in 1818 [1]. The first systematic 

analysis of reaction rates is attributed to Wilhelmy, who measured the rate of 

inversion of cane sugar in the presence of different acids by means of a polarimeter. 

He noted that the rate of change in sugar concentration was proportional to the 

concentrations of both the sugar and the acid. To analyse the data, he set up 

differential equations for the reaction rate, going as far as to propose an empirical 

relation to express the influence of temperature on the rate of reaction.

Around 1910, scientists became aware that many chemical reactions proceed 

through a series of consecutive elementary reaction steps. The method of analysing 

the kinetics of such mechanisms is the steady-state approximation, first applied by 

Chapman in 1913. Bodenstein subsequently used it in his work on gas phase
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reactions and on reactions at surfaces. The work of Hinshelwood in the 1920s is 

particularly important with regard to catalytic reactions. His studies on reactions at 

surfaces were largely inspired by Langmuir's adsorption theory and contributed to 

the understanding of catalytic reaction mechanisms [2].

Arrhenius1 rate expression and concept of an activation energy provided an 

important basis for the analysis of the rate of chemical reactions [2], However, the 

main difficulty that remained was the absence of a general theory to predict the 

parameters in the rate expression. Whereas equilibria of reactions could be rigorously 

defined, the determination of reaction rates remained a branch of science for which 

the basic principles had still to be formulated. This was achieved in the 1930s when 

Eyring and then Polanyi and Evans formulated the transition state theory [1].

In both early and contemporary studies, the aim of the kinetic analysis has 

always been to identify a mechanism and construct a model that accurately describes 

the observed behaviour. Even though this has generally been the long-term aim of 

kinetic studies, these terms themselves have come to mean different things to 

different individuals over the years. In 1968, Boudart stated that [3]:

"Mechanism or model can mean an assumed reaction network, or 

plausible sequence of steps for a given reaction, or a postulated 

stereochemical path during the course of an isolated step. Since methods 

of investigation and goals are so utterly different in the study of 

networks, sequences and steps, the words 'mechanism' and 'model' 

should be avoided. They have acquired the bad connotation associated 

with irresponsible or vain speculation, largely to describe achievements 

that vary widely in sophistication."

This is a rather extreme statement that has been universally ignored as the 

terms became accepted as the integral parts of the kinetic investigation. The term 

'mechanism' is generally taken to describe the set of elementary chemical reactions 

that actually occur in the overall reaction. Weller, in a 1975 discussion of kinetic
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models in heterogeneous catalysis [4], suggested two possible interpretations of the 

phrase 'kinetic model':

"(a) the actual mechanism, at the molecular level, by which the chemical 

reaction occurs and (b), a convenient and reasonable representation of 

the reaction which, although not in general unique, is at least consistent 

with known data and permits both interpolation and some extrapolation."

This can be thought of as a more reasonable definition.

A catalytic process can consist of intrinsic and extrinsic kinetics. The overall 

rate of a process is controlled by the rate at which mass and heat are introduced and 

transferred from the reacting system and by the rate of the chemical transformation 

of the reactants by contact with the catalyst. The reactor itself as well as the shape 

and porosity of the catalyst particles may have a large effect on mass and heat 

transport properties. These physical properties concern the extrinsic kinetics of the 

catalyst. Intrinsic (or chemical) kinetics are defined by the rates of the chemical 

transformations themselves.

Chemical kinetics deals with the rate at which chemical transformations take 

place [1, 5]. The conversion of reactants A and B to a product usually occurs in a 

number of consecutive elementary reaction steps. The mechanism leads to a rate 

equation, which may, for example, describe the rate r in the form:

(1.1)
at

where k is the reaction rate constant, [A], [B], and [P] are the concentrations of 

reactant and product molecules, and x and y are the orders of the reaction. One of the 

priorities of catalysis is to relate rate parameters k, x and y to physicochemical 

properties of the catalyst. Rate equations such as (1.1) are derived from a proposed 

mechanism. However, the fact that a mechanism may be able to explain kinetic
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experiments by no means implies that this particular mechanism is definitely correct. 

It may be that many different mechanisms result in similar kinetic behaviour. 

Additional information on the reacting species on the surface of the catalyst is 

therefore needed to reach a definitive understanding of catalysis in relation to the 

structure and composition of the catalyst.

1.2 - Transient Studies

1.2.1 - The Need for Transient Studies

"Catalysis is a dynamic process. Without studying the dynamic behaviour 

of catalyst surfaces, including adsorbed species, under reaction 

conditions, no real nature of catalysis can be elucidated. Catalysis 

should not be kept in a black box."

This statement by Tamaru in 1958 [6] refers to previous decades of studies of 

heterogeneous catalytic reactions by effectively keeping the catalyst in a black box. 

Even if well-defined catalytic surfaces are employed at the beginning, previous 

studies had involved examining only the entrance and exit of the black box. On the 

basis of such indirect information, the mechanism of the reaction may be discussed 

merely on a conjectural basis.

In heterogeneous catalysis the reaction mostly takes place on the catalyst 

surface where some adsorbed species are present to various extents which influence 

the properties of the surfaces. Moreover, the surface may be reconstructed to a state 

markedly different from the clean, well-defined surfaces in absence of reactants or 

before reaction starts. It is then possible to stress the importance of studying the 

catalyst surface while the reaction is taking place, since the catalyst surface which 

catalyses the reaction is that under the reaction conditions.
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Even if an adsorbed species is observed on the catalyst surface during the 

reaction, it does not follow that it is a reaction intermediate through which the overall 

reaction proceeds. Indeed, it may even retard the reaction by occupying the active 

part of the surface as a spectator.

Steady-state reactor studies are usually relied upon to measure the overall 

performance of a catalyst, but they generally do not provide an adequate picture of a 

complex reaction system. Many reactions of commercial significance involve 

multiple steps and the exchange of a number of atoms. These steps include the 

chemisorption of one or more reactants, the reaction of the chemisorbed species and 

subsequent desorption of the resulting products. Often the overall reaction will 

involve a number of intermediates, which may be formed in sequence or parallel and 

which may or may not desorb. Unless these intermediates can be identified and the 

sequence of their production determined, there is little chance of obtaining a 

complete understanding of the reaction. Analysis is further complicated because most 

intermediates are short lived and exist in low concentration. This tangle of 

intermediates cannot be easily penetrated, but is best approached using transient 

techniques.

In recent years transient experiments have found wide-ranging applications in 

heterogeneous catalyst research. Originally pioneered by Wagner and Hauffle [7] in 

1938 and later by Tamaru [8], transient experiments have the potential to provide 

considerably more information than steady-state experiments. Whereas steady-state 

experiments give an integrated picture of a reaction system, transient experiments 

give information on individual steps. This detail allows models to be developed with 

much greater confidence. As a result, transient experiments are very valuable in the 

catalyst development process when reaction models are needed to assist in the design 

of synthesis strategy.
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1.2.2 - Experimental Techniques

Transients are introduced into a system by rapidly changing one or more of the state 

variables: pressure, temperature, concentration or flow rate. Example of transient 

experiments are molecular beam scattering experiments (pressure change) [9], 

temperature programmed experiments (temperature change) [10] and non-steady- 

state reactor experiments (concentration change) [11].

The response of a dynamic system to a sudden change hi one of the state 

variables yields kinetic information on the rate of chemical and physical processes 

occurring within the perturbed volume. When the changes - say in the magnitude of 

modulation or in isotopic composition - are small, the system remains at quasi- 

steady-state and the mechanisms of chemical or transport processes are largely 

unaffected by the imposed perturbation. Keeping the perturbations small also 

simplifies the mathematical analysis of the system response.

Transient methods can be categorised into three main types: step changes, 

pulses and harmonic perturbations. Step changes are the simplest to carry out 

experimentally. The dynamics of individual steps may be difficult to deconvolute as 

they appear in the system response as a sum of exponential terms that cannot be 

readily separated into individual components. The only variable in these experiments 

is the magnitude of the step change, which is usually kept small in order to avoid 

highly non-linear responses.

Pulse experiments are experimentally more complex, but introduce more 

variables, such as the width of the pulse and time between pulses. Fourier transform 

techniques are often used to analyse the system response in the frequency domain as 

these experiments can probe a continuum spectrum of frequencies.

An example of a currently favoured step transient technique is known as 

steady-state isotopic-transient kinetic analysis (SSITKA) [12]. The method is based
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upon the inclusion of one or more stable isotopic labels in a reactant species. 

Beginning at steady-state reaction conditions using a particular isotopic label, the 

inlet feed stream is switched to a stream containing different isotopic labelling of the 

reactant species. The result is the introduction of a step input of the new isotopic 

label in the reactant. If the switch is performed quickly and the feed streams are 

pressure and flow rate balanced prior to the switch, near steady-state conditions are 

maintained. As the reactant progresses through the reactor and reacts on the catalyst 

surface to form product, the new isotopic label is distributed between reaction 

products and unreacted reactant. The reactant and product concentrations and flow 

rates should then be undisturbed during the step change. Thus, in the absence of 

isotopic mass effects, steady-state reaction conditions are maintained under isotopic 

transient operation. As this involves a flow reactor, this technique can have the 

sample equilibrated under reaction conditions.

Disadvantages of the SSITKA method are inevitably linked to the availability 

of a suitable labelled gas, as well as the fact that no information is provided on the 

unlabelled reactant, meaning that more than one experiment is needed to characterise 

the system. Some of the decays after the switch can be too rapid to obtain 

information from, leading to problems with time resolution.

An example of a pulse transient technique is the temporal analysis of 

products (TAP) reactor, originally proposed by Gleaves, Ebner and Keuchler in 1988 

[13]. The TAP reactor consists of a catalytic microreactor, a fast-pulse gas delivery 

system, a real-time detector system and a high-throughput ultrahigh vacuum system. 

It is essentially a tube reactor packed with catalyst, the inlet side being at 

atmospheric pressure and the outlet at ultrahigh vacuum.

The TAP reactor is designed to operate with millisecond time resolution, by 

injecting a narrow gas pulse into one end of the reactor while continuously 

evacuating the other end. Once the pulse has travelled through the reactor a portion is 

sampled by a mass spectrometer and composition is determined as a function of time. 

The time resolution is controlled by adjusting the reactor bed length. Unlike a
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conventional pulsed reactor experiment, no carrier gas is used, the pulse moving as a 

result of the pressure gradient across the reactor. At low pulse intensities the total gas 

pressure becomes negligible and gas molecules move through the reactor bed by 

Knudsen diffusion. Under these conditions the entire catalyst bed is approximated to 

a single catalyst pellet.

The merits of this system include the fact that bulk transport processes are 

neglected, simplifying the equations needed to model the system. An additional 

benefit of operating without carrier gas is that the number of gas phase and gas/solid 

collisions can be limited. As a result, highly reactive intermediates which desorb but 

cannot escape conventional reactor systems can often be detected. This means that 

TAP is an extremely sensitive probe of surface changes induced by reaction. When 

these advantages are added to the millisecond time resolution, TAP would appear to 

be a very attractive technique. However, it is not without disadvantages. Despite the 

simple description, the TAP reactor is in fact a very large piece of apparatus, which 

is often very expensive. Although the absence of a carrier gas simplifies the 

modelling in some respects, the large pressure gradient across the sample can 

complicate the modelling again. Also, as the sample is not held under a steady 

pressure of gas, the state of the catalyst is not realistic and results are almost certainly 

not representative of catalyst behaviour under operating conditions. An example of 

this is when TAP is used to study reactions typically found in autocatalysts, where 

the catalyst would be under a flowing stream of gas in operating conditions [14, 15].

Transient experiments involving harmonic perturbations of some parameter 

are often the most experimentally sophisticated. Experiments involving harmonic 

perturbations comprise a family of transient techniques which are classed as 

frequency response experiments. The frequency of the induced perturbation 

introduces an additional degree of freedom that can be used to separate individual 

steps occurring with different relaxation times. The complexity of the frequency 

response experiments is therefore justified by their ability to probe directly the 

natural relaxation times of several concurrent dynamic processes within a complex
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system. The theory behind and the applications of the frequency response 

experiments will be discussed in detail in the next section (1.3).

While it is possible to identify advantages and disadvantages in most 

experimental techniques, the method of using harmonic perturbations can provide a 

useful means of investigation of chemical kinetics hi heterogeneous catalysis. The 

technique of frequency response will now be discussed.

1.3 - Frequency Response

1.3.1 - Frequency Response Methods

Frequency response concerns the use of sinusoidal perturbations to probe the 

dynamics of kinetic processes, and the method has been applied to a wide range of 

catalytic systems. The technique has existed hi varying forms since 1861, when 

Angstrom studied heat transfer in conducting rods [16]. He measured thermal 

conductivity of a material by imposing a sinusoidal temperature change at one end of 

a rod and measuring the resulting temperature fluctuation at a distance away from the 

source.

Rosen and Winsche [16] have applied sinusoidal concentration changes to the 

study of kinetic and diffusion processes in chromatographic separation columns, 

demonstrating that periodic oscillations may be used to separate multiple dynamic 

processes with different characteristic relaxation times.

Naphtali and Polinski were the first to apply frequency response methods to 

adsorption processes in porous catalytic solids, by studying the adsorption of 

hydrogen on supported Ni [17]. This application is discussed further in section 1.3.5.
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More recent investigations have concerned diffusion and adsorption in porous 

adsorbents and catalytic materials. The application of frequency response methods to 

the study of adsorption, desorption and diffusion will be discussed in detail after an 

explanation of the theory behind the technique.

1.3.2 - Experimental Approach

The basic premise behind the use of frequency response methods involves the study 

of the relaxation of a system that has been perturbed around its equilibrium point. A 

system at steady-state, i.e. in chemical equilibrium, that is subjected to a periodic 

perturbation will produce a periodic response. This response is found to be reduced 

in amplitude and shifted in phase with respect to the input perturbation, but oscillates 

at the imposed frequency. This is shown schematically in Figure 1.1 [18]:

IrpJ pertirbion 
Response

Time

Figure 1.1. Sinusoidal forcing frequency with resultant response showing A, the input 

amplitude; B, the response amplitude and (p, the phase shift.

10



Chapter 1 - Introduction

From the amplitude attenuation and the phase lag, information is gained on the 

capacity and dynamics of the rate processes occurring within the system.

Frequency response is a flexible technique, and the sinusoidal perturbation 

may be imposed for example by changing concentration, volume or pressure. Both 

the input perturbation and the system response must be recorded with high accuracy 

and fast time resolution in order to establish the signal attenuation and phase lag at 

each forcing frequency. At both high and low frequencies, relative to the timescale of 

the process, phase lags become small and data acquisition and analysis methods must 

be able to detect accurately phase lags of the order of 0.1 % of a fluctuation period 

and amplitude attenuations of the order of 1 % of the total amplitude change.

In batch systems, pressures or concentrations are commonly measured using 

rapid response pressure gauges or mass spectrometry [19, 20, 21]. In flow systems, 

concentration changes can be made to the inlet stream using mass flow controllers 

and responses are measured in the exit stream using mass spectrometry or in the 

adsorbed phase using surface sensitive spectroscopies, such as infrared [22].

1.3.3 - Theory of Frequency Response

The extraction of meaningful kinetic data from any of the various kinds of frequency 

response experiment involves the development of mathematical models to describe 

how dynamic processes influence the amplitude and phase at each forcing frequency. 

Understandably, given the wide range of frequency response applications, these 

models vary hi complexity depending on the system and phenomena under 

observation. A suitable model must account for all processes involved in returning 

the system to equilibrium hi order to describe accurately the system response. This 

includes processes or delays caused by instrumentation and hardware.

The recorded response of a system to the imposed perturbation can be 

separated into two components. Firstly, a real component which is in phase with the

11
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input perturbation. Accompanying this is the imaginary component, 90° out of phase 

with the real component and reduced in amplitude so as to fit the output wave 

observed. These real and imaginary components are used to extract the kinetic 

information.

The construction of a suitable model must take into account the method of 

presentation of the experimental data. The information that is extracted directly from 

the experiment is in the form of phase lags and amplitude attenuations, calculated 

relative to blank experiments or the inclusion of an inert gas modulation, such as Ar, 

which will not adsorb or react in the presence of the catalyst, thereby providing an 

inert internal reference. The data can be presented simply as phase lags and 

amplitude ratios as functions of modulating frequency and a model can be created to 

account for this. The advantage of this method is that it is conceptually relatively 

straightforward, showing the presence or otherwise of a detectable response as a 

changing phase lag or amplitude attenuation. A drawback of this method of data 

presentation exists in the catalytic situation where more than one process may be 

occurring simultaneously, for example in the study of catalytic reactions rather than 

diffusion of a single species (although as will be seen in the next section, multiple 

diffusion coefficients may be needed to describe the observed response even in the 

case of apparently simple diffusion). In this case it may be difficult to ascertain from 

phase lags and amplitude functions the presence of these multiple processes, making 

construction of an appropriate model difficult. Selection of the appropriate model is 

important to ensure realistic kinetic results.

An example of the manipulation of collected frequency response data into 

kinetic parameters is given by a system in which the response is due purely to 

sorption-desorption processes. In this case the source of the kinetic analysis is a 

Langmuir type adsorption isotherm [2] which describes a dynamic sorption- 

desorption equilibrium in terms of rate constants for adsorption and desorption [23].

The real and imaginary components described above have arisen as a result of 

the need for solid proof of this dynamic equilibrium. Yasuda has generalised the

12
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frequency response study of adsorption-desorption dynamics on non-uniform 
surfaces to derive in-phase and out-of-phase response functions based on a general 
rate equation involving adsorption and desorption of a single species, Aj(P,Sj), where 
P = pressure, Sj = the molar concentration of adsorbed species j and Aj = the net 
adsorption rate of species j [23]. Using a closed system which measured output 
pressure responses to input volume changes, Yasuda derived the following response 
functions:

v ^, K jK-j
— cos(j> -1 = > —r———r- (hi-phase, real) (1.2)
P j Klj+O) 2

v —,
— sin <|) = V —z———r- (out-of-phase, imaginary) (1.3) 
P K+cr

where v, p and <|) represent the volume amplitude, the pressure amplitude and the 

phase lag between the two. These are all measured experimentally. KJ and K.J 
represent the partial derivatives of the general rate equation Aj defined by:

K- J = - (1.5) 
e

where T = temperature, P = pressure, R = gas constant and Ve is the equilibrium 

volume. Equations (1.4) and (1.5) relate the parameters KJ and K.J to the adsorption 

and desorption kinetics for species j.

13
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Also:

Kj

K-j Ve (1.6)

and so K/K.J is correlated to the gradient of an adsorption isotherm stemming from Sj.

The left-hand side of equations (1.2) and (1.3) are termed frequency response 
spectra and are obtained experimentally from data on pressure and volume changes. 
The right-hand sides of these equations are called the characteristic functions and are 
theoretically derived from the solution for the rate equation. Fitting frequency 
response spectra to their characteristic functions enables determination of rate 
constants contained in the rate equation.

The main features of the in-phase and out-of-phase components for 
adsorption of a single species are shown in Figure 1.2 [16].

LL 
CD

I 

I
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Imaginary part
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Dimensionless Frequency,

Figure 1.2. In-phase and out-of-phase components of frequency response for 

adsorption-desorption of a single species (equations (1.3) and (1.4)).

14



Chapter 1 - Introduction

The identification of the presence of multiple processes may be made easier 

by the detection of several local maxima in the out-of-phase component, each 

corresponding to a particular process, assuming that separation of these is possible. 

The position of the maximum in the out-of-phase component relative to the in-phase 

component can also give an indication as to the nature of the dynamic processes 

giving rise to the response.

At both low and high frequencies, the out-of-phase (imaginary) component in 

Figure 1.2 approaches zero because there is no phase lag between the applied volume 

perturbation and the pressure response. At low frequencies the adsorption-desorption 

process is fast enough to keep up with the imposed perturbation, while at high 

frequencies the period of perturbation is too fast to allow changes in the adsorption to 

occur. Hence in both of these limiting cases no response is observed and the phase 

lag approaches zero. Figure 1.3 gives a schematic representation of these cases for 

any frequency response experiment.

15
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Q) 
73

Time

Figure 1.3. Schematic representation of the limiting cases of low and high 
frequencies during a frequency response experiment. Black trace shows the imposed 

perturbation, red trace shows the system response.

In part A of Figure 1.3, the imposed perturbation is too slow, allowing 
sufficient time for the system to respond without delay. In part B, the perturbation is 
too fast so no changes in adsorption have time to occur and again no detectable 
response is noted. In part C, the input frequency is sufficiently slow that adsorption- 
desorption processes have time to occur, but fast enough that they cannot quite keep
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up, resulting in a phase lag and an amplitude attenuation at the imposed frequency - 
the desired frequency response.

Equation (1.3) is referred to as an adsorption rate spectrum because the 

kinetic parameter K.J is determined by the position of the local maxima [17, 23]. The 

out-of-phase component in Figure 1.2 reaches a maximum when the input frequency 

equals K.J, i.e. the characteristic relaxation time of the adsorption-desorption process. 

Only one maximum would be expected in the case of simple sorption-desorption. 

The in-phase component tends to KJ/K.J in the low frequency region because the 

volume perturbation is not attenuated by adsorption at the sample surface. An 

asymptotic value of the in-phase component is correlated to the gradient of the 
isotherm by:

Kj RjfdSK = ^- = —- (1.7)

This demonstrates that frequency response is a differential technique that depends 
only on the gradient of the isotherm near the equilibrium pressure and not on the 

amount adsorbed. If the surface is saturated (K = KJ/K.J = 0), determination of kinetic 

adsorption-desorption constants is prevented, as fluctuations in the gas phase 
composition of the species under study will not change its adsorbed phase 

concentration as the gradient of the isotherm equals zero.

An obvious important factor in frequency response experiments is the need 

for an adequate experimental frequency range. If the relaxation time of the 
adsorption-desorption process is much smaller than the frequency of perturbation, 

there exists an experimental low frequency limit where modulation is too slow to 
detect fast processes, resulting in no observable response in either the real or 

imaginary components. Similarly, if the relaxation time is much higher than the 
imposed frequency the experimental high frequency limit is reached, where 
modulation is too fast to detect a slow relaxation process.

17
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The example given here has been for the characteristic functions for a 

sorption-desorption system, yet the number of processes to which frequency response 

lends itself is quite extensive. The derivation can be adapted for a number of 

diffusional situations by substituting in the appropriate characteristic function. These 

functions are well documented and are not shown here. Some examples are given in 

Table 1.1.

Table 1.1. Some example of characteristic functions detailed in the literature.

Characteristic Function Reference

adsorption-desorption

diffusion in micropores

adsorption-desorption via a precursor

micropore diffusion associated with a surface barrier

diffusion of a binary mixture in micropores

[23]

general description of macropore-micropore diffusion and 

adsorption model and associated limiting situations
[24]

non-isothermal single diffusion 

isothermal diffusion rearrangement
[25]

The information that may be obtained from frequency response experiments 

is of kinetic origin. Parameters that can be determined include rate constants for 

adsorption and desorption, rates of overall catalytic reaction, rates of individual 

reaction steps and rates of diffusion, by use of the appropriate characteristic function 

[19-22, 26-31, 33]. Estimates can also be made as to the number of types and extent 

of adsorption sites, as well as the type and number of processes occurring. The 

extraction of this information involves the fitting of an appropriate mathematical 

model to the experimental data.
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1.3.4 - Advantages and Disadvantages of Frequency Response

The main advantage of frequency response in heterogeneous catalysis is that it is 
capable of investigating separately various rate processes, even if these processes are 
occurring simultaneously. A heterogeneous surface is assumed to be an assembly or 
series of different uniform surfaces randomly interspersed. An assembly of such 
surfaces, characterised by different rate constants, has an out-of-phase component of 
the adsorption which resembles a spectrogram, separating the effect of different 
types of surface sites, irrespective of the fact the adsorptions are occurring 
simultaneously on unlike surfaces [18].

Frequency response leads to a direct approximation of rate constants and 
magnitudes of adsorptions, and indications are given as to which processes are 
occurring and on which sites.

However, there are also a few drawbacks and limitations of the technique. 
The use of small perturbations requires accurate measurement of the magnitude and 
phase angle of the fluctuations. These measurements are especially challenging at the 
high and low frequency ends of the spectrum [16]. Amplitudes and phase lags must 
be acquired over several (5-10) cycles; hence the number of data points and the time 
requirements are quite extensive at low frequencies (<0.1 Hz) where accuracy is 
essential to establish the capacity of the dynamic process.

For volume/pressure modulation in static systems or composition modulation 
in flow systems pure sinusoidal perturbations are difficult to generate at frequencies 
greater than 5 Hz without higher harmonics - which may complicate the 
mathematics once more. In addition, data must be acquired rapidly in order to ensure 
a sufficient number of experimental data points per cycle to accurately record the 
output waveform, so time resolution is important and may generate a large amount of 
data. Accuracy becomes essential for detecting the presence of several concurrent 
fast processes within the dynamic system. There are also hardware limitations to be
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considered, as it may be difficult to generate and measure sinusoidal signals. This 

may involve a large degree of expensive specialised equipment [22]. Time 
consuming exploratory experiments are inevitable in order to determine experimental 
boundaries [27].

A large enough forcing frequency range is required. The larger the frequency 
range over which perturbations may be induced and monitored, the more 
representative the output data will be of the occurring phenomena. As mentioned 
previously, the relaxation time of a system may be correlated with the frequency at 

which the out-of phase component reaches a maximum. Therefore, if a wider range 
of frequencies is sampled, dynamics concerning a faster or slower relaxation process 
could be detected.

In theory there is no limit to the frequencies at which adsorption or other 

surface phenomena may be measured [18]. Experimental frequency ranges have 
increased significantly since the early days of frequency response, and it is certainly 
conceivable that they will continue to do so. The upper limit of forcing frequency 
with the apparatus developed by Naphtali and Polinski was 0.02 Hz in 1963 [17], 

that was raised to 0.7 Hz by Yasuda in 1976 [33] and by 1989 Rees had an upper 

frequency limit of 10 Hz [19].
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1.3.5 - Applications of Frequency Response 

1.3.5.1 — Adsorption

One of the initial theoretical treatments of frequency response and certainly one of 
the first to apply the method to heterogeneous catalysis, was made in 1963 by 
Naphtali and Polinski [17]. This study involved detailed investigation of the 
dynamics of the adsorption-desorption processes on heterogeneous catalysts, in 
particular the hydrogen on nickel system. It was found that the amount of adsorbed 
gas on a catalyst which is part of an isothermal system varies with time when the 
pressure is changed and that the variation depends on the adsorption kinetics and the 
heterogeneity of the surface.

It was established theoretically that the imaginary component of the response 
function isolates the contributions from distinct adsorption-desorption processes with 
different relaxation times. Naphtali and Polinski were the first to apply the term 
'adsorption rate spectrum' to the out-of-phase component, prompted by the 
observation of distinct maxima at characteristic frequencies in the imaginary 
component.

During this study it was verified experimentally that several forms of 
adsorbed hydrogen could be detected on the Ni surfaces by varying the frequency of 
the volume modulation, suggesting that the system response consisted of at least two 
different kinetic processes occurring in parallel but with different characteristic 
relaxation times. A curve fitting analysis using Langmuir rate equations implied that 
four species were required in order to describe the measured adsorption rate 

spectrum.

In this work Naphtali and Polinski showed that the frequency response of a 
closed system was suitable for the study of the kinetics of adsorption and desorption 
on non-uniform surfaces. They also, however, highlight a difficulty associated with
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the technique: a deconvolution process is still required to determine accurately the 

number of distinct species or sites contributing to the measured adsorption rate 
spectrum. Unfortunately it is a feature of frequency response that each contributing 

species does not appear as a narrow individual peak in the rate spectrum, rather as a 
peak extending over a broad frequency range, which may overlap other processes 

[16]. In general the response function can be considered a complex fingerprint, the 
mathematical deconvolution of which is not necessarily unique. This is as yet an 
inevitable limitation when relaxation times for several species or processes are 
similar.

In a later attempt to prove the theory with reliable experimental evidence, 
Yasuda isolated several important aspects related to experimental procedures and 
requirements [33]. This was an attempt to show how kinetic parameters for 
adsorption kinetics are actually extracted from frequency response data.

In a closed system, Yasuda found from plots of real and imaginary response 
functions for ethene adsorption on ZnO at 253 K and by the application of various 
fitting procedures, that three kinetically distinct species were required to describe the 
response data. It was concluded that one species was involved in an adsorption- 
desorption process with a very short relaxation time. No peak was observed in the 
imaginary response curve, as the relaxation time was so short as to not appear in the 
experimentally available frequency range, but its existence was required hi order to 
give a satisfactory fit to the in-phase function. This species was assigned as 
physisorbed ethene. Varying the ethene pressure enabled Yasuda to assign the two 

other species as chemisorbed ethene.

By exploiting the fact that the asymptotic value of the in-phase component 

should correlate to the gradient of the isotherm, Yasuda suggested that these three 

species alone could not account for all the adsorbed ethene, as the height of the real 
response function did not agree with values measured independently from adsorption 

isotherms at 253 K. A fourth species was then proposed, which desorbed slowly
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enough to have a surface residence time much longer than those experimentally 

accessible by the frequency ranges then attainable.

The conclusions to be drawn from this work revolve around the idea that fast 
adsorption-desorption processes may not be accessible by available frequency ranges 
and therefore may not appear on the adsorption rate spectrum, but are detected as a 
contributing factor to the real response function. Information on such species is 
limited to capacity - kinetic parameters cannot be determined. Another aspect of note 
from this work was an ability to compare the value of the real response function at 
low frequency with capacities calculated from adsorption isotherms, providing a 
measure of the fraction of adsorbing sites detected by frequency response. The 

frequency response method is sensitive to the gradient of the isotherm and not to the 
amount adsorbed.

Marcelin and co-workers also used frequency response in a closed system to 
study adsorption [21]. They examined the role of support and promoters on the 
kinetics of hydrogen adsorption on supported Rh catalysts. After defining frequency 

response equations for dissociative and non-dissociative Langmuir adsorption they 
investigated the pressure dependence of the partial derivatives of the rate equation 
for adsorption to yield information on the mechanism for adsorption, rate constants 
for adsorption and desorption and the density of each individual site.

Several kinetically distinct sites were observed on which adsorption dynamics 
varied with changes in support, promoter and temperature. At low temperature a 

linear dependence of one of the partial derivatives on pressure was found, which 
fitted the non-dissociative equation, that is hydrogen sorbing at low temperature in a 

mode behaving as a non-dissociative state. This could Include molecular adsorption 

or a weakly bound precursor to dissociatively adsorbed hydrogen. Frequency 
response techniques cannot distinguish between these possibilities. However, the 

amount sorbing in this state could be estimated from the temperature dependence of 
the frequency response spectra and was found to be much less than the total 
chemisorption and a similar amount to reversible chemisorption. It was concluded
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that this low temperature molecular state is associated with the reversibly 
chemisorbed state. Only one site was required to fit the data.

At high temperature, the functions followed dissociative Langmuir kinetics. 
Deconvolution of the spectra showed that up to three sites were necessary to give a 
satisfactory fit to the experimental data. Peak positions in terms of amplitude and 
frequency were compared with other, similar catalysts to identify the sites.

Whereas Yasuda [33] and Marcelin [21] had used closed systems to study 
adsorption, a variation on this technique can be shown where a flow system was used 
to induce perturbations, although parameters obtained were of a similar nature.

Li determined adsorption and desorption rate constants of CO on Pt/SiO2 by 
modulating the gas phase concentration in a flow system and measuring the resultant 
fluctuations in CO surface concentration by infrared spectroscopy [22]. In this study 
kinetic parameters were determined from a discontinuity of the phase lag response at 
a critical frequency — a resonant frequency at which the residence time in the reactor 
becomes equal to the relaxation time of the adsorption-desorption process. An 
attractive feature of the approach used in this work is the direct monitoring of the 
adsorbed species during frequency modulation of gas phase concentrations. The only 
limit to this method being the need for adsorbed species to give rise to absorption 
frequencies which are readily detectable in the infrared.

1.3.5.2 - Diffusion

Frequency response has also been used to study diffusion of gases in solid catalysts, 
the majority of studies concerning zeolites. The application of frequency response to 
follow inter- and intracrystalline diffusion of sorbates in solid catalysts is becoming 
increasingly important to heterogeneous catalysis. Diffusional mass transport 
determines the accessibility of reactants to catalyst internal surfaces, which has 
relevance particularly to shape selective catalysis in zeolites.
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A frequency response method for studying diffusion was initially applied by 
Evnochides and Henley, who investigated phase angle and amplitude of weight 
changes, measured as a function of sinusoidal pressure variation of a gas [35]. But it 
was again Yasuda who fully developed frequency response applications to diffusion, 
studying the pressure response of a zeolite system to sinusoidal volume variation 
[20]. In a similar method to adsorption theory, Yasuda derived equations to relate 
amplitudes and phase lags to characteristic functions. The hi and out-of-phase 
response functions contain an effective Fickian diffusivity and a capacity coefficient, 
which can again be related to the gradient of the adsorption isotherm.

In his study Yasuda examined the diffusion of Kr in Na-mordenite at 253 K 
[20]. These measurements were the first to demonstrate that frequency response 
techniques could detect the dynamics of intracrystalline diffusion processes, as 
experimental data was in good agreement with the theoretical fit.

In a study of diffusion of ethane in the zeolite silicalite-1, Rees and co- 
workers used frequency response in conjunction with pulsed field and tracer 
desorption NMR, and managed to extend the experimental frequency used by 
Yasuda at that time [19]. The oscillation frequency was varied over three orders of 
magnitude from 0.01 to 10 Hz. Results indicated that adsorption-desorption rates 
were influenced by a combination of intercrystalline and sorption heat-release 
processes. These were found to affect frequency response results such that diffusion 
coefficients derived from frequency response measurements were 150 times smaller 
than those from NMR based methods. This difference in diffusion coefficients is 

discussed in more detail in Chapter 4.

In a similar fashion as for the adsorption-desorption process, when up to three 
sites were required to produce a satisfactory fit, Shen and Rees have found it 
necessary to introduce more than one diffusional coefficient to accurately describe 
their experimental response functions for 2-butyne in silicalite-1 [30]. When models 
were used assuming diffusion in straight channels only, i.e. one diffusion coefficient,
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the response functions are inadequately fitted. However, the suggestion that the use 

of two separate diffusion coefficients could describe the functions led to the idea that 
diffusion of 2-butyne in silicalite-1 occurred in both straight and sinusoidal channels. 

Values for the diffusion coefficients were found to differ by a factor of 10 between 
the two types of channel. The straight channels are larger and therefore have faster 
diffusion possibilities.

In the same study, it was shown that 2-butyne had 3.5 times higher diffusivity 
than n-butane in the straight channels. This was attributed to the smaller dynamic 
dimensions and the inflexibility of the 2-butyne due to the carbon-to-carbon triple 

bond, compared to the n-butane whose flexibility will hinder diffusion. Advantages 
of frequency response were highlighted, in that the shape and symmetry of phase lag 
versus frequency curves could be related to shape and size distribution of the 
crystals. Also the shape of the characteristic functions versus frequency curves could 
indicate that uptake/release of sorbate is controlled by more than one diffusion 
coefficient. More recent work by the same authors compared para-xylene and 
benzene diffusion in zeolites [29].

Another study of diffusion of light alkanes in zeolites highlights an advantage 

of the use of frequency response for studying these phenomena [28]. The nature of 
the advantage is related to the ability of frequency response to carry out simultaneous 

observation of various kinetic processes that are associated with translational 
transport of molecules when the frequency range is sufficiently wide. This ability is 

particularly applicable to the study of intracrystalline diffusion in zeolites, as this 
process often occurs in the presence of other kinetic factors such as surface barriers 
at the crystal surface, intercrystalline diffusion occurring in the voids between the 

crystals and the heat release process between the adsorbent and its surroundings.

The authors note that diffusion of light alkanes through their zeolite system is 

bimodal in the low frequency range. The out-of-phase component appears to rise 

again after the first maximum. The signal from slower kinetics is well modelled by
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heat dissipation. The signal at slightly higher frequency is sensitive to the geometry 
of the macropore network and hence is related to intercrystalline diffusion.

Frequency response can therefore be considered an extremely useful 
technique in the study of heterogeneous catalysis, from which a variety of important 
kinetic information can be extracted from a range of catalytic systems.

1.4 - Aims of This Work

The purpose of this project was to construct and develop a frequency response 
reactor which would provide insight into modes of catalytic action under realistic 
operating conditions. This involves optimisation of the experimental frequency range 
of the flow system, often limited by sampling methods.

Although the technique of frequency response is well established, the 
majority of investigations have involved the study of various catalytic systems under 
batch conditions [19-21, 26, 28, 29, 34], The potential range of experiments was 
extended by Schrieffer and Sinfelt [27] who developed the theory for applying 
frequency response to flow systems. There are as yet relatively few experimental 
studies involving frequency response in flow systems. Infrared spectroscopy has 
been used to monitor the catalyst surface during frequency response experiments 
[22]. There is therefore considerable potential for the development of frequency 
response under flow conditions. The use of infrared spectroscopy and mass 
spectrometry together in an integrated reactor yields particular advantages, in that 
infrared allows study of the catalyst surface while mass spectrometry can be used to 
monitor the effluent stream simultaneously. The value of infrared spectroscopy, and 
in particular DRIFTS as a tool to study catalysts is well documented [36, 37]. 
Another consideration in the study of supported catalysts is that, if academic studies 
are to be of value to the catalytic community, it is imperative that the experimental
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conditions and catalyst compositions are relevant [38], since small variations can 

often lead to very different product distributions.

A catalyst under investigation here, Rh/A^Os, has applications as an 
automotive exhaust catalyst [39] and the reactor would allow study under realistic 

operating conditions of atmospheric pressure, elevated temperature and oscillating 
gas phase composition.

This thesis details the stages in the development of the integrated frequency 

response reactor: characterisation of the flow system, use of the flow system to study 
diffusion in zeolites using a tube reactor and mass spec detection to the full 

integrated system involving DRIFTS and mass spec to study catalytic reaction over 
Rh/A^Os. The ability of the reactor to carry out concentration modulation 

experiments will also be utilised in an attempt to identify an active surface species 
under reaction conditions, as well as a range of conventional surface experiments 

including uptake measurements and temperature programming.
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The apparatus for frequency response experiments was constructed to allow study of 
the catalyst behaviour under realistic and reproducible catalytic conditions. Species 
in the gas phase could be monitored using mass spectrometry and, where appropriate, 

surface species were studied using Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS). In this chapter the experimental set-up will be described 
initially, followed by the procedure employed during typical experiments. The 
apparatus used to carry out frequency response experiments was used in a variety of 
ways, and these extra experiments will also be described here.

2.1 - Experimental Set-up

A schematic diagram showing the apparatus for frequency response studies is shown 
in Figure 2.1, with the specifications of the components given in Table 2.1. The set 
up can be considered to consist of three distinct sections: the flow system, the reactor 
and the methods of detection. These sections will now be discussed individually.

2.1.1 - The Flow System

The flow system essentially consists of two gas lines, one containing the adsorbate 
and reference gases and the other containing the carrier gas, each with associated 
traps for purification of the gas. Pressures in each line are monitored using MKS 
Baratron absolute pressure transducers.
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Figure 2.1. Schematic diagram of the frequency response apparatus.
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Table 2.1. Table of components in the flow system

Component

Baratron

MFC1

MFC2

MFC3

Control valve

Signal generator

Supplier

MKS

MKS

MKS

MKS

MKS

Thurlby 

Thander

Model

852B

11 79 A

1159B

11 79 A

0248A 

(valve driver: 1 249A)

TG215

Specification

lOOpsi, absolute 
pressure transducer

20 seem range

20 seem range

100 seem range

1 0 seem range

0-2 MHz range

The flow rate of each gas was controlled using MKS mass flow controllers 
(MFCs), operated via a 4 channel supply and digital readout, which delivered the 
desired flow after the set point of each MFC has been entered. The MFCs were 
laminar flow devices with a sensor response time of 500 milliseconds.

Downstream of the MFCs on the adsorbate/reference gas line was a MKS 
solenoid actuated control valve. When connected to a signal generator, the control 
valve could be made to oscillate about a set point, giving oscillating flow of gas 
through it. If the flow of carrier gas was significantly higher than that from the 
adsorbate/reference line, then the resulting combined output had an approximately 
total flow rate, but oscillating concentration of adsorbate and reference gases. The 
varying current is achieved using the function generator.

A ballast volume was included in the adsorbate/reference gas line to prevent 
the build up of a back pressure at low frequencies. At low frequencies, the control 
valve would be in the minimum position for a considerable period of time, allowing a
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back pressure to build. This created a surge in flow when the valve opened again. 
The introduction of the ballast volume meant that this back pressure did not occur 
and the waveform of the concentration modulation was the same as that defined by 
the control valve.

The adsorbate, reference and carrier gases were all passed through molecular 
sieves for drying purposes. The molecular sieve was of type 5 A. The carrier gas was 
also passed through a ZnO trap for extra drying as the larger flow rate of this gas 
meant an increased amount of water in the gas stream.

2.1.2 - The Reactor

The reactor used in frequency response experiments was one of two types. For initial 
studies of diffusion only, where the infrared information was not required, the reactor 
was a simple tube reactor, as shown in Figure 2.2. This consisted of a length of 1A 
inch stainless steel tubing containing the solid sample, which was held between two 
glass wool plugs. The tube reactor was heated using cartridge heaters held in a steel 
block surrounding the reactor. A thermocouple was also inserted adjacent to the 
external wall of the V* inch tubing within the steel heater block to monitor the sample 
temperature. Mass spectrometry was the only method of detection used in these 

experiments.
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thermocouple
steel block
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mass spec 
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Figure 2.2. Schematic of the tube reactor

In later experiments such as reactions, infrared recording of the catalyst 
surface was also required, therefore the reactor of choice was a DRIFTS 
environmental cell. This was designed and constructed by Dr. Mike Davidson and is 
shown in Figure 2.3.
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IR window sample

silica
sample

post

steel cap
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Figure 2.3. Detail of the environmental DRIFTS cell

The powdered sample within the stainless steel DRIFTS cell was held in a shallow
T\Acup in the top of a silica post, which was sealed to the cell with a Kalrez o-ring. 

The gas was made to flow over the sample using a Macor™ gas guide. A steel cap 
covered the sample post, and seals between the cap and the base and the gas guide 
and the base were made with Viton™ o-rings. One CaF2 window mounted

T"\ylhorizontally in the roof of the cell sealed onto the gas guide by a Kalrez o-ring, 
allowed infrared analysis of the catalyst surface. The cell was designed to have low 
infrared pathlength as well as minimum dead volume. The sample was heated using a
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cartridge heater of Kanthal™ filament, located inside the sample post, and heating 
was controlled by an in-house-built programmable power supply. An important 
feature of the cell was an ability to withstand the required heating schedules, and 
temperatures in excess of 673 K were possible. Catalyst temperatures were measured 
using a thermocouple, which entered through the bottom of the cell and sat in the 
catalyst bed.

2.1.3 - Methods of Detection

2.1.3.1 - Mass Spectrometry

Analysis of the effluent gas leaving the cell was carried out using a P.C. controlled 
Ledamass MMS-070 quadrupole mass spectrometer. The inlet to the mass 
spectrometer was a fused silica capillary, which had the advantage of being able to 
be inserted inside the outlet tubing from the DRIFTS cell, meaning that the effluent 
gas could be sampled close to the catalyst. This results in optimum preservation of 
the outlet waveforms of both the sample and reference gases. During experiments 
with the tube reactor, the capillary could be inserted almost immediately behind the 
second glass wool plug which was holding the sample in place. The spectrometer had 
a dual detector system comprising a Faraday detector and a secondary electron 
multiplier. Using the Fast Scan function in the Microvision Plus software for the 
mass spectrometer, several masses can be recorded as a function of time.

2.1.3.2 - Fourier Transform Infra-Red (FTIR) Spectroscopy

The advantages of using an FTIR spectrometer, as opposed to a dispersive 
instrument, for the study of the surface of powdered catalysts during chemical 
reactions are well established [1, 2]. One might argue that there might be some
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advantage to be gained by using a dispersive instrument for transient studies of the 

catalyst surface. For example, recording the time dependence of a single spectral 

feature such as a CO peak with high accuracy. However, the advantages of these 

methods are usually at the expense of the rest of the spectrum, meaning that other 

peaks of similar importance may be ignored. In this work it is desirable to record a 

large part of the infrared spectrum with time, and DRIFTS in particular lends itself 

well to transient studies of catalytic reactions on the surface of powdered samples [3, 

4,5].

Infrared spectra were recorded on a Bio-Rad FTS-6000 [6] with data storage 

and manipulation on a P.C. The FTS-6000 optical bench contained a Michelson 

interferometer with a beamsplitter. The moving mirror ran on an air bearing, supplied 

with dry air from a compressor, providing almost frictionless movement. The 

ceramic source was water cooled and a He-Ne laser was used to calibrate the infrared 

beam and to provide a high degree of precision in frequency alignment. An MCT 

(mercury cadmium telluride) photoconductive infrared detector was used, which was 

nitrogen cooled. This is a commonly used detector, which is sensitive for mid- 

infrared and is capable of monitoring the spectral range 4000-700 cm" 1 .

The mam compartment of the spectrometer was dry air purged constantly at a 

rate of about 4.5 litre/min, minimising interference from atmospheric water vapour as 

much as possible. The sample compartment could be isolated from the rest of the 

spectrometer using shutters. A customised cover with an additional inlet from the 

main purge line fitted over the sample compartment, thus allowing purging to be 

carried out more quickly prior to experiments.

Spectra were scanned at a speed of 40 KHz and at 4 cm" 1 resolution. The 

method used to collect spectra will be detailed in the Experimental Procedure, but the 

spectrometer was essentially operated in two modes:
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1) Rapid Data Collection - when changes were not expected within the time taken to 
collect the spectrum. Interferograms were co-added over a period of time and a 
single spectrum produced.

2) Kinetics Data Collection - spectra collected as a function of time as processes 
occurred. Time resolution and scanning time can be selected down to a maximum 
time resolution of 0.077 seconds (13.0 Hz) at 4 cm" 1 wavenumber resolution. At this 
time resolution a large amount of data is collected and spectral files can become very 
large. The spectra collected in Kinetics mode can be examined and manipulated 
individually or as a set. In Kinetics mode, the Win-IR Pro 2.6 software made it 
possible to construct functional group chromatograms, where the absorbance in a 
defined region can be viewed as a function of time.

A Spectratech DRIFTS accessory [7] was used to maximise the collection of 
diffuse reflectance. It was located by posts that fitted into mounting holes in the 
baseplate of the optical bench sample compartment. The optics could be easily 
manipulated whilst inside the compartment to maximise the response signal. The 
DRIFTS optics are shown in Figure 2.4.

IR Beam

Figure 2.4. Schematic diagram of the Spectratech DRIFTS accessory
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2.2 - Experimental Procedure

The general procedure for a frequency response experiment will be described 

initially, followed by descriptions of extra experiments that can be carried out using 

the same apparatus.

2.2.1 - Frequency Response Experiment

For diffusion studies when the tube reactor was used, mass spectrometric data only 

were recorded. The procedure for these experiments will be described first. 

Additional steps for experiments using infrared spectroscopy will then be given.

The set points of the MFCs were defined initially, so that the required ratio of 

adsorbate:reference:carrier gas was obtained. The adsorbate/reference line was then 

made to flow through a vent for at least one hour to ensure that the line and ballast 

volume were purged and no drift in concentration would occur. The carrier gas was 

used to purge the reactor, and the sample brought up to the desired temperature using 

the ramp heating controller. A heating rate of+10 K/min was used for all samples. 

The adsorbate/reference stream was then introduced to the carrier stream and the 

sample left for about 10 minutes to equilibrate.

The concentration of the adsorbate/reference stream was then modulated in 

the carrier stream by selecting the first desired frequency and modulating the control 

valve. After about 2-3 minutes, the system was ready to be recorded. Using the Fast 

Scan function in the Microvision Plus software for the mass spectrometer, several 

masses could be recorded as a function of time. When 4 channels were monitored, it 

was possible to record about 7 points per second (7 Hz) on each channel. Recorded 

waveforms were analysed for phase and amplitude data using Fourier Transforms, 

therefore 2048 points were commonly recorded (2 11 ). Modulations of adsorbate and 

reference gases were of primary importance, but the carrier stream could also be

40



Chapter 2 - Experimental

recorded. Once recording had finished, the modulation frequency was changed and 
output waves were again recorded. The experimental frequency limits and the 
reasons for the limits will be detailed hi Chapter 3, where the system development is 
discussed.

Using a program written by Dr. lan Harkness, the recorded adsorbate and 
reference waveforms were analysed by Fourier transformation and the phase and 
amplitude of the waves at each frequency were noted. This data could then be used to 
create plots of phase lags and amplitude ratios.

When infrared information was also required, i.e. experiments carried out in 
the DRIFTS cell, the same procedure was employed, with the following additions. A 
standard background spectrum (20 scans, resolution 4 cm" 1 ) was taken when the 
sample had equilibrated under the steady state conditions. At each modulation 
frequency, the changing infrared spectrum of the surface was recorded with time 
(resolution 4cm" 1 , 0.192 seconds) using the Kinetics function of the Win-IR Pro 
software. When ratioed against the steady state background, the spectra showed 
which surface species were modulating with the gaseous concentration, as well as 
any which were gradually building up, decreasing, or constant. Functional group 
chromatograms were then created to show how the intensity of each species changed 
as a function of time.

2.2.2 Additional Experiments

As well as frequency response experiments, the apparatus could also be used to 
perform shutoffs, uptakes and simple concentration modulation experiments.

Shutoff and uptake experiments involved switching the control valve off or 
on and recording the desorption or uptake using mass spectrometry and infrared 
spectroscopy. These results gave information on the general adsorption/desorption
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behaviour of the catalytic system, such as the difference in adsorption and desorption 
rates for different species. It could also be shown that surface species which were not 
observed to modulate with modulating flow composition would actually desorb, but 
at a relatively slow rate.

Concentration modulation experiments are as detailed hi Section 2.2.1, but 
modulating at only one frequency. As will be discussed in a later chapter, this 
technique allows distinction between active surface species from spectator species, 
and can prove a useful tool in the elucidation of catalytic reaction mechanisms.

2.3 - Materials

Two different samples of the zeolite silicalite-1 were used for the propane diffusion 
experiments of Chapter 4, namely 1.4 and 1.5. The preparation of these samples is 
described elsewhere [8]. The two silicalite sample were known to have roughly 
similar crystal sizes, with the 1.4 and 1.5 silicalite-1 samples having average crystal 
sizes of 20.1 and 14.1um respectively [8].

The scanning electron micrographs (SEMs) for each sample can be seen in 
Figures 2.5 and 2.6, showing both types of silicalite to consist of approximately 
spherical particles. The SEMs show that the size distribution of the particles in both 
cases was very small, and that the samples were very highly crystalline.
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Figure 2.5. SEMofSilicalite-1 (type 1.4)

Figure 2.6. SEMofSilicalite-1 (type 1.5)
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Samples of 2% rhodium on alumina used for CO oxidation were provided by 

Johnson Matthey Catalytic Systems Division, Royston, Herts. In the industrial 

application of this catalyst, exhaust gas clean-up in commercial three way catalysts, 

the catalysts typically consist of a washcoat containing 1-2% precious metals, 

therefore this sample of Rh/AkOs is representative of the actual application [9], The 

Rh/A^Os was characterised by chemisorption measurements carried out on a 

Micromeritics ASAP 2010C. Hydrogen chemisorption on the reduced catalyst 

allowed determination of the metal surface area as 3.9 m2/g, which corresponds to a 

dispersion of 45%.

The suppliers and purity of gases used throughout this work are given in 

Table 2.2.

Table 2.2. Purity and Suppliers of Experimental Gases

Gas

He

Ar

C3H8

CO

02

Purity (%)

99.996

99.999

99.5

99.95

99.99

Supplier

BOC

HOC

Linde Gas

Linde Gas

Linde Gas
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3.1 - Introduction

This chapter details the fine tuning of the experimental apparatus described in 

Chapter 2. As the flow system was constructed at the start of this project, some time 
was needed to optimise the performance of the system. Important points such as the 

mounting of the sample in the tube reactor are described, as well as the refinements 
made to the flow system to optimise the experimental frequency range.

3.2 - Flow System

It is important that the concentration modulation induced by the control valve on the 
reactant/reference gas line is propagated for as long as possible, with minimal 
disruption to the waveform. This is important to ensure that a reasonable range of 

frequencies can be attained experimentally, giving the best possible performance in 
terms of frequency response experiments. A crucial part of the apparatus in terms of 

maintaining the waveform is the method of delivery of the reactant/reference gas 
stream into the carrier gas stream. It was found that a simple T-junction in the gas 

line was very poor in terms of preservation of the waveform, presumably due to 
turbulence in this section of tubing. This led to the idea of the co-axial gas injection 
method, where a section of Vg inch tubing is attached to a gasket in the Swagelok™
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line. This meant that the reactant/reference gas is delivered into the carrier stream 
significantly downstream of the point where the carrier gas joins the gas line. This 
section of the gas line is detailed in Figure 3.1.

Control valve

Carrier gas

'/4 M tubing

Reactant _
and

reference 
gases

V8 " tubing

Figure 3.1. Schematic of the co-axial gas injection system.

This method was found to improve greatly the conservation of the waveform, helping 
to raise the upper frequency limit at which oscillations could be detected with a good 
signal-to-noise ratio.

Other factors that were found to be very important in maintaining the quality 
of the waveform concerned the length and cross section of the tubing used to 
construct the flow line. The critical sections of tubing to which this applies are 
obviously those downstream of the control valve, where the modulations are 
initiated.
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Early tests of the flow system involved flowing a mixture of propane in 
helium through a zero dead volume infrared cell and recording the gas phase infrared 
spectrum to assess the quality of the waveform at the point of contact with the 
sample. The length and cross sections of tubing could then be varied to study the 
effects of these on the waveform. Plotting the intensity of the CH stretch of the 
propane at 2967 cm" 1 against time showed the quality of the modulation in gas 
concentration passing through the cell.

The quality of the modulation was assessed by looking at the Fourier 
transform of the concentration modulation, as modulations were not always obvious 
to the eye.

A good example is given by Figures 3.2 and 3.3. In both of these figures a 
flow of 6 seem of propane was modulated in 40 seem of helium at 423 K, the 
elevated temperature chosen to keep the DRIFTS cell dry and remove the influence 
of water from the infrared spectrum. In both experiments all parameters such as 
modulation frequency and amplitude remain constant, the only change being the 
tubing cross section. In Figure 3.2, the stainless steel tubing downstream of the 
propane/helium mixing point has 1A" external diameter, whereas in Figure 3.3 this 
tubing has been replaced by Vg" diameter tubing.

It is clear from both the functional group chromatograms and the Fourier 
transforms that the modulation is much clearer when the smaller tubing is used. With 
the larger tubing there is significant distortion to the waveform, to such an extent that 
no peak is seen above the noise at 0.5 Hz in the Fourier transform of Figure 3.2. 
Reducing the cross section of the tubing has a marked effect, with oscillations 
obvious in the functional group chromatogram and a clear peak at 0.5 Hz in the 
Fourier transform of Figure 3.3. There is also evidence of higher harmonics, with 
peaks also seen at 1.0, 1.5 and 2.0 Hz.

A similar effect is seen when the length of the tubing is reduced; i.e. 
improved clarity of the induced waveform. Hence it is possible to conclude that for a
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maximum signal to noise ratio the tubing used to construct the gas line downstream 
of the control valve and mixing point should be as short and thin as is practicable. 
This is limited at present by Swagelok™ connections on the control valve. High total 

flow rates were also beneficial in terms of waveform preservation.
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Figure 3.2. Concentration modulation at 0.5 Hz, with %" tubing section. A: 
Functional group chromatogram showing change in intensity of CH stretch with 

time. B: Fourier transform of this modulation.
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Figure 3.3. Concentration modulation at 0.5 Hz, with Vg" tubing section. A: 
Functional group chromatogram showing change in intensity of CH stretch with 
time. B: Fourier transform of this modulation.

One undesired artefact of the constructed flow system was found when 
modulating at low frequency. Unusual waveforms were produced, as shown in 

Figure 3.4.
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Figure 3.4. Typical concentration modulation at 0.030 Hz without a ballast volume,

This unusual waveform was found to be a result of the low frequency modulation. At 
these low frequencies, the control valve is in the closed (or nearly closed) position 
for a considerable time period. During this time the mass flow controller has not 
regulated the inlet flow. As a result the gas line behind the control valve becomes 
pressurised to an extent, leading to a surge in flow velocity when the control valve 
opens again. Attempts by the MFC to regulate the flow often resulted in over 
compensation and an unsteady flow delivery. It was found that this back pressure 
could be significantly reduced by the introduction of a ballast volume between the 
mass flow controller and the control valve, which reduced the pressure build up in 

the line.

Two forms of ballast volume were tested. Firstly, a large flask was used, 
which worked well in terms of regulating the modulation amplitude, but had the 
associated disadvantage of taking a long time to purge due to gas mixing inside the 
volume. The second ballast volume used consisted of a length of tubing shaped into a 
coil. This tubing had a significant volume and was therefore satisfactory in terms of
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waveform regulation, but minimal mixing along the tubing length meant that it could 
be purged with a much sharper decay curve. Figure 3.5 shows a typical concentration 
modulation at a similar frequency to that of Figure 3.4 taken from an experiment 
carried out after the addition of the coil ballast volume to the gas line. The waveform 
can be seen to be much more regular in the presence of the ballast volume.

1.2

1.1

1.0

I 0.9

0.8

0.7

0.6

20 40 60

Time / seconds

80 100

Figure 3.5. Typical concentration modulation at 0.035 Hz with a ballast volume in 
the gas line.

The minimum frequency obtainable is determined by the long term stability 
of the flow rates and is <0.02Hz. The maximum frequency detectable, when care is 
taken to reduce tubing lengths and cross sections, is about 4-5 Hz. Therefore more 
than 2 orders of magnitude of frequency can be investigated. Figure 3.6 shows the 
quality of modulation at 4 Hz. The peak at 4 Hz in the Fourier transform shows good 
signal-to-noise in this frequency range. This figure also highlights the need for 
Fourier transforming the data to assess the quality of the modulation, as no clear 
modulation is obvious by studying simply the functional group chromatogram.
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Figure 3.6. Concentration modulation at 4 Hz. A: Functional group chromatogram 

showing change in intensity of CH stretch with time. B: Fourier transform of this 

modulation.

It was found that the carrier gas flow is affected slightly when the sample gas 

stream is modulated. This is beneficial as the total pressure of the final gas stream 

can therefore be considered constant.

Signal generator settings were found to be very dependent on the flow 

conditions, varying with total flow and with the percentage of sample gas in the 

carrier stream. It should be noted that the amplitude of modulation was found to 

decrease as the frequency was increased, which determined the experimentally 

available frequency range.

53



Chapter 3 - System Development

3.3 - Sample

Introduction of a sample to either the tube reactor or the DRIFTS cell was 

found to have no effect on the quality of the waveform. The method of packing the 

sample into the tube reactor is given in Chapter 2. The sample in the DRIFTS cell 

was packed as per usual DRIFTS experiments and the sample was found to remain 

intact despite high internal flow velocities.
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Chapter 4 - Diffusion of Propane in
Silicalite-1

4.1 -Introduction

The pore diameters of ZSM-5 type zeolites are close to the critical dimensions of 
many important hydrocarbon molecules. Intracrystalline diffusivities of these 
hydrocarbons in the sorbent are frequently the limiting step in the overall kinetic 
process, so an accurate knowledge of the intracrystalline mobility is an important 
step in understanding some industrially important reactions. For this reason, the 
diffusion of propane through the zeolite silicalite-1 was chosen for study here. It also 
has the advantage that several studies of the diffusion of propane have already been 
made using a variety of experimental methods and so the system is thought to be 
fairly well characterised [1], and can therefore be considered a good test of elements 
of the frequency response flow system and mass spectrometric detection.

4.1.1 - Diffusion of Gases

Diffusion can be defined as the tendency of matter to migrate in such a way as to 
eliminate spatial variations in composition, thereby approaching a uniform 
equilibrium state [1]. This is a universal property of all matter at all temperatures
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above absolute zero and is simply a manifestation of the tendency towards maximum 
entropy.

It was Thomas Graham hi the early 1850's who pioneered the study of 
diffusion, measuring the rate of interdiffusion of two gases at constant pressure 
through a porous plug. He later observed the proportionality between the diffusive 
flux and the concentration gradient [1].

Following on from the early work by Graham, Pick was able to formulate his 
First Law of Diffusion, which defines the diffusivity, D:

(4.1)

where J is the diffusive flux, c is the concentration and z is a distance coordinate. 
This led to his Second Law of Diffusion:

where t is the time. The more general form of the diffusion equation, allowing for 
concentration dependence of the diffusivity is:

dc
dt dz

D(c)
dc 
dz

(4.3)

which reverts to Equation 4.2 when D is constant [1].

There are two main diffusion phenomena which can be distinguished. Mass 
transfer, also known as transport diffusion, which results from a concentration 
gradient, and Brownian molecular motion, known as self-diffusion, which may be 
followed either by tagging a certain fraction of the diffusants (tracer studies), or by
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following the trajectories of a large number of individual diffusants and determining 
their mean square displacement [2, 3]. Although diffusion and self-diffusion 
generally occur by the same mechanism, the coefficients of transport diffusion and 
self-diffusion are generally not the same.

In a microporous adsorbent there is no clear distinction between molecules on 
the surface and molecules in the gas phase in the central region of the pore. It is 
therefore convenient to consider only the total intracrystalline concentration, q. The 
transport equation can then be written:

D t f, Dt=D0 (4.4)

where p = pressure, Dt = transport diffusivity and D0 is the corrected diffusivity. The 
correction is required to take into account the variation of transport diffusivity with 
concentration [2, 3]. In comparing the results of transport and tracer measurements, 
one should therefore compare the self-diffusivity with the corrected transport 
diffusivity (D0) and at sufficiently low concentrations, these quantities should be 
identical. Equation (4.4) was applied by Darken [1] and is used to convert transport 
diffusivities measured by macroscopic experimental methods into corrected (self) 
diffusivities. These experimental methods are discussed further below.

4.1.2 - Diffusion in Zeolites 

4.1.2.1 - Diffusional Resistances

Pore sizes have been classified by IUPAC and are divided into three categories 
according to their size, as described in Table 4.1.
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Table 4.1. IUPAC Classification of Pore Sizes

Classification

micropores

mesopores

macropores

Pore diameter, d / A

d<20

20 < d < 500

500 <d

This classification is based on the difference in types of forces controlling adsorption 

behaviour in the different ranges. In micropores, surface forces dominate and even 

when at the centre of a pore, an adsorbed molecule is still within the force field of the 

surface. In mesopores, capillary forces are important and in macropores little force is 

felt from the surface.

Also, within these defined ranges, different mechanisms of diffusion control 

molecular transport. In the micropores, diffusion is dominated by interactions 

between the molecule and the pore wall. Steric effects are important within these 

small pores and diffusion proceeds by a series of small jumps between surface sites. 

Diffusion occurs by a bulk diffusion mechanism in macropores as collisions between 

diffusing molecules occur more frequently than collisions between a molecule and 

the wall, depending on pressure.

There may also exist some external resistance to diffusion. This occurs 

because the surface of an adsorbent particle is always surrounded by a laminar 

boundary layer through which transport can occur only by molecular diffusion. The 

magnitude of this effect depends on the conditions, but is generally smaller than 

internal diffusion resistances.
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4.1.2.2 - Micropore Diffusivity Measurement Techniques

Micropore diffusivity measurement techniques can be grouped into two experimental 
categories, depending on the scale of observations: macroscopic and microscopic. A 
third approach is based on computer simulations, which is not an experimental 
measurement yet provides an important insight into the molecular motion in the 
micropores for a suggested molecular model. These categories will now be discussed 
in turn.

Macroscopic techniques

Macroscopic techniques involve measurement of an aggregate property such as 
pressure, temperature or concentration. Well known macroscopic techniques include 
uptake [4], frequency response (FR) [5], membrane techniques [6] and gas 
chromatographic methods [7] including the zero-length-column (ZLC) [8]. Most of 
these methods introduce a disturbance to the system and the diffusivity is deduced 
from how fast the system approaches new equilibrium conditions; these are all 
transient methods. Macroscopic methods thus measure transport diffusivities under 
an imposed concentration gradient and these are in turn converted into corrected 
diffusivities using the Darken equation (4.4). The fastest diffusivity that can be 
measured by macroscopic methods is restricted by the response time of the 
measurement devices. Most approaches are limited to diffusivities below 10~ 10-10~u 
m2/s.

Since most macroscopic methods are based on transient experiments, other 
transport phenomena such as heat and mass transfer can also play a role. These can 
significantly affect the final estimation of the diffusion coefficient and differences in 
magnitude of the diffusion coefficients obtained from different methods are often 
ascribed to these. Take for example the heat of adsorption, an exothermic process. 
Early diffusivity measurements faced the problem of heat transfer restrictions. More 
recent techniques, such as FR, ZLC and membrane methods can reduce heat effects
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to a negligible size when experiments are carefully designed and experimental 
conditions carefully chosen. One approach has actually made use of the heat effect 
and the temperature change it causes [9]. Other side effects which could perturb a 
kinetic measurement are the presence of a surface barrier slowing the mass exchange 
through the crystal surface and the finite transport rate in the gas phase surrounding 
the crystal limited either by the macroporous diffusivity, by the intergranular 
resistance (bed effect) or by the experimental apparatus itself [10].

Microscopic techniques

Microscopic methods involve a more direct measurement of molecular mobility in 
the pores of an adsorbent under equilibrium conditions. These methods therefore 
measure self diffusivities directly, and include pulsed-field-gradient nuclear- 
magnetic-resonance (PFGNMR) [11] and quasi-elastic-neutron-scattering (QENS) 
[12]. Data analysis is based on relaxation theory applied to molecular mobility.

Microscopic methods are suitable for fast diffusing species. Indeed the lowest 
measurable diffusivities are about 10"9-10"n m2/s, which is the upper limit of the 
macroscopic techniques.

Computer simulations

Molecular mobility can also be determined by computer simulation results using 
molecular dynamics (MD) [13]. The diffusivities calculated by computer are 
dependent on the molecular model proposed for the system, which includes 
representations of the zeolite structure and the structure of the guest molecules, as 
well as any solid-gas or gas-gas interactions.
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4.1.3 - Diffusion in Silicalite

4.1.3.1 - Silicalite

Silicalite, the pure silica analogue of the zeolite ZSM-5, is one of the more important 

of the synthetic zeolites. This importance stems from uses in the petroleum and 

petrochemical industries as a catalyst (e.g. conversion of methanol to gasoline) and 

as a selective adsorbent [1]. Characteristic features of silicalite include high thermal 

and hydrothermal stability, hydrophobic/organophilic adsorptive properties and an 

intermediate ring size, which leads to molecular sieve size selectivity. The potential 

of silicalite to act as an adsorbent for the selective removal of organics from dilute 

aqueous solutions has also been noted, for example in the concentration of alcohol 

produced by fermentation processes [1].

Silicalite shares its framework structure with that of ZSM-5, differing only in the 

Si/Al ratio and the resulting cation density, which is close to zero for silicalite. It 

belongs to the pentasil family of zeolites, so called because their framework can be 

thought of as being constructed from 5-membered oxygen rings. The silicalite 

structure contains straight and sinusoidal channels and can be seen in Figure 4.1.
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(a)

c

(b)

Figure 4.1. Structure of Silicalite: (a) view down straight channels (010) and (b) 

schematic representation of the channel structure.
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The unit cell of silicalite contains 96 tetrahedral SiO2 units. It contains two 

straight channel sections and four sinusoidal channels with four channel 

intersections. The cross section of the straight channels is about 5.7-5.8 x 5.1-5.2 A

and is elliptical whereas the sinusoidal channels have a nearly circular cross section 

of diameter 5.4 A. The length of the straight sections is equal to the cell constant b,

19.8A and the a and c dimensions are 20.06 A and 13.36 A respectively. The

framework density is about 1.8 g/cm3 and the specific micropore volume is about 

0.19cm3/g.

4.1.3.2 - Propane in Silicalite

Figure 4.2 gives a good indication of the spread encountered in calculated 

diffusivities for the diffusion of propane in silicalite. The initial obvious impression 

this figure gives is the very large spread of values between the various techniques.
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Figure 4.2. Self diffusivities for propane on silicalite obtained by various methods, 
interpolated to 300 K. CHGTY: chromatography; FR and PFR: pressure frequency 
response; MBRN: membrane; ZLC: zero length column; SCM: single crystal 
membrane; QENS: quasi elastic neutron scattering; MD: molecular dynamics; 
NMR: nuclear magnetic resonance; TFR: thermal frequency response. Figures in 
parenthesis are reference to the literature; see 4.6 for full citations. Adapted from 
[10].

At least part of this discrepancy may be related to the heat effect, i.e. the heat of 
sorption of propane onto the surface is not negligible. This is discussed by Song and 
Rees, who investigated the system using a batch frequency response method [20]. In 
this paper, three possible models are considered to describe the experimental data. 
Firstly, a non-isothermal diffusion model assumes that a sorbate molecule can diffuse 
in both straight and sinusoidal channels of silicalite-1, and the diffusivity measured is 
the mean value for these two channels. Periodic adsorption and desorption inside 
adsorbent particles, induced by a volume modulation, leads to a heat of sorption
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effect which is dissipated through a heat exchange between the sorbent and the 

surroundings. When the heat exchange rate is comparable to the diffusion rate, a 

bimodal form for the characteristic frequency response curves is found.

The second model considers two independent diffusion processes. The 

overall kinetics are controlled by these, one occurring in the straight channels and 

one in the sinusoidal channels.

The final model is a simplification of the non-isothermal one, assuming the 

heat effect is negligible; or of the two independent processes model, assuming 

diffusivities in the two channels become the same.

It was found from assessing the fits of the models to the experimental data 

that the bimodal behaviour at high coverage (low temperature, high pressure) is 

described by the non-isothermal model. This is to say that the heat effect must be 

accounted for, and a heat transfer coefficient can be estimated using this model. In 

this system heat transfer takes place primarily by conduction, suggesting an increase 

in heat transfer coefficient with temperature [20].

At lower coverage (high temperature, low pressure) the bimodal behaviour is 

not observed, and only a peak at higher frequencies is detected. Along with the fact 

that this data is well fitted by the single diffusion model, it is concluded that the heat 

effect is negligible at these coverages and that it is the lower frequency peak in the 

bimodal results which is due to this effect. This also implies that the heat effect can 

be virtually eliminated by choosing appropriate experimental conditions.

A variation on the frequency response method involving infrared 

measurement of the sample temperature has also been developed [10]. In this case 

the input perturbation is a change in chamber volume. This in turn induces a change 

in the pressure. However, instead of measuring this pressure change as is commonly 

done [5, 20, 23] the change in sample temperature is monitored. The change in the 

sample temperature arises due to changes in the sorbed amount. This claims to be a
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macroscopic method covering a large range of timescales, with negligible mass 

transfer resistance. Indeed, very close agreement with microscopic techniques has 

been achieved, especially NMR and molecular dynamic simulation.

The ZLC method uses an inert carrier gas containing a very small amount of 

sorbate. This is equilibrated with the sorbent before switching the gas flow to a pure 

inert carrier stream [8]. Adsorbate desorbs from the adsorbent and the rate of 

desorption, determined from the time dependent adsorbate concentration in the 

carrier gas is used to evaluate the micropore diffusion coefficient. The advantages of 

this method are attributable to the flowing carrier gas which reduces external mass 

and heat transfer resistances and the use of individual crystals which automatically 

eliminates macropore diffusion effects. Values obtained from this technique tend to 

be close to those obtained from chromatographic and membrane data.

Transverse nuclear magnetic relaxation times for linear alkanes in silicalite 

are short and, as a result, only the fastest diffusing species are suitable for study by 

PFGNMR [1], Values for propane are generally about two orders of magnitude larger 

than those from membrane, frequency response and ZLC methods, which agree 

closely. In contrast to other macroscopic measurements, the diffusivities by van den 

Begin et al. using the square wave technique are much closer to the NMR values 

[17]. It should also be noted that membrane measurements reflect transport in a 

direction parallel to the length of the crystal which, according to molecular dynamic 

calculations, may be substantially slower than diffusion through the straight 

channels.

4.2 - Mathematical Models for Diffusion

Using the frequency response method for the investigation of adsorption and 

diffusion kinetics has been popular for several years, with Yasuda one of the main 

contributors to the theoretical aspects [24]. In all of the early investigations,
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frequency response of a batch adsorber to a periodic modulation of adsorber volume 

was studied [24-26]. However, the batch method has certain limitations; including 

the need for small amplitudes to keep the system linear, low experimental 

frequencies due to practical limitations of volume modulation and the problem of 

non-isothermality [27].

Application of frequency response to a flow system has not been widely 
investigated thus far, despite advantages such as relative ease in obtaining higher 
frequencies of modulation, the ability to use large relative amplitudes of modulation 

with the system still in the linear range and the main reward of ease of maintaining 
isothermal conditions under flowing gas, as opposed to a batch system [27].

Park et al have adapted models formulated for batch systems to describe 

adsorption and diffusion behaviour in a flow system consisting of a tank adsorber, 
i.e. a uniform adsorber with an inlet and an outlet [27], In a similar fashion Dr. lan 

Harkness, within this research group, has adapted the model for a batch adsorber to 
that of a flow system, in this instance a tube reactor. This model, described below, is 

intended to model the frequency response results from our tube system.

Derivation of Model Equations

In the model employed here the catalyst system is considered to consist of a 

column of adsorbent particles of length L and void fraction 8 through which a gas 

stream flows at velocity v. As previously described for FR experiments, the flow rate 

of the gas stream is held constant while the concentration of the sorbent is modulated 

at angular frequency co. An inert gas is modulated simultaneously to act as a 

reference. The sorbent is assumed to be spherical.

The following assumptions are made in the mathematical analysis, as appropriate for 

other studies [25]:
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(i) the system is isothermal.
(ii) the diffusional processes under consideration are Fickian.
(iii) the diffusion coefficients are tune and position invariant, and are

	constant over the induced concentration range, 

(iv) adsorption on the microparticle exterior surface is negligible, 

(v) only one adsorbable component is present, 
(vi) the sorbent particles are identical to one another.

Assuming plug flow, i.e. a constant gas flow velocity across the whole of the cross 
section of the tube:

(4 - 5)

where e is the void fraction, C is the gas phase concentration of sorbate, t is time, v is 

the gas flow velocity, z is the distance along the column and q is the adsorbed phase 
concentration. All terms used in the model are defined in Table 4.2, on page 74.

Taking Laplace transforms,

dC fl-e^i -sC = -v—- —— sq (4.6) 
dz \ e /

where s is the Laplace operator.

The next step is to relate the Laplace transforms of the adsorbed and gas 

phases to each other, using a transfer function. A transfer function simply relates two 
variables in a physical process; one of which is the cause (forcing function or input 

variable) and the other is the effect (response or output variable) [28]. Generally, for 
transfer functions, we can write:
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where G(s) = symbol for transfer function; X(s) = transform of forcing function, or 
input, in deviation form and Y(s) = transform of response or output in deviation 
form. The transfer function completely describes the dynamic characteristics of the 
system.

Therefore, relating the Laplace transforms of the adsorbed and gas phase 
concentrations by some transfer function G(s):

q = G(s)C (4.8)

Thus

dC (l-B\
sC + v—- +—— sG(s)C = 0 (4.9) oz \ s /

Solving for C (z)

zs(G(s)e-G(s)-s)"
VP

(4.10)

where P is a constant of integration.

When z=0 , C(z) = P therefore P = C(0). Consequently, the transfer function

between the input and output gas streams is

-zs(G(s)s-G(s)-sy

VS ' (4.11)
C(z)
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Since the input perturbation is harmonic, s can be replaced with iw, where i = - 

and a) is the angular frequency of perturbation [28]. In practice the output signal 

C(L) is compared to the reference output signal A(L), where A is the gas phase 

concentration of inert reference gas and L is the length of the column. Assuming the 

sample has no effect on the reference signal, the input and output reference signals 

differ only by a transportation lag. Therefore, assuming that the input reference and 
sorbate signals are equal,

-icoL 
A(L) = A(0)e v and C(0) - A(0) so

icoL 
C(0) = A(L)e v (4.12)

and

_ iooL icoL/ x A(L) ——— ———(G(sXs-l)-e)= Q Ve VE

G(s) has been derived previously by Do [27] and by Yasuda [24] for isotropic 

Fickian diffusion in slab, sphere and cylinder geometries. For spheres:

G(s) = 7Dt K
v

where R is the gas constant, K is Henry's law constant and Dt is the transport 

diffusivity of sorbent in the sorbate particle.

Therefore the complete solution for the model which assumes plug flow in 

the column, with diffusion controlled uptake in the particles, is:

70



Chapter 4: Propane in Silicalite-1

icoL
vs 

— icoL
A(L) .T „ „

9
4 '

v

icohK cTY
JCOTlR 2

1(0 i
D.J J

/

C(L)
(4.15)

The ratio of the amplitude of the sorbate to that of the reference gas is equal to the 
magnitude of this transfer function and the phase lag between these is equal to the 
argument.

Expanding out equation (4.13):

-icoL_A(L)
________ ___ r-v

C(L)~

-icoL"

_ 
A(L)
C(L)

-icoL

(4.16)

we know that the sorbent is packed loosely inside the tube reactor, therefore the 
length of the sorbent column, L can be expressed in terms of the sample volume, 

e; the reactor cross section, o and the fractional voidage of the bed, e as:

L = ^sample 1
1-s (4.17)

and, if f represents the volumetric flow rate, the gas flow velocity, v can be defined:

f 1v = —— 
a s

(4.18)

therefore, substituting leaves the exponent of equation (4.16) as:
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^sample 1 
a 1 -c

a e

A(L) 
C(L)

sample

(4.20)

where the transfer function, G(s) is a complex function, having real and imaginary 

parts. This result would suggest that the void fraction of the sample bed has no effect, 

as the 8 parameter does not appear in the equation (4.20).

A complex number of the form:

(4.21)

has magnitude = e^ and argument = a. Therefore

ln(A) = P, and 

Phase, (|) = a

where A represents the amplitude and $ represents the phase. In terms of phase and 

amplitude, we can define:

(4-22)

Hence, with the real exponent represented by Re and the imaginary exponent by Im:
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c|>= Re [G(s)]o>
V,sample

(4.23)

Giving:

(4.24)

As we can measure experimentally all the parameters on the left of equation (4.24), 

we can determine the real part of the transfer function.

Similarly:

ln(A)
coV,sample

= Im [G(s)] (4.25)

suggesting that we can determine the imaginary part of the transfer function with the 

measurable parameters on the left of equation (4.25). In this way, results obtained 

under flow conditions can be compared directly with the existing literature for batch 

conditions, making analysis easier by highlighting typical shapes of characteristic 

functions. It is well established that the shape of the real and imaginary parts of the 

response can give valuable insight into the nature of the controlling mass transfer 

resistance [24, 29].

Changing the model slightly to assume dispersed plug flow in the column with 

diffusion controlled uptake in the particles would give:

ac a2c
Z 5z2

ac 5q
at (4.26)

Again taking Laplace transforms, and substituting for q:
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c = (4.27)

+4D z ss(s+G(s)(l-8))) -^D8 ss(e+G(s)(l-s)))'

(4.28)

The solution must tend to zero as z tends to infinity therefore a = 0 and (3 = C(0).

The model can be adapted for a number of diffusional situations by substituting in 
the appropriate characteristic function. These functions are well documented and will 
not be shown here. Some examples have been given in Table 1.1 in Chapter 1.

Table 4.2 defines the parameters used in the above model.

Table 4.2: Notation used in the mathematical model for diffusion

Parameter

A

C

Dt

Dz

f

G(s)

i

Im

K

Definition

Gas phase concentration of inert reference gas

Gas phase concentration of sorbate

Transport diffusivity of sorbent in sorbate particle, m s"

Axial dispersion coefficient, m s"

Volumetric flow rate, mV 1

Transfer function between gas phase concentration and 

adsorbed concentration

V^T
Imaginary part

Dimensionless Henry's law constant
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L

m

q
R

Re

s

t

» sample

V

Z

P

P

8

A

4>
a

CO

Length of sorbent column, m

Mass of sample, kg

Adsorbed phase concentration, molm"3

Gas constant, JK^mol" 1

Real part

Laplace operator

Time, seconds

Volume of sample, m3

Gas flow velocity, mV1

Distance along column, m

Constant of integration

Density of sample, kgm"

Fractional voidage

Amplitude

Phase

Cross section, m2

Angular frequency of perturbation, rads" 1

The fitting method used in the model described above is the Nelder Mead 

variable size simplex method, a common method for finding the minimum of a 

function of more than one independent variable [30]. For a function requiring 

minimisation of N variables, the simplex is a geometrical figure consisting of N+l 
vertices, corresponding to each of the variables plus the error between the simulated 

and experimental results. The premise behind the method involves minimisation of 

the size of this figure.

The fitting procedure involves making estimations for the variable parameters 

in the model and comparing these to a second estimation. By comparing each result 

to the previous one, the procedure moves closer to the best fit by discarding the 

estimation that produces the largest error. This process continues until all estimations
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give the same result, i.e. the minimum of the function. The error is calculated as the 

square of the difference between the simulated results and the experimental data. 
Once minimisation has been achieved, the parameters used to construct the 
successful fit are recorded.

The fitting method employed here calculates the goodness of fit in terms of F, 
defined as:

N 2 N 2
F-Z(OR-ER ) + HOJ-E!) (4.29)

where O is the observed value (the experimental result), E is the expected value (fit) 
and subscripts R and I refer to the real and imaginary parts. Justification for using 
this method to calculate the error concerns placing greater emphasis on fitting a peak 
in the imaginary function, rather than concentrating equally on the low frequency 
points, in which there is often a large degree of scatter.

This differs from the common form of fitting estimation, %2, which is defined 

as :

which normalises each error estimation.
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4.3 - Frequency Response of Propane in Silicalite-1

4.3.1 - Preliminary Experiments 

4.3.1.1 - Evidence for Frequency Response

The experimental apparatus for these experiments has been shown in Chapter 2. The 
same apparatus was used, with propane as the sample gas and argon acting as the 
phase and amplitude reference.

Initial experiments were carried out on the 1.5 form of silicalite (described in 
Chapter 2) with the aim of detecting evidence for adsorption of the propane onto the 
sample. If this were the case, a phase lag and reduction in amplitude of the propane 
wave compared to the reference gas would result. This is obviously necessary for 
success of frequency response experiments. Figure 4.3 shows the output from the 
mass spectrometer in such an experiment.

A flow of 57.0 seem He, 0.69 seem Ar and 0.61 seem propane was used, 
giving a total flow rate of 58.3 seem with a propane partial pressure of 8.0 Torr. The 
temperature was 323 K and 26 mg of silicalite, a typical sample size, was mounted 
between two glass wool plugs in the tube reactor. The Ar/propane concentration in 
the He stream was modulated as a square wave of frequency of 0.030 Hz.

It is immediately obvious from Figure 4.3 that the propane and Ar waves are 
different when detected by the mass spectrometer. The Ar trace has retained the 
square wave appearance of the modulating function, implying that there is little or no 
adsorption or desorption occurring, which is to be expected. The Ar was present only 
to act as a phase and amplitude reference for the propane and therefore would only 
be affected by mixing or other gas effects. An inert gas was chosen so it would not 

interact with the sample.

77



Chapter 4: Propane in Silicalite-1

The propane wave, however, has a much different appearance. It has lost the 
square wave imposed on it before the sample and is much more rounded, suggesting 
that some adsorption-desorption is occurring as the gas passes through the sample. It 
is also clear from the relative intensities that the propane amplitude has been 
attenuated with respect to the Ar, and that a phase lag has been introduced between 
the reference wave and the propane.

0.8-

0

Propane

50

Time/s
100

Figure 4.3. Typical mass spectrometer trace from concentration modulation of a 
propane in helium flow over silicalite at 323 K.
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Figure 4.3 shows that the system displays a detectable frequency response 

under these conditions. The signal-to-noise also looks to be acceptable. With the 

success of this test, the system could be modulated at a range of frequencies to 

comprise a full frequency response experiment. The magnitudes of the phase lags 

and amplitude reductions at each frequency could then be identified and used to 

construct a characteristic spectrum for propane on silicalite under these conditions.

Figure 4.4 shows the variation in phase lag and amplitude reductions with 

frequency during a typical frequency response experiment. This example shows 

results from a frequency response experiment at 423 K with a propane partial 

pressure of 30.3 Torr. Phase lag is calculated from the difference between the 

propane and argon phases, and the amplitude ratio is calculated as the argon 

amplitude divided by the propane amplitude. It has been observed that there is an 

instrumental effect of an amplitude reduction as frequency increases, but as the 

amplitude ratio is used this effect can be neglected, as it will also be experienced by 

the reference gas. The blank experiment consisted of flowing the propane/Ar/He 

flow through a reactor which contained glass wool plugs but no silicalite sample.

The first point of note from Figure 4.4 is the magnitude of the response when 

a sample is present over that of the blank experiment. There is a very discernible 

effect above the blank. It should be noted that the line through the points in both 

plots are not yet fits using the model, and that the phase lag has been corrected for a 

time lag between mass spectrometer channels, which is of the order of 17 ms.

At low frequencies, the adsorption-desorption processes can keep up with the 

frequency of modulation resulting in little or no phase lag and no amplitude 

attenuation. As the frequency is increased, the adsorption-desorption processes begin 

to fall behind the enforced concentration modulation and the propane wave lags 

behind the argon and is damped. As the argon amplitude is unchanged and the 

propane is reducing, the amplitude ratio increases. This is the desired frequency 

response. When the frequency of modulation gets too high the catalytic system fails 

to detect the change and the phase lag starts to fall again.
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Figure 4.4. Example of the variation of phase lag and amplitude ratio for propane on 
silicalite at 423 K.

4.3.1.2 - Variation of Modulation Amplitude

Varying the amplitude of modulation would provide a confirmation of some of the 
assumptions necessary in a frequency response experiment, assumptions that are 
essentially concerned with the practical aspects of the technique. These include the 
assumption of a constant total flow, i.e. the total flow does not change when the 
sample gas is modulated, true if the modulated gases make up a small enough part of 
the total flow, and also that a linear response is being studied. These conditions were
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tested by changing the size of the modulation to a level well above that commonly 

used in the frequency response experiments. The results can be seen in Figure 4.5, 

which again shows the results in the form of phase lag and amplitude ratio as 

functions of modulating frequency. It is obvious from these plots that, even when the 

amplitude of modulation of the propane in the diluent is changed from ±5% to about 

±80%, the points are changed very little, confirming that the assumptions made are 

reasonable. These percentage modulations correspond to the magnitude of the 

modulations at 0.025 Hz, the lower experimental limit, but as mentioned previously 

the size of the modulation decreases as the frequency increases, an experimental 

artefact taken into account by using amplitude ratios of argon to propane.

From the good agreement of the two experiments in Figure 4.5, we can say 

that the experimental reproducibility is good and also that the size of the modulation, 

within the range used, appears to be irrelevant. This implies that the assumption that 

the total flow rate is unmodulated is valid, as well as showing that the response of the 

sorbent is linear i.e. the sample isotherm is linear throughout the range of loadings 

present during modulation and that the diffusion coefficient is concentration 

independent throughout this same range. We can say with reasonable certainty 

therefore that the frequency response apparatus appears to be functioning as planned 

and obeys the assumptions necessary for interpretation of the results.
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Figure 4.5. Effect on amplitude ratio and phase lag plots of changing the amplitude 
of the forcing modulation.

4.3.1.3 - Variation of Total Flow Rate

To assess the suitability of the model described previously to the propane - silicalite 

system it is necessary to fit the model to some experimental data. Figure 4.6 shows
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Figure 4.6. Characteristic functions showing the effect of varying the total flow rate. 

The real parts are shown in black and the imaginary parts in red. Points represent 

the experimental data and lines represent the fit of the model to the data. Dotted 

lines show the plug flow model and solid lines show the model involving dispersion.
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some data for the study of the effect of varying the total flow rate through the tube 

reactor. The conditions of temperature and propane partial pressure are the same in 

all cases, i.e. 423 K and 8.0 Torr

The results have been presented here in the form of real and imaginary 

response functions of the particle uptake process as described by the model in section 

4.2. A good reason for presenting the results in such a fashion is that it enables direct 

comparison to the shape of similar curves in the literature. The shape of these 

functions can give useful indications of the rate controlling processes. The imaginary 

function has a peak at a characteristic frequency corresponding to a rate controlling 

process and the relative position of a step in the real function can indicate whether 

the process is diffusion or surface controlled [25]. Presenting the data as this type of 

function also aids the fitting process, as it would involve fitting a peak in the 

imaginary function, whereas the phase and amplitude plots are often smooth and 

featureless.

The plots of characteristic function against frequency for the different flows 

look very similar. It is clear that the solid line, the fit involving a dispersion term, fits 

the data much better than the model considering purely plug flow. Initial fitting using 

plug flow only, the dotted line, does not fit the maximum in the imaginary part of the 

characteristic function, although it almost does. The fact that the model is close to 

fitting the data suggests that the description using plug flow is almost correct, but 

appears to need some fine tuning to fit the data satisfactorily.

If plug flow were all that was required to fit the data, then the three plots 

would be expected to be superimposable, because temperature and propane partial 

pressure are the same. The real parts are essentially superimposable, but imaginary 

parts are not. This is taken to be evidence of the need for a term involving dispersion 

in the model and, when this term is included, the data is modelled much better, with 

the peak in the imaginary part being reproduced well by the model.
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Qualitatively, the data do have the appearance of particle characteristic 

functions, suggesting that the assumption of plug flow is reasonable. Both plug and 

dispersed flow models are based on Fickian diffusion in isotropic spheres with 

instantaneous equilibration on the outer surface of the particle. Although the plug 

flow fits reproduce the real function well and the position of the maximum in the 

imaginary function is fitted satisfactorily, the agreement with the higher frequency 

portions of the imaginary function is poor. This agreement is much improved hi the 

dispersed plug flow fits and these agree well with both real and imaginary parts 

throughout the frequency range sampled.

Table 4.3 shows the parameters obtained from the plug and dispersed models 

for the fits of variation of total flow rate.

Table 4.3. Model parameters used to fit data for varying total flow (Figure 4.5)

Flow Rate / 
seem

50.06

50.06

60.61

60.61

80.03

80.03

Model

plug

dispersed

plug

dispersed

plug

dispersed

Dt / m V

2.43xlO'n

3.26xlO'H
2.26x1 0' 11

2.54X10' 11

2.49X10' 11

2.71X10' 11

Dz / m2s - 1

-

1.02X10"4
-

6.29x1 0'5
-

8.18xlO'5

K

45.78

44.74

47.19

45.82

48.69

46.57

8

-

0.49
-

0.89
-

0.96

F

5.54

1.74

8.09

2.10

17.33

2.74

Note that in the model the value for kd, the rate constant for desorption, is set to an 

arbitrary large value of 1x1020 for these and all subsequent fits to the experimental 

data. This implies that the time for this step is negligibly small (instantaneous). The F 

value gives an indication as to how well the model fits the experimental data and, 

although these values cannot be compared between experiments, the lower the F 

value, the better the fit. As defined previously, F represents the square of the 

difference between the fit and the experimental results. Dt is the transport diffusivity 

of the propane in the silicalite, Dz is the axial dispersion coefficient and K is related
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to the gradient of the isotherm. As discussed in section 4.2, no void fraction term is 

given for fits using the plug flow model.

Discussion

All the extracted values for the most important sorption parameters, Dt and K, 
agree reasonably closely with one another. The agreement between separate 
experiments confirms the validity of both the data treatment and the fitting model 
used. For individual experiments the sorption parameters obtained from the plug 

flow model agree well with those from the dispersed model, showing that the 
presence of axial dispersion does not necessarily interfere with accurate 
determination of the sorption parameters. Use of the dispersed model is, however, 
clearly more correct and increases the reliability of the numerical fitting. Table 4.3 
confirms that the model is closer to the data when a dispersion term is included than 
with plug flow alone, as F is significantly lower in the dispersion cases.

It is to be expected that an increase in total flow rate would lead to an 

increase in dispersion. However, it can be seen in Table 4.3 that Dz decreases by 
about half when the flow rate is increased from 50.06 seem to 60.10 seem. Although 

this seems counterintuitive, it is important to realise that this value is related to the 

quality of the fit and is tied to the value of the void fraction, e. The two higher flow 

rates have values of the void fraction of 0.89 and 0.96 respectively, which are 
acceptable and reasonable values. The 50.06 seem total flow case however has a 
much lower void fraction of 0.49, which seems very low, as in reality this parameter 
is unlikely to change between experiments. This effectively means that the bed is 
almost half the intended length, giving a falsely high value of Dz. If the void fraction 
were doubled to give a value more in keeping with other experiments, this would half 

the given Dz value, bringing it into line with the other results and showing a slight 
increase in dispersion coefficient with increasing total flow. The crossing of the real 

characteristic function over the imaginary would appear to give an indication as to 

the extent of the dispersion, the crossing becoming much more pronounced as the
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total flow rate is increased. This phenomenon can also be seen in some of the 

characteristic functions shown later.

The crossing of the real and imaginary functions at high frequency is 

reproduced well in the theoretical curves for the dispersed flow model. In the plug 

flow model the two functions are asymptotic at high frequency, showing how poorly 

this model fits the data at high frequency. The degree of crossing and therefore the 

degree of axial dispersion increases as the flow velocity is increased. The increase in 

dispersion as flow velocity is increased suggests that turbulent mixing is a major 

contributor to dispersion under these conditions.

The large degree of uncertainty hi the determination of the column 

parameters, shown by the rogue low value for void fraction in Table 4.3, is perhaps 

unsurprising given the poorly defined flow geometry of this system. The assumptions 

that the bed is uniform in depth and that all flow is parallel to the reactor axis are 

unlikely to be valid. Since the values of Dz and e are of no relevance beyond an 

individual experiment and since, as shown by the plug flow fits, they have very little 

influence on the extracted sorption parameters, little significance can be attributed to 

the actual values.

In a batch system, a crossing of the real and imaginary parts would imply a 

surface resistance of some sort, either a film resistance or a finite rate of equilibration 

on the outer surface of the particle [25, 31]. Although both of these types of model 

can fit individual sets of experimental data well they can be rejected because of the 

dependence of the degree of crossing of the real and imaginary parts on flow velocity 

apparent in Figure 4.6. The amount of crossing increases as the flow velocity 

increases. If the crossing were attributable to a rate limited surface sorption process 

then there should be no dependence on the flow velocity. If the crossing is due to a 

film resistance then the crossing should decrease as the flow velocity is increased due 

to a reduction in the width of the stationary layer.
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4.3.1.4 - Variation of the sample size

The sample size is typically about 26 mg packed between two glass wool plugs in a 
tube reactor of V* inch outside diameter tubing. The effect of increasing the sample 
size was assessed by increasing the sample to 91 mg in the same tube reactor, giving 
a longer pathlength for the gas through the sample. The influence of this change can 
be seen in the characteristic functions shown in Figure 4.7 for an experiment at 423 
K with a propane partial pressure of 8.0 Torr. Note that the data for the normal 
sample size are reproduced from Figure 4.6.
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Figure 4.7. The effect on the characteristic functions of varying the sample size, all 
other conditions being constant. Normal sample size is 26 mg, larger sample is 91 
mg. Points represent experimental data and lines represent the fit using the dispersed 
flow model. Red trace shows the imaginary part with the real part in black.
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Table 4.4 shows the results obtained for the model fits to Figure 4.7.

Table 4.4. Parameters used to fit data for varying sample size (Figure 4.7)

Sample / mg

26

91

D, / m2s -1

2.54x10-"
2.52X10' 11

Dz / m2s -1

6.29x1 0'5

4.66x1 Q-3

K

45.82

37.29

e

0.89

0.30

F

2.10

0.09

Discussion

It can be seen from Table 4.4 that increasing the sample size makes a 

negligible difference to the value of the diffusion coefficient. The dispersion 

coefficient has increased by nearly two orders of magnitude with the increased 

sample size. This result can also be seen in the characteristic functions themselves, in 

Figure 4.7, where the crossing of the real function over the imaginary has become 

much more pronounced, and the point of crossing is shifted to a lower frequency 

when sample size is increased. This result confirms the suspicion that the crossing of 

the real and imaginary parts is a good indicator of axial dispersion, because if it were 

due to a surface sorption or a film resistance no dependence on the sample size 

would be expected. The fact that there is negligible difference between the two 

diffusion coefficients shown in Table 4.4, and only a small difference between K 

values suggests once more that sorption parameters can be determined with 

considerable accuracy despite the obvious presence of axial dispersion.

The increase in Dz is to be expected, as the larger sample size means that 

more turbulent mixing of the gas occurs as the pathlength through the sample is now 

longer. As well as the crossing of the two characteristic functions, dispersion seems 

to have shifted the maximum of the imaginary part to a lower frequency. In some 

cases this can have the effect of reducing the quality of the fit, as the maximum is 

shifted out of the experimentally available frequency window, but in this example the 

value for Dt is unaffected, suggesting that enough of the maximum is still available
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for fitting. The consistency of the Dt value for both sample sizes implies that the 

value obtained from the smaller sample is probably acceptable and that the presence 
of dispersion has very little effect on the magnitude of the diffusion coefficient.

4.3.2 - Temperature and Pressure Dependence of the Frequency 

Response of Propane in Silicalite-1

4.3.2.1 - Temperature Dependence of the Frequency Response

By collecting sets of data for which all experimental parameters except temperature 
were kept constant it was possible, through fitting using the model, to study the 
temperature dependence of the frequency response of the propane - silicalite system. 
This was carried out at propane partial pressures of 8.0, 15.5 and 30.3 Torr.

It is worthwhile to consider initially an example of this data in the form of 
phase lag and amplitude ratio plots. These plots give a basic picture of what is 
happening to the propane wave in real terms before the more complex analysis of the 
real and imaginary functions is examined. Figure 4.8 shows the phase lag and 
amplitude ratio results for a propane partial pressure of 30.3 Torr, at 4 different 
experimental temperatures. Note that the lines are not fits to the model at this stage.

Both the phase lag and amplitude ratio plots display the same basic shape as 
those seen previously in Figure 4.4, in that both increase with frequency. In addition 
to this affect, as the temperature is increased, both plots become more like the blank, 
i.e. a phase lag closer to zero and an amplitude ratio closer to unity. This is explained 
simply as a decrease in adsorption as the temperature increases. Less adsorption 
means that the propane wave is not held back as much relative to the argon, reducing 
the phase lag; and also that the amplitude of the propane wave is less damped by 
adsorption, reducing the change in amplitude ratio as frequency is increased.
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The equivalent data displayed in terms of characteristic functions is shown in 

Figures 4.9 to 4.11, with corresponding parameters determined from the model 

fitting in Tables 4.5 to 4.7.
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Figure 4.8. Temperature dependence of the phase lag and amplitude ratio of propane 

in silicalite-1 at a propane partial pressure of 30.3 Torr.
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Figure 4.9. Temperature dependence of the characteristic functions for propane in 

silicalite at a propane partial pressure of 8.0 Torr. Data is fitted using the dispersed 

plug flow model. Model parameters shown in Table 4.5.
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Figure 4.10. Temperature dependence of the characteristic functions for propane in 
silicalite at a propane partial pressure of 15.5 Torr. Data is fitted using the 
dispersed model. Model parameters shown in Table 4.6.
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Figure 4.11. Temperature dependence of the characteristic functions for propane in 
silicalite at a propane partial pressure of 30.3 Torr. Model parameters shown in 

Table 4.7.
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Table 4.5. Dispersed model parameters for temperature dependence of propane in 

silicalite at a partial pressure of 8.0 Torr.

Temperature / K

323

348

373

423

Dt/mV1
6.35xlO'13

8.07x1 0' 13

3.57xlO' 12

1.54xlO-H

Dz / m2s '

2.85X10"4

2.58X10"4

1.94X10"4

1.21X1Q-4

K

758.93

397.93

147.30

39.53

e

0.23

0.91

0.94

0.90

F

53.60

12.27

24.80

1.22

Table 4.6. Dispersed model parameters for temperature dependence of propane in 

silicalite at a partial pressure of 15.5 Torr.

Temperature / K

348

373

423

Dt/mV1
1.16xlO'12

3.92xlO' 12

1.75xlO'u

Dz / m V1

2.54x1 0'4

2.79x1 0"4

1.92X10"4

K

289.64

133.54

39.17

e

0.90

0.83

0.79

F

43.41

3.10

2.85

Table 4.7. Model parameters for temperature dependence of propane on silicalite at 

a propane partial pressure of 30.3 Torr.

Temperature / K

323

348

373

423

Dt / m2s !
1.56xlO'12

2.50xlO' 12

3.88xlO" 12

1.52x10-"

Dz / m2s '

3.36xlQ-4

3.13X10"4

2.22X10"4

8.12xlO'5

K

291.14

197.2

122.99

38.41

8

0.73

0.77

0.72

0.86

F

7.12

11.21

5.68

12.56
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It is a consistent observation through Figures 4.9 to 4.11 that the frequency at 

which the maximum in the imaginary response function appears increases with 

increasing temperature. Indeed, in the lowest temperature plot for 8.0 Torr partial 

pressure, 323 K in Figure 4.9, the maximum in the imaginary characteristic function 

is seen only in the fit produced by the model and lies below the lower experimental 

frequency limit. The fact that the peak is not available to fit is reflected in the F value 

for this plot in Table 4.5, being relatively high at 53.60. Since the peak in the 

imaginary characteristic function is due to the diffusion process, the increase in 

frequency of the peak in the imaginary part indicates that the diffusion is occurring 

faster at higher temperatures, as would be expected.

The magnitude of the response increases as temperature decreases. This 

agrees with the explanation of the phase lag and amplitude ratio plots, in that at 

lower temperatures there is increased uptake of propane by the sample. The K values 

of Tables 4.5 to 4.7 confirm this, as K decreases with increasing temperature. This 

should mean that the gradient of the isotherm also decreases with increasing 

temperature. This will be shown to be the case.

The axial dispersion coefficient shows a tendency to increase with decreasing 

temperature, implying that surface flow of species adsorbed on the outer surfaces of 

the crystallites may play a role in dispersion at the lower temperatures [25].

The temperature dependence of the diffusion coefficients is expressed 

graphically in Figure 4.12. This shows clearly the expected increase in Dt as 

temperature increases, with the biggest increase between the temperatures of 373 K 

and 423 K.
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Figure 4.12. Temperature dependence of the diffusion coefficients obtained from the 
dispersed model

If the diffusion is an activated process, it follows that its temperature 
dependence should be described by an Arrhenius-type relationship, involving an 
activation energy. Figure 4.13 shows the same data plotted in an Arrhenius fashion, 
i.e. the natural log of the diffusion coefficient against the inverse of the temperature. 
In the accepted fashion for Arrhenius plots, the gradient of the plot at each partial 
pressure enables calculation of the activation energy of the diffusion process, the

— E / gradient being equal to y^ , where Ea represents the activation energy and R is

the gas constant. The resulting activation energies for each partial pressure calculated 
from Figure 4.13 are given in Table 4.8. The clustering of the points for all three 
partial pressures at the two highest temperatures gives an indication of the 
independence of the diffusion coefficient from propane loading. This will also be 
seen when the partial pressure dependence is examined.
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Figure 4.13. Arrhenius plot involving the diffusion coefficients obtained using the 

dispersed model.

Table 4.8. Diffusion activation energies for propane in silicalite calculated from an 

Arrhenius plot.

Propane Partial Pressure / Torr

8.0

15.5

30.3

Activation Energy / kJmol'1

38.6 ±6.5

43.8 ±3.5

25.8 ± 3.5

-1Giving a mean value of the activation energy of 36.1 kJmol" .

It is important to keep in mind that the diffusion that is being seen by the 

frequency response experiments may simply be Knudsen diffusion in the 

macropores. Knudsen diffusion occurs when the mean free path of the molecule is
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greater than or equal to the pore diameter [1]. Knudsen diffusivity can be estimated 

by [1,32]:

DK - 9700r (4.31)

where DK is the Knudsen diffusivity, r is the pore radius, T is the temperature and M 

is the molecular weight. Equation (4.31) suggests that, as D and T are the only 

variables, a plot of the diffusion coefficient against the square root of the temperature 

should give a straight line through the origin. This situation is clearly not the case, as 

this plot, Figure 4.14, is not of this nature. This result implies that the observed 

diffusion is not within the Knudsen regime, and that the processes being detected by 

the frequency response experiments are most probably diffusion in the micropores of 

the zeolite, rather than the macropores.
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Figure 4.14. Plot ofDt versus T1/2 to estimate the contribution of Knudsen diffusivity.
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The temperature dependence of the K value obtained from the model is 

shown in Figure 4.15. It can be seen that at high temperatures the propane - silicalite 

system is in the Henry region, where the isotherm is assumed to be linear. Hence at 

high temperature the K value (or the gradient of the isotherm) does not change with 

propane partial pressure. At lower temperatures, the K value changes with propane 

partial pressure, implying changing gradient of the isotherm over the range of partial 

pressures investigated. These K values can be compared to those derived from the 

gradient of the directly recorded isotherms for adsorption of propane on silicalite.

800-
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Figure 4.15. Temperature dependence of the K value obtained from the dispersed 

model.
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4.3.2.2 - Behaviour of K as a Function of Temperature

The K value obtained from fitting the model to the characteristic functions is 

proportional to the gradient of the isotherm [24]. Hence further confirmation of the 
applicability of the model to the experimental data can be gained by differentiating 
the adsorption isotherms recorded by conventional means and plotting the gradient of 
the isotherm at the partial pressure of interest against the value obtained from the 
model.

Isotherms for the adsorption of propane on silicalite-1 were measured using 
Micromeritics ASAP 2010C. These are given in Figure 4.16 for the temperatures of 
interest here. It should be noted that the temperatures at which the isotherms were 
recorded do not match exactly those at which frequency response experiments were 
carried out. This is due to difficulties in stabilising at an exact temperature during 
collection of the isotherm. All the isotherms were recorded within 5 K of the nominal 
temperature for the frequency response measurements.
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Figure 4.16. Isotherms for the adsorption of propane on silicalite. A: complete 

recorded isotherm, B: pressure range of relevance to the frequency response 

experiments.

These isotherms follow the expected trend, becoming gradually more shallow as the 
temperature is increased.

If the fitting of the experimental data to the real and imaginary components of 
the frequency response successfully predicts the value of K under a range of 
circumstances, then K would be expected to correlate with measured values of the 
gradient of the adsorption isotherm with a single constant of proportionality. Figure 
4.17 shows the plot of values of K from the modelling of the frequency response data
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versus appropriate values of the slope of the isotherm extracted from the data in 

Figure 4.16 A and B above.
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Figure 4.17. Relationship between the K value obtained from the model and the 

gradient of the isotherm.

Figure 4.17 clearly shows that the straight line plots are obtained at each 

individual temperature, but not overall. The fact that four different straight lines are 

seen, however, suggests that the model is self-consistent within each temperature, but 

perhaps suggests that some function of temperature is required to produce a single 

directly proportional relationship.

The gradient of the isotherm relates to a change in the number of moles of 

propane adsorbed with changing pressure, which relates in turn to a change in partial 

pressure as recorded by the mass spectrometer. The expectation of a single constant 

to relate K to the gradient of the isotherm under experiments recorded at different 

temperatures assumes that all other experimental variables, such as flow sample
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mass, volume etc., are either constant factors contributing to the proportionality 

constant or are accurately quantified within the model. One variable likely to vary 
with temperature however is the efficiency of the capillary mass spectrometer 

sampling system. Since the narrow capillary is inserted into the furnace mouth close 
to the catalyst bed, it samples gas at a temperature close to the nominal experimental 

temperature and the conductance of the capillary will be a function of temperature. 
As the gas is at atmospheric pressure it is likely that laminar flow is the dominant 
flow regime in the capillary [33].

For conductance in laminar flow:

d4 P1+P2X~ (4 *32)

where c is the conductance, r\ is the dynamic viscosity of the gas flowing through a 

tube of diameter d and length 1. The pressures at either end of the tube are given by. 

pi and p2. The dynamic viscosity is described as:

(4.33)

where n is the number density of particles, c is the average velocity, I is the mean 
free path and m is the mass. In turn:

kT

where T is the temperature, k the Boltzmann constant and p is the pressure. Also:
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where R is the gas constant and M the molar mass. In equations (4.34) and (4.35) all 

terms can be considered constant except for temperature, and hence r\ is proportional 

to T3/2 when these equations are combined. Equation (4.32) shows that conductance 

is inversely proportional to i\, and is therefore inversely proportional to T3/2 . Hence 

to correct the conductance of the capillary for the temperature changes:

conductance at 298 K oc ——r-^r-, and
298

conductance at T oc . , giving
T-O/.Z

conductance298K
oc

3/2

conductance^ V298/

Therefore each K value obtained from the model should be multiplied by
298/

to correct for conductance changes due to temperature differences. The nature of this 

conversion means that, while absolute values of K from the model and the gradient 

of the isotherms will not agree, they should be closer to a single straight line, and 

there will exist some single conversion factor that is a combination of the constants 

from equations (4.32) to (4.35) and other experimental parameters relating to 

instrument sensitivity. Figure 4.18 shows the corrected values of K from the model 

against the gradient of the isotherm.
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Figure 4.18. Relationship between the corrected K value and the gradient of the 
isotherm.

This plot contains all values for K obtained from model fitting thus far. The 
correlation coefficient that measures the quality of the fit has a value of 0.95 for 
Figure 4.18. A value of unity indicates a perfect fit [34, 36]. Figure 4.18 can 
therefore be considered a very good approximation to a straight line.

4.3.2.3 - Propane Partial Pressure Dependence of the Frequency Response

It is also interesting to organise the data in such a way that the dependence on the 
propane partial pressure can be assessed. As previously with the temperature 
dependence, the raw data in terms of phase lags and amplitude ratios are shown first, 
in Figure 4.19. Note again that the lines on Figure 4.19 are not fits to the model and 
are included only to indicate the behaviour with frequency.
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The general shapes of the phase lag and amplitude ratio plots have been 
explained previously for Figure 4.4. The plots can be seen to become more like the 
blank as partial pressure is increased, a fact which is explained by thinking in terms 
of the saturation adsorption level. As the propane concentration in the flow is 
increased, we get closer to surface saturation and therefore reduce the amount of 
adsorption - desorption occurring. The amplitude ratio is therefore affected as there 
is less damping of the propane wave, reducing the amplitude ratio and making it 
more like the blank amplitude ratio of unity. Similarly, if less adsorption is taking 
place as we near saturation levels, the propane wave is not held back as much 
relative to the argon reference wave and the phase lag is consequently reduced.

100- 8 Torn 
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58.4 Torr 
blank

Frequency/Hz
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c
CO

TD 
CO 2-

O) 
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.C
QL

0

0.1

Frequency/Hz

Figure 4.19. Propane partial pressure dependence of the phase lags and amplitude 
ratios of propane in silicalite at 323K.
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The results for the partial pressure dependence of the propane - silicalite 
system in terms of the characteristic functions is shown in Figures 4.20 to 4.23, with 
corresponding parameters determined from the model fitting displayed in Tables 4.9 
to 4.12.
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Figure 4.20. Propane partial pressure dependence of the characteristic functions for 
propane on silicalite at 323K. Model parameters shown in Table 4.9.
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Figure 4.21. Propane partial pressure dependence of the characteristic functions for 
propane on silicalite at 348K. Model parameters shown in Table 4.10.
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Figure 4.22. Propane partial pressure dependence of the characteristic functions for 

propane on silicalite at 373K. Model parameters shown in Table 4.11.
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Figure 4.23. Propane partial pressure dependence of the characteristic functions for 
propane on silicalite at 42 3K. Model parameters shown in Table 4.12.
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Table 4.9. Dispersed model parameters for partial pressure dependence of propane 

on silicalite at 323K.

Propane partial pressure 

/Torr

8.0

30.3

58.4

Dt / m2s '

6.35xlO'13

1.56xlO'12

1.82xlO' 12

Dz / m2s '

2.85X10-4

3.36xlO'4
2.6X10"6

K

758.93

291.14

127.80

c

0.23

0.73

0.90

F

53.60

7.12

19.94

Table 4.10. Dispersed model parameters for partial pressure dependence of propane 

on silicalite at 348K.

Propane partial pressure 
/Torr

8.0

15.5

30.3

Dt / m Y1

8.07xlO' 13

1.16xlO'12

2.50xlO'12

Dz / m V

2.58X1Q-4

2.54X10"4

3.13X10"4

K

397.93

289.64

197.20

e

0.91

0.90

0.77

F

12.27

43.41

11.21

Table 4.11. Dispersed model parameters for partial pressure dependence of propane 

on silicalite at 373K.

Propane partial pressure

/Torr

8.0

15.5

30.3

Dt / m2s !

3.57xlO' 12

3.92xlO' 12

3.88xlO' 12

Dz / m2s l

1.94X10"4

2.79X10"4

2.22X10"4

K

147.03

133.54

122.99

e

0.94

0.83

0.72

F

24.80

3.10

5.68
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Table 4.12. Dispersed model parameters for partial pressure dependence of propane 

on silicalite at 423K.

Propane partial pressure 

/Torr

8.0

15.5

30.3

Dt / m Y1

1. 54X10' 11

1.75X10' 11

1.52X10' 11

Dz / m2s !

1.21X1Q-4

1.92xlO'4

8.12xlO'5

K

39.53

39.17

38.40

e

0.90

0.79

0.86

F

1.22

2.85

12.56

Figure 4.24 shows the collated data from the above tables, displaying the propane 

partial pressure dependence of the diffusion coefficient. As a general trend, the 

diffusion coefficient obtained from the model would appear to be fairly independent 

of propane partial pressure at each temperature. The exceptions to these points are 

clearly the lowest partial pressure at 323 K and the two lowest partial pressures at 

348 K. As these points seem to upset the apparent trend set by the other points, it is 

worthwhile examining the quality of the fits to each set of data from the 

corresponding table. The suspect points are usually associated with a large F value 

indicating a low quality of fit. For example, the 8.0 Torr point at 323 K has a F value 

of 53.60, which is relatively high. When these are cross referenced with the 

characteristic function plots, the poor fits are found when the peak in the imaginary 

function is not quite covered by the experimental points, meaning that the model is 

attempting to fit a peak which is not obvious in the data. Besides these presumably 

rogue points, the impression gained from Figure 4.24 is that the diffusion coefficient 

for propane in silicalite is concentration independent. This is confirmed by looking at 

the different partial pressure plots at each temperature, where the peak in the 

imaginary response function is not significantly shifted in frequency as the propane 

partial pressure is changed.
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Figure 4.24. Propane partial pressure dependence of the diffusion coefficient.

4.4 - Performance of Frequency Response Studies on the 
Propane -Silicalite System

The values of the diffusion coefficients shown throughout this chapter are relatively 
self-consistent, allowing for temperature or partial pressure dependence. These 
values also agree well with those obtained from other indirect techniques, including 
membrane permeation [6] and ZLC [8], but are several orders of magnitude lower 
than those obtained by direct methods, specifically PFGNMR [11, 22]. The values 
presented here are uncorrected transport diffusivities. Correction is usually carried 
out via the Darken equation (4.4), but in this case correction is found to make 
negligible difference to the size of the diffusion coefficient. The spread of 
diffusivities calculated by different experimental techniques has been shown in 

Figure 4.2.
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Several possible reasons for the discrepancies seen between diffusivities 

calculated by direct and indirect techniques have been given in the literature, but the 

discussion is certainly ongoing [2, 16].

One possible explanation concerns the intrusion of extracrystalline heat or 

mass transfer resistances. This in general is related to the fact that the rate of heat 

dissipation from the sample is much slower than heat conduction through the sample. 

Varying the quantity of sample provides a simple experimental test for both external 

heat and mass transfer resistances. These effects can be ruled out in this case 

because, as seen in Table 4.4, a 3-fold increase in sample size produced no noticeable 

change in the value of the diffusion coefficient.

Another potential cause for discrepancies is the influence of non-linearity 

effects, implying that the change in adsorbed phase concentration may be large, for 

example if the step change in concentration was too large. This can also be 

discounted for the results presented here. The percentage change in propane partial 

pressure used here is small, around 5%, and Figure 4.5 showed that a substantial 

increase in the amplitude of modulation made no significant difference to the phase 

lags and amplitude attenuations observed.

Unidirectional surface resistances should also be considered. These include 

phase boundary resistance arising from heat of sorption, or a configuration barrier 

arising from the need for correct orientation of the diffusing molecule. This should 

not be applicable here, as propane should have sufficient room to freely rotate in the 

channels of silicalite-1. These arguments are generally used to explain differences 

between intra- and extracrystalline diffusivities [2].

Concentrating on NMR, two proposed explanations for the discrepancy 

between calculated diffusion coefficients can be rapidly discounted [2]. It was 

thought that the presence of the magnetic field may affect molecular mobility. 

Diffusivities calculated for hexane in NaX zeolite under differing magnetic field 

strengths have been shown to agree, disproving this theory. It was considered that
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fast proton exchange may provide an explanation for differing diffusivities. In a 

PFGNMR experiment, it is the movement of protons, rather than molecules 
themselves that is actually monitored. A small degree of proton exchange could 

therefore lead to erroneously high apparent diffusivity values. However, there is no 
evidence for proton exchange under the mild experimental conditions of the diffusion 
measurements, and the agreement of !H and 19F results provides direct experimental 
confirmation that such effects cannot be awarded any significance [2].

Microscopic techniques such as QENS or PFGNMR measure molecular 
mobility on a local scale over distances not much greater than the unit cell size [11, 
12]. Macroscopic techniques measure the migration rate through an entire crystal. If 
longer range diffusion were controlled by periodic intracrystalline barriers, with 
rapid migration over distances of several unit cells in between barriers, a large 
difference between macro and microscopic diffusivity values would be expected. 
However, by altering the time interval in an NMR experiment, the mean square 
diffusion distance over which the measurement is made may be altered. In such 
experiments, no reduction in diffusivity is found until the root mean square 
displacement approaches the actual size of the crystals [2]. This suggests that 
microscopic techniques measure an average diffusivity over the entire intracrystalline 
space.

Having accounted for the above possibilities, one can examine perhaps the 
most obvious difference between macro and microscopic techniques - the timescale 
of the measurement. The timescale of an NMR experiment is of the order of a few 
milliseconds, whereas most macroscopic methods involve measurements of the order 
of seconds or minutes. An indication of the importance of this point is given by 
determination of diffusivities, in agreement with those from NMR, obtained by 
macroscopic measurements carried out on very short timescales [20, 23]. The 
explanation behind this observation involves the assumption that the diffusing 
molecule may be present in both mobile and immobile states, where the 
immobilisation process is slow. Measurements on a short timescale would therefore 
see only the mobile species. However, on a sufficiently long timescale, equilibrium
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will be established between the mobile and immobile molecules, so that the normal 
diffusion of the mobile species is again observed, but with a diffusivity reduced in 
proportion to the ratio of mobile and immobile molecules.

An example of agreement between direct and indirect methods is given by the 
pressure frequency response work of Song and Rees [20], who agree with 
diffusivities calculated by PFGNMR [23] to within experimental error. A possible 
source of the small discrepancy comes from the fact that only part of the peak in the 
response curve is observable within the available frequency range, due to the speed 
of the diffusion process. This is a limitation of the apparatus i.e. an inability to 
provide a wide enough frequency window to modulate both faster and slower than 
the diffusion process. The discrepancies found between diffusion coefficients 
measured by microscopic and macroscopic methods for light linear alkane/silicalite 
systems have previously been attributed to limitations of the latter in monitoring fast 
diffusion processes [8].

The activation energy obtained from the temperature dependence studies, 
36.1 kJ mol" 1 , is much larger than the majority of activation energies quoted in the 
literature. The activation energies (as well as diffusion coefficients) obtained from 
several other methods have been summarised by Talu et. al. [16]. As with diffusion 
coefficients, these results differ greatly from those from direct methods, NMR giving 
1.0 kJ mol"1 and QENS giving 5.1 kJ mol" 1 are two examples. This is unsurprising as 
the activation energy is calculated from the diffusion coefficients which can vary by 
a few orders of magnitude. Some values in the literature come closer to those 
obtained here. 12.97 kJ mol" 1 has been obtained using ZLC [15] and 20.4 kJ mol" 1 by 
frequency response [14]. Chiang et. al. have a value for the activation energy even 
higher than these results, calculating the activation energy to be 45 kJ mol"1 [7]. They 
seem unsure as to the reason for the high result. It is acknowledged that surface 
diffusion can have the effect of increasing apparent activation energy [35], but when 
a surface diffusion term is added to the model used for gas chromatography, it will 
be indistinguishable from the crystal diffusion as the resistances are additive. The 
idea that surface diffusion accounts for the high apparent activation energy may be

118



Chapter 4: Propane in Silicalite-1

applicable to the results reported here, as it has already been postulated that surface 
flow is occurring on the surface of the crystallites, an observation highlighted by the 
increased axial dispersion coefficient at lower temperatures. The fact that this effect 
seems to have greater influence at lower temperature may also explain the larger 
degree of scatter in the low temperature points on the Arrhenius plot, Figure 4.13.

4.5 - Conclusions

The apparatus constructed to study gas phase kinetics in porous sorbents under flow 
conditions can be deemed fairly successful and can be used in conjunction with 
frequency response analysis to extract kinetic parameters from a propane silicalite 
system.

The propane in silicalite system is described by micropore diffusion. Some 
axial dispersion has been detected on top of the micropore diffusion, although this 
was seen not to interfere with values obtained for the micropore diffusion coefficient 
or the Henry's Law constant. It may, however, be responsible for scatter on the low 
temperature points in the Arrhenius plot for the system, giving a high apparent 
energy of activation. The axial dispersion appears to be higher at low temperatures 
and is possibly due to surface flow on the outer surface of the crystallites.

Diffusion coefficients obtained by frequency response under flow conditions 
are within the range given in the literature for other indirect measurement techniques, 
but significantly lower than those from direct techniques. They have, however, been 
shown to be microporous diffusivities and free from any influence of macropore 
diffusion, which is known to lower calculated diffusion coefficients and so can be 
stated with some degree of confidence.

The data have been successfully transformed from phase lag and amplitude 
ratio plots into characteristic particle functions, giving the advantage that qualitative
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interpretation of the results is simplified through comparison with the literature. 

Fitting of the results also becomes easier when the data are represented in this form. 
The good fits to the data achieved by the model tells us that the model describes the 

diffusion processes well, even accounting for axial dispersion.
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Chapter 5 - The Catalytic Oxidation of CO

over Rh/Al2O3

The aim of this chapter is to study the oxidation of CO over Rh/A^Os using the 

ability of the constructed reactor to carry out transient experiments. Although this 

system has been the subject of a large number of previous studies, there is still room 

for further elucidation of the reaction mechanism. The fact that this reaction is one of 

the most important in the clean-up of automobile exhaust gases gives this chapter 

obvious industrial relevance, and the transient nature of the conditions under which 

exhaust catalysts function means that a transient study is perhaps more suited to this 

system than other, steady state, investigations.

5.1 -Introduction

5.1.1 - Transient Techniques

In-situ infrared spectroscopy of the species adsorbed on a catalyst surface is a 

valuable tool in understanding catalytic processes [1, 2]. However, a major problem 

in the use of infrared spectroscopy to probe the structure of intermediates adsorbed 

on surfaces under reaction conditions has been the ability to distinguish adsorbed 

spectator molecules from true reaction intermediates of catalytic significance. There 

are many examples in the literature in which strongly adsorbed molecules have been
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identified using infrared spectroscopy, only to discover that these species are formed 

on active sites and later migrate to the support. These examples include the formation 

of isocyanate during the CO-NO reaction on supported metals [3] and the formation 

of methoxy and surface acetate species in the oxidation of ethanol [4].

In the absence of adsorption on the support, a second problem that can 
present itself is deciding which of several chemisorbed species is the most reactive 

for a given catalytic reaction. One of the most powerful techniques that are used to 

obtain the reactivity of adsorbed intermediates is the use of the transient response 
method. In this method, the surface is saturated with one of the reactants. The 

reactivity of the species on the surface is then studied by either pulsing or flowing the 
second reactant over the catalyst while simultaneously monitoring the reaction 
products by using infrared spectroscopy or some other appropriate spectroscopic 
technique [5].

In general the term 'transient' refers to changing one or more of the system 
parameters. Transient methods have applications in reactor modelling, optimisation 
and control. In transient kinetic studies a dynamic change is introduced into a reactor 
system, and its response in some reaction quantity is observed, and frequency 
response is just one example of a transient technique. Transient methods are utilised 
in many different kinds of kinetic studies, and these studies can be roughly 
categorised into two main groups. In the first group the thermodynamic state of the 
system is changed. A dynamic change is introduced in flow rate, pressure, 
temperature or inlet concentration, and the most common methods of this type are 

concentration step or pulse response methods and temperature programmed 
desorption (TPD). The second group where the system remains in the state 

determined by thermodynamics includes various isotopic labelling techniques. 
Transient responses can be analysed to obtain more kinetic information than is 

possible using traditional steady-state experiments. The employment of a dynamic 
approach to identify genuine reaction intermediates was initially proposed by 

Tamaru [6]. Kobayashi and Kobayashi have reviewed the benefits of dynamic
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response methods in the elucidation of reaction mechanisms [7]. The range of 

transient methods available has been discussed previously in Chapter 1.

5.1.2-Oxidation of CO

The oxidation of CO over Rh/A^Os has been selected as the system of choice for 

application of the flow system to catalytic reactions for a number of reasons. The 

main advantage comes from a purely technical point of view, in that this reaction is 

particularly suited for study by infrared spectroscopy because CO adsorbs on 

supported Rh in several well-characterised states, which will be detailed below. The 

fact that these states are so well characterised hints at another benefit of studying this 

reaction. Rhodium is one of the important noble metal ingredients in the so-called 

three-way catalyst (TWC) and plays an essential part in the clean up of exhaust 

gases. One of the prominent reactions in this process is the oxidation of CO, meaning 

that further study of this catalytic system has obvious industrial relevance.

Although a considerable amount of work has been carried out on this system, 

as evidenced by the wealth of literature available, some workers have commented as 

recently as 1992 that understanding of the role of Rh in TWC is almost non-existent 

[8]. Although this is probably an unnecessarily pessimistic opinion, the point is made 

that there is still room for further work to be done. The often conflicting results 

sometimes seen in the literature would seem to lend weight to this belief. A summary 

of the work thus far follows.

Considering first the surface species. The pioneering study of CO adsorption 

onto A12O3 supported Rh was made by Yang and Garland in 1957 [9], who detail 

their reasons for choosing Rh. These include the fact that it is a transition metal with 

an unfilled d band, and is therefore a good chemisorber and catalyst. It has a different 

electronic structure than Pt or Pd, other ingredients of TWCs, and its salts are easily 

reducible to the metal.

124



Chapter 5 - CO Oxidation over Rh/Al 2 O3

When CO was sorbed onto the supported catalyst, three main species were 

identified. These are shown in Figure 5.1.

c c c c/ \ \/
Rh Rh Rh Rh 
ABC

Ox ,0
c *c c c'\ K / \ /"

Rh+ Rh Rh
D

Figure 5.1. Five types of rhodium carbonyl identified by Yang and Garland in 1957 

[9]. Species A is linear CO; B is bridging CO; C is geminal dicarbonyl; D is linear 

CO on an oxidised Rh site and E is a linear/bridged species.

Species A is a CO molecule bound to a single Rh site located on the surface 

of a metallic Rh particle. This linear (or terminally) bound Rh-CO species displays 

an infrared band between 2045 and 2075 cm" 1 depending on the coverage of CO, the 

frequency shift depending on the interaction between neighbouring CO dipoles. 

Species B is a CO molecule shared between two metallic Rh centres, known as 

bridging CO, and has a vibrational frequency range of 1825 - 1900 cm" 1 , again
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depending on the CO coverage. Yang and Garland identified these species by 

analogy to groups present in nickel tetracarbonyl and iron nonacarbonyl.

Species C is the rhodium geminal-dicarbonyl, in which two CO molecules 

are attached to a single Rh centre. Two infrared bands are observed near 2100 and 

2030 cm" , which are due to respective symmetric and antisymmetric coupling of the 

two CO oscillators. It has been noted that the bands due to the dicarbonyl species do 

not shift in frequency as the coverage is increased. This lead to the important 

conclusion that the dicarbonyl species, thought to be on Rh1 centres, were isolated 

from mutual interaction with each other on the surface [10]. These spectral 

assignments have been confirmed and expanded upon by subsequent investigators 

[11-15].

It has been proposed by D.J.C. Yates and co-workers that the gem-dicarbonyl 

species formed on the edge of two dimensional rafts of metallic Rh supported on the 

A^Os, on the basis of infrared spectroscopic measurements and electron microscopy 

[16]. The edge atoms were proposed for accommodation of two CO molecules per 

Rh site for steric reasons, with interior Rh atoms having only one CO terminally 

bound. However, due to a lack of frequency shift with increasing coverage of CO, 

J.T. Yates and co-workers argued that the Rh gem-dicarbonyl species exist as 

atomically dispersed moieties on the surface of the support [10, 13, 14]. In this 

dispersed state, neither vibrational coupling (through space dipole-dipole coupling or 

through metal vibrational coupling) nor chemical effects (reduced electron back- 

donation from the extended metal per adsorbed molecule, due to an increased 

coverage of CO acceptor ligands) were found, and therefore no coverage dependent 

frequency shifts were observed. Furthermore, they agreed with Yang and Garland [9] 

that the Rh centre of the gem-dicarbonyl had a +1 oxidation state. The infrared bands 

of the A12O3 supported Rh gem-dicarbonyl agreed remarkably well with the bands 

from the model complex [RhICl(CO)2] 2 , found at 2095 and 2043 cm' 1 .

Van't Blik [17] suggested that dissociation of CO and subsequent oxidation 

of Rh° by adsorbed oxygen are responsible for the formation of Rh . Solymosi and
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Knozinger [18] disagree, because dissociation of CO proceeds at temperatures higher 

than 440 K, whereas the oxidative disruption of Rh crystallites occurs at room and 

lower temperatures. They assumed that the reduction of hydroxyl groups from the 

support is responsible for the oxidation of the Rh atoms, a conclusion reached by 

other studies [19].

It was also found that the relative intensities of each of the three Rh carbonyl 

species were dependent on Rh loading [14, 15]. Samples with high Rh loadings (5- 

10%) displayed infrared bands with strong intensities due to linear and bridging 

carbonyls on metallic sites, and weaker gem-dicarbonyl bands. Conversely, at low 
loadings (<1%), dicarbonyl was the dominating species, although linear and bridged 

were still present. This was interpreted as more facile disruption of the metallic 
crystallites to form isolated, atomically dispersed gem-dicarbonyl species at low Rh 

loadings where the average metal particle size was smaller than that at high Rh 
loadings.

The actual mechanism of the CO oxidation reaction has also produced some 

conflicting results. The two main mechanisms considered are the Langmuir- 
Hinshelwood and the Eley-Rideal [20]. hi Langmuir-Hinshelwood kinetics, the 

reaction only proceeds when the reactants are adsorbed on the surface of the catalyst. 
The alternative Eley-Rideal mechanism allows reaction between adsorbed species 

and molecules in the gas phase. Competitive adsorption plays no role in the Eley- 
Rideal mechanism, but it is a key feature in Langmuir-Hinshelwood kinetics. A 

schematic of these two mechanisms is shown in Figure 5.2.
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CO

Catalyst Surface

-> CO W- O

Catalyst Surface

Figure 5.2. Schematic representation of the Eley-Rideal (upper scheme) and the 

Langmuir-Hinshelwood (lower scheme) reaction mechanisms for CO oxidation [21].

Cant et.al. propose steps for CO2 production [22]:

0(a) + CO (g) C02 (g) (5.1)

2CO (a) + 02 -> 2C02 (g) (5.2)

Equation (5.1) represents an Eley-Rideal reaction between adsorbed oxygen 

atoms and gas phase CO and is thought to be the dominant reaction at temperatures 

around 500 K on supported noble metals. Equation (5.2) is a reaction involving 

molecular oxygen physically adsorbed on top of a layer of adsorbed carbon
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monoxide. This is thought to be the dominant reaction below 430 K, when the 

surface is almost entirely covered with CO. The authors suggest that at around 500 K 

and above a Langmuir-Hinshelwood mechanism also takes place, but its contribution 

to the rate is thought to be much less than that of the dominant process.

Oh et. al. however, in a more recent comparative study of CO oxidation over 

single crystal and supported rhodium catalysts [23], claim it to be more generally 

established that the catalytic oxidation of CO on noble metals occurs primarily 

through a Langmuir-Hinshelwood reaction, rather than an Eley-Rideal mechanism, 

between largely immobile adsorbed oxygen atoms and adsorbed CO molecules 

which are mobile on the catalyst surface.

The interaction of oxygen with Rh is complex; molecular adsorption, 

dissociative chemisorption and oxide formation are all possible on a given surface 

depending on the temperature and pressure regimes under consideration. Molecular 

adsorption has been suggested as a mobile precursor to dissociative chemisorption of 

oxygen [23]. In the temperature range where CO oxidation has an appreciable rate 

however, no molecularly adsorbed oxygen has been observed. Oxidation of 

supported Rh has been shown to occur readily, and this can alter the adsorptive and 

catalytic properties of Rh [24]. The presence of oxide species can therefore 

complicate the interpretation of the kinetics of CO oxidation over Rh catalysts. This 

can be avoided by not using a large excess of oxygen over CO, to ensure that 

chemisorbed atomic oxygen, rather than Rh oxides, is the dominant surface oxygen 

species and is primarily responsible for the catalytic oxidation of CO.

Oh et. al. prefer to represent the mechanism of CO oxidation on Rh using 

Langmuir-Hinshelwood kinetics as per the reaction sequence:

CO (g) CO (a) (5.3)
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02(g) -»20 (a) (5.4)

CO (a) + O (a) -» C02 (g) (5.5)

In constructing the model for CO oxidation, the authors neglect the O2 

desorption step, meaning that oxygen can only be removed through Equation (5.5) 

above, but argue that this simplification is reasonable in view of the negligibly slow 

O2 desorption rate at temperatures below 600 K. It is likely that both the Langmuir- 

Hinshelwood and the Eley-Rideal mechanisms have a part to play, dependent on the 

reaction conditions [25].

Although the three main adsorption modes of CO on Rh catalysts have been 

well established by infrared spectroscopy, there is still considerable disagreement 

over the relative activity of these species towards oxygen. Kiss and Gonzalez found 

that the rate of catalytic oxidation of CO on Rh is faster when Rh° dominates the 

surface, with activity decreasing as the oxidation state of the Rh is increased [26]. 

They have detected a CO species absorbing at 2103 cm" 1 , assigned to linear CO on 

Rh with an oxidation state of I-III, but this was found to be inactive, the main active 

species said to be linear CO on Rh° and bridged CO, both of which react with oxygen 

at a faster rate than the dicarbonyl species.

Conversely, another study later found the linear CO species to be the most 

stable toward oxidation, although the authors themselves seem unsure of this and 

speculate that the species they are detecting is actually linear CO on Rh+, which they 

expect to be inactive [27].

Further to this, it has been suggested that the gem-dicarbonyl species is 

actually the most active, although this study is fairly unique in this finding [28]. This 

is contradicted by later work [29], which finds that both linear and bridged species 

react, as well as making the important point that the absence [27] or reduced intensity 

[28] of bands due to geminal-dicarbonyl species at elevated temperatures cannot be
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taken as indicative of the reactivity of the species towards oxygen. The alternative 

explanation that agglomeration of the highly dispersed dicarbonyl sites and 

formation of linear bonding Rh clusters could occur, which would give the 

impression that the dicarbonyls underwent a more facile reaction with oxygen than 

the linear species. In agreement with a previous investigation [5], this work 

concludes that the dicarbonyl species are not active for CO oxidation [29].

It becomes obvious therefore, that there is still scope for work on the catalytic 

oxidation of CO over Rh, as identification of the active species is still proving 

elusive.

5.1.3 - Application of Transient Techniques to the CO Oxidation 

Reaction

From a basic level, the CO oxidation reaction seems to be fairly simple: O2 adsorbs 

and dissociates, CO adsorbs, adsorbed CO reacts with adsorbed O atoms and the COi 
formed desorbs immediately. The apparent simplicity of this basic mechanism is 

misleading though, since the reaction often exhibits complex behaviour: for example, 
self-sustained oscillations in reaction rate under constant feed conditions and 

complex behaviour under forced dynamic operation [30]. This list of elementary 
steps does not specify the detailed ways in which these features can occur. As 

mentioned above, CO adsorbs in a variety of configurations, each of which has 
different properties. Adsorption sticking coefficients, heats of adsorption and other 

parameters can change with surface coverage. Adsorbed CO molecules and O atoms 
may be segregated in surface patches or islands rather than being randomly 

distributed over the surface. Racine et. al. discuss these and other problems, for 
example additional surface steps and variation of surface structure, including surface 

reconstruction [30].
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So the need to use transient methods to provide more information on the 

reaction mechanism is evident. If these are used in conjunction with in-situ infrared, 

all the better, as information is then also gained on surface species.

A good example of the use of transient methods to study CO oxidation is 

given in a recent study by Kritzenberger and Wokaun [21], where time resolved 
infrared spectroscopy was used to study catalytic oxidation under periodic variation 

of the reactant concentration. Sinusoidal variation in either CO or O2 concentration 
was used to induce dynamic variations of infrared signals of CO2 and unconverted 

CO. They found that the phase shift between CO and CO2, induced by an external 
perturbation, was a unique value characterising the oxidation of CO performed at a 
defined set of experimental conditions (temperature, partial pressure and modulation 
frequency). They also interpreted their results in terms of the Eley-Rideal and 
Langmuir-Hinshelwood mechanisms.

If the Eley-Rideal mechanism were valid, an increasing Oi partial pressure 
would have resulted in an increasing or at least a constant CO2 production even at 
high CO partial pressures. However, their observed phase shift of 1 80°, independent 
of modulation frequency above a given partial pressure is in contradiction to this 
mechanism. Taking into account that the modulation amplitude of CO2 production 
increased with CO partial pressure, it was concluded that there was a competition 
between CO and O2 for adsorption sites. At high CO partial pressures adsorbed CO 
covered the surface, and the number of available adsorption sites limited the 
oxidation rate for 02. Lowering the CO concentration increased the number of 
accessible 02 adsorption sites and led to an increase in CO2 production. It is inferred 
from this explanation that for the system under study, a palladium zirconia catalyst, 

CO oxidation was dominated by the Langmuir-Hinshelwood mechanism.

It was found in the same study that, although the observed phase lag never 

reached zero when the CO inlet concentration was modulated, the phase lag was 
found to be zero for all experimental conditions when the O2 partial pressure was 

modulated. This suggested that CO2 production follows immediately (within
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experimental limits) any change in the 62 concentration. This in turn implies that the 
process of adsorption of CO, followed by surface movement of CO to the actual 
reaction site, determines the rate of CO oxidation. These conclusions about the 
mechanism of CO oxidation could not have been made without employing a transient 
study. There are several other studies which used forced concentration oscillations to 
investigate CO oxidation [31 - 34].

Other recent examples of transient studies include step response 
investigations, concluding that oxidation proceeds through a bimolecular surface 
reaction step between adsorbed CO and dissociated oxygen [35]; identification of 
linear CO as the active species over Rh/SiO2 using transient infrared methods [5]; 
and use of the CO oxidation system to compare two transient methods, step-response 
and temporal-analysis of products (TAP) [36].
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5.2 - Oxidation of CO over Rh/Al2O3

5.2.1 - Introduction

In this chapter the intention was to exploit the ability of the reactor to carry out 
transient infrared experiments to study a reaction for the first time, as opposed to 
diffusion (Chapter 4) considered independently.

A range of conventional adsorption experiments was also available to 
characterise the sorption behaviour of the supplied Rh/Al2O3 catalyst and compare 
this to the existing literature. These experiments allowed identification of the species 
sorbed on the catalyst surface and included uptake measurements, temperature 
programming under reaction mixtures and desorption studies. An important result of 
these conventional studies would be a determination of the light-off temperature of 
the CO oxidation reaction over Rh/AbOs. A sample of 2% Rh/Al2O3 was provided 
by Johnson-Matthey.

Further to these experiments, it was possible to carry out transient studies on 
this catalytic system, with the aim of identification of an active surface species by 
following the modulation of surface species population.

A variety of experimental conditions were chosen to give a study of the 
catalytic behaviour under different working environments. These are tabulated in 
Table 5.1. The total flow was 62 seem, with a constant Oi partial pressure of 18 Torr.

Table 5.1 . Experimental conditions for the study of CO oxidation over

Catalyst pretreatment

As received

Pre-reduced

CO: O2 feedstream ratio

1:1
-

2:1

2:1

4:1
-
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The term 'as received1 implies the catalyst was used in the state in which it 

was supplied by Johnson-Matthey. The pre-reduction procedure for the Rh/A^Os 

catalyst involved heating the catalyst in a stream of H2 and leaving at 573K for one 

hour, before switching to a He flow and degassing for a further hour at the same 

temperature. The fact that the oxidation state of the Rh can be changed reversibly is 

important because in the industrial application of automotive catalysis, there is 
constant fluctuation between net oxidising and net reducing conditions [24].

The specific apparatus used for the study of CO oxidation over Rh/A^Os is 

given in Figure 5.3, and varies from that shown in Chapter 2 in that an oxygen line 
with a mass flow controller has been added upstream of the control valve and the 

reactor is now the DRIFTS cell, mounted within the FTS6000 infrared spectrometer.
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Figure 5.3. Schematic diagram of the apparatus used for the study of CO oxidation 

over Rh/Al2O3.
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5.2.2 - Sorption of CO

Uptake infrared studies were made to enable comparison of species adsorbing on to 

the surface of the pre-reduced and the as received catalysts. These investigations 

were made initially using CO only. Figure 5.4 shows the infrared spectra obtained 

during the uptake of a 5% CO in He flow, with a total pressure of 1 atmosphere, at 

room temperature onto an as received Kh/A^O^ catalyst. This corresponds to a CO 

partial pressure of 36 Torr. The spectra shown in Figure 5.4 have been ratioed 

against a background spectrum in which the sample was under a He only flow. The 

background spectrum was taken immediately prior to commencing the CO flow. 

Figure 5.5 gives the corresponding spectra for CO uptake onto a pre-reduced 

catalyst.

0.008 - 0 minutes 
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Figure 5.4. Ratioed spectra showing the uptake of CO at room temperature on an as

catalyst.
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Figure 5.5. Ratioed spectra showing the uptake of CO at room temperature on apre 
r educed Rh/Al2O 3 catalyst.

The as received catalyst shows a fairly simple uptake of CO. The first peak to 
grow in is prominent after about 1 minute and is found at about 2100 cm"1 . This is at 
first the sole peak in the carbonyl region until another peak starts to grow in at 2013 
cm"1 , and can be detected after about 1 minute under the CO flow.

The observed peak frequencies, of 2100 and 2013 cm"1 , are in very close 
agreement with those quoted in the literature for the symmetric and antisymmetric 
vibrations for a geminal dicarbonyl species identified initially by Yang and Garland 
by comparison to Rh^CO^Cb, a compound in which dicarbonyls were known to be 
present [9]. However, the fact that one of these peaks grows in before the other 
suggests that they are not due to a single species, as if this were the case the peaks 
would be expected to grow in simultaneously. It is known that linear CO adsorbed on 
Rh+ gives rise to a peak in the infrared around 2100 cm' 1 , so it is likely that this 
accounts for the peak which grows in primarily alone at this frequency in Figure 5.4. 
Indeed, this peak is likely to be hiding the symmetric stretch from the dicarbonyl, so

138



Chapter 5 - CO Oxidation over Rh/Al 2 O3

that once the dicarbonyl peaks start to increase in the spectrum, the peak at 2100 cm" 1 

is due to both the linear CO on Rh+ and the high frequency dicarbonyl peak, 

probably located just below 2100 cm" 1 . The expected relative intensity of the 

symmetric and antisymmetric vibrations for a geminal dicarbonyl species is an 

approximately 1:1 ratio [9].

The feature observed around 2345 cm" 1 is due to COi. This feature grows in 

quickly and at 1.0 minutes reaches a maximum. Even though this experiment was 
carried out at room temperature, it is possible that this shows an initial burst of COi 
production due to some adsorbed oxygen on the most readily reduced sites. This 
production does not continue after the first few minutes, implying limited reactivity 

at room temperature. There is no evidence for substantial reduction of the catalyst by 
CO, as no band due to CO on metal sites is seen to develop. There is sizeable water 
miscancellation in these spectra, below about 1800 cm" 1 .

The CO uptake for the pre-reduced sample shown in Figure 5.5 is 
significantly different from the as received sample. The most obvious difference is 
how much more adsorption there is once the sample has been reduced. There is also 
a wider variety of species formed. The initial peak growth occurs at about 2046 cm" 1 
due to linear CO on metallic Rh, and a triplet of peaks below 1700 cm" 1 , found at 
1646, 1433, 1228 cm" 1 , which can be attributed to the formation of bicarbonate 
species on the alumina [37, 38]. The shoulder at about 1730 cm" 1 is probably due to a 
carbonate species on the alumina [38].

A shoulder appears on the linear CO peak at 2086 cm" 1 and this grows 
rapidly, quickly overtaking the intensity of the 2046 cm" 1 peak. A low frequency 
shoulder also appears on the linear CO peak, and this also grows faster than the 
linear peak. After 1.25 minutes the linear peak has been reduced in importance so 
much that it is only evident as a small distortion between the two other peaks. The 

predominant peaks are now 2092 and 2021 cm" 1 , due to the dicarbonyl species, with 
the high frequency peak possibly containing a contribution from some linear CO on 
Rh+ .

139



Chapter 5 - CO Oxidation over Rh/Al 2 O3

A broad band due to bridged CO on Rh, seen at about 1850 cm" 1 is absent 

initially, but grows in after 1.06 minutes. The small sharp band at 2345 cm" 1 is due to 
physisorbed CC>2.

There is evidence for a small band at 1770 cm" 1 for the first few spectra, up 

until about 1.14 minutes. This has previously been identified as CO adsorbed in a 3- 

fold bridging site [39]. This feature is then lost under its more intense neighbour at 

about 1850 cm" 1 due to CO in 2-fold bridging sites.

5.2.3 — Temperature Programming

Temperature programming, the procedure of heating up the sample under the 

flow of interest, while observing the surface using infrared spectroscopy has also 

been carried out under a CO only flow.

Spectra for heating up the Rh/AbOs catalyst in CO only flows are given, with 

Figure 5.6 showing spectra for the as received sample, and Figure 5.7 showing the 

pre-reduced sample. In Figure 5.6, the first spectrum is essentially the same as the 

final spectrum from Figure 5.4, i.e. the spectrum at saturation coverage under a CO 

flow at room temperature. Similarly, the first spectrum of Figure 5.7 is essentially the 

last from Figure 5.5.

In Figure 5.6, a major peak at 1650 cm" 1 seen early on is most probably due 

to water, adsorbed on the metal oxide or support oxide. This peak disappears with 

heating as the sample dries out. Apart from this, all that is seen is a simple increase in 

the size of the dicarbonyl peaks, at 2085 and 2010 cm" 1 . These do not show any 

change in frequency as coverage changes. There appears to be some evidence for 

bridged CO as the temperature rises, with a broad peak at about 1850 cm" 1 seen 

above 373 K.
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Figure 5.6. Infrared spectra obtained when heating up an as received sample in a 
CO only flow.

It is interesting to note that the intensities of the peaks increase - with the 
exception of that due to water - as the sample temperature is raised, suggesting that 
under the CO flow more adsorption sites are generated as the temperature is raised. 
This raises the possibility of an activated adsorption process i.e. the need to have 
sufficient energy to allow the CO to adsorb, or that the sample is being reduced 
progressively at higher temperatures giving a spectrum which is more like (but not 
identical to) that of a pre-reduced sample. The drop-off of the spectra at low 
frequency is associated with variable temperature experiments, where the curvature 
of the single beam in this region changes with temperature.

On the pre-reduced sample, Figure 5.7, bicarbonates are visible from room 
temperature. Heating has the effect of broadening and reducing the peaks due to 
bicarbonate. The intensity of the bands due to the bridged and dicarbonyl species 
increases with increasing temperature. The band due to the linear species at about 
2050 cm" 1 decreases and shifts to lower frequency as the temperature is increased, 
which is consistent with decreasing coverage of this species. Above about 477 K it is
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possible that a pair of shoulders are visible at about 2060 and 2040 cm"1 as well as 
more intensity at 1950 cm"1 . Although no clear band is resolvable this may suggest 
formation of a linear/bridged species, as described in the literature [9, 12] and shown 
in Figure 5.1. Linear CO in two slightly differing environments is another possible 
explanation for the double shoulder between the dicarbonyl peaks, with the apparent 
extra intensity seen at 1950 cm"1 being due merely to the increase in bridged CO and 
the low frequency dicarbonyl peaks at 1850 and 2018 cm" 1 respectively. Note that 
Figure 5.7 is shown as a stack plot to show clearly the shift in frequency of the band 
due to linear CO on metallic Rh.
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Figure 5.7. Infrared spectra obtained when heating up a pre-reduced sample in a CO 
only flow.
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5.2.4 - Temperature Programming in the Reaction Mixture

Temperature programming has been carried out for the as received and pre-reduced 
forms of the sample under various reaction mixtures. As well as providing infrared 
spectra of the catalyst surface as the temperature is raised, by simultaneously 
recording the CC>2 levels in the effluent gas this procedure will give an indication of 
the light-off temperature under each set of conditions.

The temperature programming results obtained for the heating up of an as 
received catalyst in a CO rich flow with a CO:C>2 ratio of 2:1 is shown in Figure 5.8. 
This corresponds to a total flow rate of 62.6 seem at 1 atmosphere with a CO partial 
pressure of 36 Torr.
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Figure 5.8. Temperature programming results for an as received sample in a flow 
with a CO: O2 ratio of 2:1. A = IR spectra, B = CO: partial pressure in effluent 
stream. Numbers in Part B correspond to numbered spectra in Part A.
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From part A of Figure 5.8 it can be seen that the surface initially has two 

peaks in the CO region, at 2096 and 2011 cm" 1 , due to dicarbonyl. The fact that the 

higher frequency dicarbonyl peak is larger than the one at lower frequency suggests 

that there is a contribution to the intensity of this peak from linear CO on Rh+, as 

seen previously in Figure 5.4. The dicarbonyl is also probably on Rh+ [15, 27]. There 

is also some hydrogen carbonate present on the alumina. As the temperature is 

raised, more CO is adsorbed and the dicarbonyl peaks become more prominent, until 

about 482 K, after which the dicarbonyls decrease slightly.

From sitting at 487 K for 20 minutes, the surface is clearly becoming more 

oxidised, as the 2100 cm" 1 shoulder on the high frequency dicarbonyl peak due to 

linear CO on Rh becomes increasingly prominent. There is no sign of peaks due to 

CO on metallic sites, either linear or bridged, implying that no agglomeration is 

occurring.

The hydrogen carbonate species on alumina, between 1700 and 1200 cm" 1 , 

slowly decompose on heating, but build up again at higher temperature due to the 

higher levels of CO2 now present in the vicinity of the sample, due to reaction taking 

place. The carbonates formed at high temperature appear more stable.

It can be seen from part B of Figure 5.8 that light-off for the CO oxidation 

reaction under these conditions is about 450 K, where the COi partial pressure in the 

effluent stream starts to increase rapidly.

The equivalent results for a pre-reduced catalyst under a flow with a CO:O2 

ratio of 2:1 are shown in Figure 5.9.
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Figure 5.9. Temperature programming results for a pre-reduced sample in a flow 

with a CO:O2 ratio of 2:1. A = IR spectra, B = CO2 partial pressure in effluent 

stream. Numbers in Part B correspond to numbered spectra in Part A.

It is immediately obvious from part B of Figure 5.9 that light-off for this reaction 

over a pre-reduced catalyst occurs at a significantly lower temperature than that for 

the as received catalyst under identical conditions. In the case of the pre-reduced 

catalyst, light-off occurs around 410 K.

As expected, when the catalyst has been pre-reduced, there is evidence of 

linear and bridged CO in part A of Figure 5.9, with peaks at 2056 and 1850 cm" 1 

respectively. These species on metallic sites quickly disappear however, leaving 

dicarbonyls and bicarbonates as the dominant species on the surface by 427 K, it 

being impossible to comment on the contribution of linear CO on Rh+ to the spectra 

in the presence of such a large dicarbonyl peak.
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As the temperature is increased to 489 K, removal of the dicarbonyl species is 
observed and the bicarbonate peaks become broader and less distinct. This can be 
compared to the case of a CO only flow over a pre-reduced catalyst, where the 
carbonate species decreased as the temperature increased, as seen in Figure 5.7. The 
difference in this case being the presence of oxygen in the flow that can react with 
adsorbed CO to produce the carbonate species. The spectrum at 489 K in Figure 5.9 
is very similar to the spectrum at 487 K in Figure 5.8. This perhaps suggests that 
some equilibrium catalyst state is being approached from two differing sides: as 
received catalyst in Figure 5.8 and pre-reduced in Figure 5.9.

The effects of different feedstreams was also assessed, with the most 
interesting results being simply those from the mass spectrometer, i.e. CO2 partial 
pressure as a function of temperature. Figure 5.10 compares light-off temperatures 
obtained for three different feedstreams: CO:O2 ratios of 1:1, 2:1 and 4:1, 
corresponding to flows consisting of 2.5, 5 and 10% CO in a total flow of about 62 
seem.
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Figure 5.10. CO2 partial pressure in the effluent flow versus temperature, 
giving a comparison of light-off temperatures for three different feedstreams over an 
as received catalyst.

From Figure 5.10, the light-off temperature seems to be the lowest 
temperature for the lowest CO partial pressure, with a light-off temperature of about 
460 K for the 1:1 feedstream. The light-off process also seems to be more gradual as 
CO partial pressure was increased, shown by the very steep increase in production of 
CO2 for the 1:1 feedstream compared to the gentle increase in CO2 production for the 
feedstream which was richest in CO, the 4:1 mix. The highest light-off temperature 
for the highest CO partial pressure can probably be attributed to CO poisoning of the 
surface. The gradual slope of the highest CO partial pressure was maintained even at 
higher temperatures, implying that there was still a degree of CO poisoning occurring 
above about 470 K. This gives the expected picture of the adsorption process on the 

reaction surface, with CO adsorption blocking O2 adsorption, rather than vice versa. 
This picture agrees with recent findings [21, 40] and also fits in with the suggestion 
that CO oxidation over noble metals occurs by a Langmuir-Hinshelwood mechanism
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under these conditions, because the 62 has to be adsorbed onto the surface of the 
catalyst before reaction can occur, rather than gas phase O2 reacting with adsorbed 
CO as is required for the Eley-Rideal mechanism.

The CO oxidation reaction under various conditions can also be expressed in 
terms of conversion of CO, estimated from the mass spectrometer. Table 5.2 details 
this.

Table 5.2. Percentage conversion of CO under different reaction conditions.

Catalyst Pretreatment

as received

as received

as received

pre-reduced

CO:O2

1:1

2:1

4:1

2:1

Maximum possible CO 

conversion, %

100

100

50

100

Normalised 

conversion, %

72

72

44

91

Table 5.2 shows that increasing the CO:O2 ratio from 1:1 to 2:1 has no 
noticeable effect on conversion, both attaining 72% conversion of CO. Between 
CO:O2 ratios of 2:1 and 4:1 however, percentage conversion drops dramatically, 
from 72% to 44%. This agrees with the picture given by the light-off curves of 
Figure 5.10, in that CO poisoning of the catalyst surface probably occurs under the 
highest CO partial pressure. It is interesting to note that pre-reduction of the catalyst 
results in an increased conversion of CO, from 72% to 91% under similar 

feedstreams.

5.2.5 - Desorption Spectra

By shutting off the flow of CO and O2, but maintaining the flow of carrier gas, it was 
possible to stop the oxidation reaction and follow the desorption of species from the
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surface. These 'shut-off spectra therefore give an indication of the labile species 

under non-reaction conditions.

The procedure for the shut-off experiments was straightforward. Once the 

catalyst had reached equilibrium at the temperature of interest on the heating ramp, a 

background spectrum was recorded. The flow of CO and Oi was then stopped by 

switching off the control valve, while maintaining the flow of He over the sample at 

elevated temperature. A time-resolved infrared scan was started as the CO/O2 flow 

was stopped to monitor desorption of surface species.

Figures 5.11 and 5.12 shown below give the spectra obtained during shut-off 

of a 2:1 CO:O2 flow over an as received catalyst at 489 K and a pre-reduced catalyst 
at 493 K. Both show similar desorption characteristics, with a decrease in CO2 

production and loss of carbonates the main features outside the carbonyl range. There 
is an immediate drop in these features, showing immediate removal due to the 

removal of gaseous reactants and reaction products in equilibrium with the catalyst 
surface. The bicarbonates then show a slower decay due to desorption. The spectra 

are directly comparable in the carbonyl range also, having some loss of the 

dicarbonyl species, but the major loss being attributable to linear CO on Rh+ . The 

level of carbonate loss from each catalyst is very similar, but loss of dicarbonyl and 
linear on oxide is greater from the as received sample. The observation that the linear 

on oxide species is lost before and more rapidly than the dicarbonyl species is an 
indication of the fact that the oxide appears to be the more labile of these two 

species. It should be noted that, from the single beam spectrum, there is still a 

significant population of the dicarbonyl species, even 30 minutes after the shut-off at 

this temperature, as shown in Figure 5.13. There is no evidence for loss of linear or 

bridged species in either Figure 5.11 or 5.12.
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Figure 5.11. Shut-off of a COVO'2 flow of ratio 2:1 over an as received catalyst at 
489K.
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Figure 5.12. Shut-off of a CO/O2 flow of ratio 2:1 over a pre-reduced catalyst at 

493K.
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Figure 5.13. Single beam spectrum of the as received catalyst surface 30 minutes 
after shut-off of the CO/02 flow, showing significant retention of the dicarbonyl 
species.

Figure 5.14 shows the shut-off spectra for a 1:1 CO:O2 flow over an as 

received catalyst at 490 K. This displays a simple desorption with straightforward 

desorption peaks for gaseous CO2, CO on Rh+ and carbonates.
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Figure 5.14. Shut-off of a CO/O2 flow of ratio 1:1 over an as received catalyst at 

490K.

The shut-off spectra obtained for the as received catalyst when using the very 
CO rich feedstream, 4:1 CO:O2 at 501 K, can be seen below, Figure 5.15. There is 
simple loss of CO2, carbonate species and linear CO on oxide due to the cessation of 
the reactant flow. This being the very CO rich experiment, some gas phase CO can 

be seen in Figure 5.15.
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Figure 5.15. Shut-off of a CO/O2 flow of ratio 4:1 over an as received catalyst at 
501K.

5.2.6 - Natural Oscillations

Under certain conditions, some reactions may form stationary states where 
the product concentration oscillates [20]. Investigations into the oscillatory nature of 

the oxidation of CO are many, mostly involving platinum [41]. Although the actual 

mechanism of self-oscillation is the subject of debate, it generally considered to be 
based around the Langmuir-Hinshelwood mechanism [42]. It has been speculated 

that the natural oscillations may be due to the effects of heat and mass transfer 

limitations and non-isothermalities, which are ever present at atmospheric pressure 

reaction conditions, and can introduce a variety of intricate steady state and dynamic 

behaviour [43]. However, in a low pressure study, under isothermal conditions in the 

absence of any heat and mass transport limitations, natural oscillations have been 

observed, suggesting that the oscillatory behaviour was due to inherent surface 

mechanistic causes [43].
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Other steps in the mechanism have also been proposed, from a study of the 

oxidation of CO over Euro-Pt. These include slow oxidation and reduction of metal 
particles, sorbate induced surface restructuring, deactivation of the surface with 

carbon followed by reactivation by oxygen and sorbate-sorbate interaction [44].

In comparison to platinum, observations of oscillatory behaviour during CO 
oxidation on Rh surfaces are few. loannides et.al. have carried out one of the few 
studies, and explain the behaviour according to the oxidation/reduction mechanism 
[40]. At the high conversion state of oscillations the low concentration of CO and the 
possible increase of temperature of the Rh crystallites favour the formation of Rh 
oxides. CO then adsorbs and accumulates on the surface during this low conversion 
state. When the CO coverage reaches a critical value, the CO2 production rate 
increases.

Natural oscillations were observed over an as received sample at 456 K in a 
1:1 CO:O2 flow, where the CO partial pressure was 12 Torr and are shown in the 
mass spectrometer results of Figure 5.16. It can be seen in this figure that the 
produced CO2 trace is a mirror image of the CO and Oi traces. The COi trace 
decreases gradually, then suddenly takes off again, implying that the mechanism 
involves some sort of surface explosion mechanism. When CO2 production is low, 
CO concentration is high, suggesting that the surface has a high coverage of CO. 
Some O2 adsorbs and reacts to produce CO2, creating more space for 02 adsorption. 
As the O2 partial pressure is high at this point, more O2 adsorbs and reacts, increasing 
CO2 production. Oscillating reactions between small molecules such as CO and 02 
on surfaces proceed through relatively simple mechanisms in which the 
concentration of surface vacancies usually plays an important role [20].
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Figure 5.16. Natural oscillations observed for the CO oxidation reaction.

It was found that raising the sample temperature by just 5 K to 461 K was 
enough to stop obvious evidence of the presence of natural oscillations, giving an 
indication as to how specific the reaction conditions must be in order for the system 
to display oscillatory behaviour. This also means that natural oscillations should not 
be a problem for the transient studies, as they are easily removed by a small increase 
in temperature.

Discussion

When the CO uptake on the pre-reduced sample is compared to that on the as 
received sample a number of differences are apparent. Formation of CC>2 and 
subsequently hydrogen carbonate on the alumina is more prevalent on the pre- 
reduced sample, where physisorbed CC>2 is seen.

Although metallic sites are present on the pre-reduced sample, as evidenced 
by the linear and bridged CO bands, the dicarbonyl form of CO dominates the
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spectrum by the end of the experiment. Dicarbonyls are found mainly on Rh+ [15], 

and the fact that dicarbonyls can be seen on the surface after only 0.3 minutes 

therefore implies a rapid oxidation of at least the surface of the Rh back to the 1+ 

state following the introduction of CO after reduction. Prins and co-workers have 

suggested this possibility after they observed increases in Rh-Rh bond distances 

following the introduction of CO to a pre-reduced Rh/Al2O3 catalyst [17]. The 

authors found that the dicarbonyl bands developed slowly with increasing exposure 

time following introduction of CO to the reduced catalyst, apparently at the expense 

of the linear CO band.

Adsorption onto dicarbonyl sites is much more pronounced on the reduced 

sample, implying that the presence of metallic Rh speeds up this process. This in turn 

suggests that the dicarbonyl sites in the reduced sample are in contact with the 

metallic sites and are not isolated as is often suggested in the literature [15]. This 

observation is more in keeping with the picture of Yates et.al., where the dicarbonyl 

sites are located on the perimeter of Rh rafts [16]. CO adsorbing onto the centre of 

the raft can spill over onto the dicarbonyl sites around the edge. A small average raft 

size would give lots of external (dicarbonyl) sites and fewer centre (linear, bridged) 

sites, although raft size is impossible to determine from the infrared spectra, as one 

cannot correlate the infrared intensity of different species with the amount present on 

the surface.

The sluggish development of the full carbonyl spectrum over an as received 

(oxidised) catalyst, as evidenced by the lack of linear or bridged species seen in 

Figure 5.4, suggests that the catalyst must first be reduced before CO will adsorb in 

the linear or bridged forms. It is therefore reasonable to expect the dicarbonyl feature 

to appear in advance of the linear or bridged bands since it is associated mainly with 

Rh+ sites and the others are associated with metallic Rh surfaces [45, 46]. This would 

explain why only dicarbonyl is seen initially on the as received catalyst, whereas 

linear and bridged are seen immediately on the pre-reduced sample.
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les 

has

The high amount of dicarbonyl observed even after the pre-reduction impl 

that the sample is relatively resistant to reductive agglomeration. This behaviour \ 

been observed previously where, below 400 K on an alumina support, CO adsorption 

leads to oxidative disruption of Rh particles, a process detected by increases in bands 

due to the dicarbonyl species [19].

Comparison between Figure 5.8 and 5.9 shows the effect of pre-reduction of 

the catalyst on the light-off temperature, displayed as an increase in the CO2 partial 

pressure in the effluent stream from the reactor cell. It is obvious that light-off for the 

CO oxidation occurs at a much lower temperature for the pre-reduced catalyst than 

for the catalyst used as received. Light-off occurs for the pre-reduced catalyst at 

about 410 K, as opposed to about 450 K for the as received sample, both in a stream 

of 2:1 CO:O2. On the strength of this evidence then, it would appear that the pre- 

reduction procedure has an enhancing effect on the catalytic activity of the Rh/Al2O3 

towards CO oxidation. From this evidence alone, it is difficult to determine why this 

should be. It may imply that the presence, albeit in a minority, of CO species on 
metallic Rh is related to the activity. It is equally feasible to speculate that the pre- 

reduction influences the dispersion of the catalyst, such as raft formation or, in the 

more extreme case, reductive agglomeration. Sheu et. al. [46] and Londhe et.al. [47] 

find evidence for reductive agglomeration of supported metal catalysts.

It would certainly be desirable to attempt to identify the active surface species 

before committing to a particular explanation for the observed increase in activity. It 

should be noted that one should be wary of comparing conversion levels for the as 

received and pre-reduced samples directly, due to the fact that the experiments were 

done on different days, when the sensitivity of the mass spectrometer can differ.

It would seem from results gathered thus far from conventional experiments, 

that the 2% Rh/AbOa, supplied by Johnson-Matthey, behaves in a very similar 

fashion to those already described in the literature. The surface species have been 

identified, and the wavenumbers at which these are found in the infrared spectrum of 

the surface are in very good agreement with those reported previously. Dicarbonyls
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and linear CO have been seen on Rh+ sites, and linear and bridged CO were found on 

metallic Rh. Carbonates and bicarbonates on the alumina have also been observed.

While the results described using conventional methods provide little 

information as to the active surface species during catalytic oxidation, they certainly 

do nothing to disprove theories given in the literature about the same. As mentioned 

in the introduction to this chapter, the active species has been assigned to most of 

those in the carbonyl spectral region at one time or another. Kiss and Gonzalez found 

linear and bridged CO on Rh metallic sites to be active, with CO on Rh+ given a 

mere spectator role [26]. Dicarbonyls have also been described as an active species 

[28]. Both CO and dicarbonyls on Rh+ were seen to be fairly labile at elevated 

temperatures from the desorption spectra, but this alone is not evidence for activity, 

as it is difficult to determine unambiguously whether the disappearance from the 

infrared spectrum is due to reaction or simply desorption.

5.3 - Concentration Modulation during the CO Oxidation 

Reaction over Rh/Al2O3

5.3.1 - Experimental Procedure

As mentioned in the introduction to this chapter, a significant shortcoming of the 

technique of in situ infrared spectroscopy is the difficulty in determining which 

species are playing an active role in the catalysis and which are merely spectator 

species. The presence of an absorption band of some surface species, even when 

spectra are recorded under reaction conditions, is never a reliable indicator of the 

relevance of that species to the ongoing catalysis. Modulation of the inlet 

concentration upstream of the infrared analysis can be used to provide infrared
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spectra in which the presence of bands from an adsorbed intermediate are a good 

indicator of its role in the catalytic reaction.

In this technique, the catalyst in the DRIFTS cell was allowed to equilibrate 

under a constant flow of the reactant gas stream at the operational temperature. A 

background spectrum was then recorded with the sample at steady state equilibrium 

before the modulation was applied. The modulated flow was left to settle for 2-3 

minutes. The surface of the sample was then monitored for about 3 minutes, with a 

time resolution of 0.192 seconds and a wavenumber resolution of 4 cm" 1 . The mass 

spectrometer measured the effluent gas composition at the same time as the infrared 

spectrometer observed the surface.

An operating temperature of about 492 K was chosen for the transient 

experiments. This meant that under all conditions of interest the oxidation reaction 

would be significantly above the light-off temperature. This temperature was high 

enough above light-off that modulation of the surface concentrations due to naturally 

occurring oscillations could be neglected. This temperature is also well below the 

maximum operating temperature of the DRIFTS cell, therefore minimising the 

danger of leakage into or out of the cell.

5.3.2 - Data Analysis

Two methods have been developed for the analysis of the data recorded during 

transient experiments. These are the production of difference spectra and Fourier 

Transform plots. Each method will now be described in detail for a 1:1 CO:O2 

experiment over an as received catalyst. This involved modulation of a flow 

containing 2.5% CO and 2.5% 02 in a total flow rate of 61 seem at 492 K and 1 

atmosphere. The modulation frequency was 0.11 Hz and the flow was modulated by 

±64% of the CO partial pressure, corresponding to a change of ±1.5% of the total 

flow rate.
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5.3.2.1 - Generation of Difference Spectra

The infrared spectra are collected in the form of single beams, which are then ratioed 
against a background spectrum taken at steady state, to show simply the changes in 
surface species population when the modulation is applied.

The change in intensity of the ratioed spectrum of the surface can be plotted with 
time in a 3D fashion, to give an indication of the oscillating species. The 3D plot 
corresponding to the 1:1 flow over an as received catalyst at 492 K is shown in 
Figure 5.17.
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Figure 5.17. 3D representation of the infrared data from modulation of a 1:1 CO:C>2 
flow over an as received catalyst at 492 K.

It is clear from this 3D plot that the COi peak is being modulated, indicating 
modulation in the rate of oxidation of CO. There is also a large peak oscillating in the 
carbonyl region, at 2108 cm" 1 , corresponding to CO linearly adsorbed on Rh+ . Large 
modulations are found in the carbonate region, below 1800 cm" 1 , although this region 
is very noisy in the 3D plot. It is interesting to note from Figure 5.17 that the 
baseline, which would be expected to be flat, also appears to be modulating. This is 
most probably due to temperature changes arising from the differing rates of 
conversion during this highly exothermic reaction. This 3D plot shows that 
modulation of surface species can be detected by DRIFTS.
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Following on from the 3D plot, it is possible to follow the intensity of peaks 

due to a particular surface species with time. Integration (to give the area under the 

peak) of a band envelope for a particular feature in the infrared spectrum gives a 

means of describing the peak intensity. This method of following the peak intensity 

is usually preferable to merely following peak height, where subtle changes in the 

position or shape of the infrared band may hide or distort the trend.

Integrating a selected infrared feature involves setting data markers at the 

start and end of the peak in the absorbance spectrum. When this integrated peak area 

is plotted against time, a functional group chromatogram (FGC) is generated. FGCs 

can be generated for any selected area of the infrared spectrum.

FGCs created for the obvious infrared peaks, COi and Rh+-CO as well as 

those for other possible species - bicarbonate (1643 cm" 1 ), bridged CO and 

dicarbonyl - are shown in Figure 5.18. The low frequency, asymmetric stretch of the 

dicarbonyl species is followed, as the proximity of the high frequency symmetric 

stretch to the Rh+-CO peak may lead to interference in the observed trend. This is 

justified given the approximately 1:1 relationship between the high and low 

frequency dicarbonyl peaks. Also shown in Figure 5.18 are the corresponding partial 

pressures for CO2, Oi and CO recorded in the effluent stream by the mass 

spectrometer.
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Figure 5.18. Partial pressures (A) from the mass spectrometer and functional group 
chromatograms (B) generated from the absorbance spectra for a 1:1 CO:O2 flow 
over an as received catalyst at 492 K. Modulation frequency = 0.11 Hz.

In the infrared, B, the CC>2 and the Rh+-CO and, to a lesser extent, the 

bicarbonate peak at 1643 cm" 1 can clearly be seen to oscillate at the imposed 

frequency, 0.11 Hz. This is also true of the gaseous CO2 detected by the mass 

spectrometer. The areas of the infrared spectrum in which bridged CO and the 

asymmetric dicarbonyl stretch would be expected to appear show no signs of 

modulation.
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The bridged CO and the asymmetric dicarbonyl stretch may be expected to 
modulate in Part B of Figure 5.18 due to temperature induced modulations of the 
single beam as mentioned earlier. That they do not is attributable to the method of 
generation of the FGC. The peak area above the baseline in each individual ratioed 
spectrum is measured, which remains constant as both are modulated only due to 
temperature changes. Only modulations over and above this would be seen as a 
waveform rather than a flat line in the FGC, hence it can be said that these species 
are not modulating with the gaseous concentration.

It is interesting to look at single beam spectra corresponding to maximum and 
minimum CO2 production. These are given in Figure 5.19.
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Figure 5.19. Single beam infrared spectra showing response at maximum (black 
trace) and minimum (red trace) CO2 production.
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These spectra show that there is a significant population of dicarbonyls on the 

surface. The slight modulation seen in the carbonyl region is almost certainly due to 

temperature changes. It is possible that there is some modulation from the 

dicarbonyls, but this is difficult to confirm from the single beams alone. The minor 
change in peak shape of the Rh+-CO / symmetric dicarbonyl overlapping feature 

hints at an underlying modulation. This highlights why ratioed spectra are more 

desirable than single beams in terms of identifying the modulating surface species.

The FGCs of Figure 5.18 suggest that the dicarbonyl species is not 

modulating. The CC>2 is modulating at the input frequency, as is the Rh+-CO species, 
and there appears to be negligible phase lag between them. The input modulation of 
0.11 Hz corresponds to a period of 9.1 seconds, which is very slow on a molecular 
timescale. An important assumption is made here in the generation of difference 
spectra, in that a maximum in gaseous CC>2 concentration corresponds directly to a 
maximum in CO oxidation rate. Hence spectra extracted from the times at which the 
gaseous CO2 is at a maximum and minimum should be representative of the surface 
at both maximum and minimum reaction rates. The implications of this assumption 
will be discussed later.

When these extractions are performed, the resulting spectra are in the form of 
ratioed spectra, the background being taken before the modulation was applied. To 
improve signal-to-noise in the difference spectrum, extraction of spectra from several 
maxima and minima can be performed. Co-adding these extractions over 6 maxima 
and 6 minima has been found to be sufficient to produce a result with an acceptable 
signal-to-noise ratio.

The averages of 6 maxima and 6 minima should therefore give the ratioed 

infrared spectra of the catalyst surface at maximum rate and minimum rate, relative 
to a background at steady state, and these are shown in Figure 5.20.
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Figure 5.20. DRIFTS spectra extracted from the CO2 FGC, corresponding to 

maximum reaction rate (black trace) and minimum rate (red trace).

The black trace is obtained from the average of 6 extracted maximum rate 

ratioed spectra taken from the CO2 FGC, and the red trace is the average of 6 

minima. Intensity in this figure represents a difference in absorbance with respect to 

the steady state, hence both positive and negative peaks are visible, corresponding to 

maximum and minimum conversion of CO2 .

Ideally in this figure there should be flat baselines at zero absorbance, 

implying no change from the steady state spectrum in the regions in which no 

features are found. While the baselines are essentially flat, there is a large and 

consistent difference between them, certainly in the carbonyl region. This effect is 

most likely due to temperature changes mentioned earlier, arising from rate changes 

during this highly exothermic reaction. The effect of this change has been seen 

clearly in the 3D spectrum of Figure 5.17.
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The maximum and minimum absorbance spectra of Figure 5.20 show large 

CC>2 peak changes due to changes in reaction rate. This feature is centred at about 
2345 cm" 1 , and the normal gas phase band envelope for CC>2 shows some distortion 

due to an underlying peak from physisorbed CC>2.

It is also clear that the reaction rate modulation is causing substantial changes 
to the carbonate region of the spectrum, with features at 1649, 1435 and 1228 cm" 1 
due to bicarbonate on the alumina support. There is a curiously sharp feature also 
seen in this region, at 1363 cm" 1 . The origins of this peak are unclear, and the 
literature mentions no peak close to this wavenumber for either carbonates or 
bicarbonates [38]. It is possible that it is an artefact of the ratioing process, as no 
obvious feature is found here in the single beam spectrum. The literature does have 
evidence for a formate species found at this wavenumber [38], and this possibility is 
certainly feasible given that the presence of carbonates and bicarbonates has been 
observed. This peak does, however, look suspiciously sharp to be due to a genuine 
surface species.

The only significant peak in the carbonyl region is found at 2108 cm" 1 . It is 
impossible to say from these spectra if there is a modulating dicarbonyl species, but 
if this is the case, they would appear to be lost in the low level noise. Taking this into 
account with the FGCs from Figure 5.18, it would appear that the dicarbonyls are not 
in fact modulating.

To give a complete and clear picture of the species that are modulating on the 
catalyst surface, it is possible to subtract the traces in Figure 5.20, generating the 
difference spectrum. The resulting difference spectrum for the 1:1 CO:O2 feedstream 
over an as received sample at 492 K is shown in Figure 5.21.
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Figure 5.21. Difference spectrum created by subtraction of the spectrum extracted 

for minimum CO oxidation rate from that for maximum rate (Figure 5.20).

By extracting the spectra from the maxima and minima of the gas phase CC>2 

FGC from the infrared data, one can relate peak intensity in the difference spectrum 

to differential conversion. This assumes negligible phase lag between the modulation 

of the active species and gas phase COi on this timescale.

In the carbonyl region of the difference spectrum, the baseline is flat, apart 

from a single peak at 2106 cm" 1 , which corresponds well with the literature value for 

CO on oxidised Rh+ sites [26]. The peak due to Rh+-CO is very slightly asymmetric, 

indicating possible contribution from dicarbonyls, but this may be an artefact of 

subtraction.

5.3.2.2 - Fourier Transform Processing

An alternative method for analysing the data recorded during transient experiments 

involves processing the time resolved infrared spectra using PC-based analysis. A
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computer program has been constructed by Dr. lan Harkness that can create a phase 

and amplitude spectrum from the recorded infrared data. In this instance, the infrared 

data is in a ratioed form, having been ratioed against a background taken before the 

modulation was applied, as described for the difference spectrum. The ratioed 

spectrum is then truncated to the spectral region of interest, usually 2500-1200 cm" 1 

in the case of CO oxidation. The ratioed data is then stored in GRAMS format, the 

result of this being that each spectrum recorded during the time resolved data 

collection is placed into a spreadsheet within one file. The spreadsheet is then run 

through the in-house constructed computer program, which outputs phase and 

amplitude spectra.

The code takes the fast Fourier transform with respect to time of every 

wavenumber in the 3D spectrum, such as the one given in Figure 5.17. The code 

analyses each wavenumber 'slice' and calculates the amount of modulation at each 

(time) frequency. For each wavenumber, real and imaginary parts of the modulation 

at each time frequency are produced.

The modulation that gives the largest amplitude is then compared to the given 

experimental modulation frequency. If these frequencies agree, the result is stored 

and the code then repeats this process for all the wavenumbers in the inputted 

spectrum. The real and imaginary points gathered are then turned into phase and 

amplitude, via the equations:

Amplitude = Vn2 +I 2 (5.6)

Phase = arc tan I — I (5.7) V R/

where R = the real part and I = the imaginary part.
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The output from the code can simply be plotted as a double y-axis plot, 
showing the phase and amplitude against wavenumber. This is shown for the same 
example given for the difference spectrum (Figure 5.21) i.e. a 1:1 CO:62 flow over 
an as received catalyst at 492 K, modulated at 0.11 Hz, in Figure 5.22.

2400 2200 2000 1800 1600

Frequency/cm -1
1400 1200

Figure 5.22. Fourier transform plot for a 1:1 CO:O2 flow over an as received 
catalyst at 492 K, modulated at 0.11 Hz.

An obvious point of note from Figure 5.22 is the rather high baseline. This is 
related to the change in single beams due to changes in temperature during 
modulation of the exothermic reaction. This effect was also discussed in section 
5.3.2.1 for the difference spectrum and be seen most clearly in Figure 5.17, the 3D 
plot, where the baseline between peaks of interest can clearly be seen to modulate. 
Hence the program detects an amplitude even at wavenumbers where there is no 
infrared peak due to adsorbed species, and gives a rather high baseline.
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Aside from this, the species of interest are again present in the Fourier 

transform plot. Gaseous CC>2 is present around 2345 cm" 1 , again showing distortion 

due to physisorbed species. Bicarbonate peaks are seen at 1645, 1433 and 1228 cm" 1 . 

Peaks in the amplitude plot indicating a modulating surface species are accompanied 

by a peak in the phase spectrum at the same wavenumber. By nature of the way in 

which the code calculates the phase, random or at least noisy phase values are 

expected where there is no peak in absorbance due to surface species. This would be 

the case ideally because there would be no modulation in the baseline, meaning a 

straight line would be found in the 3D plot between peaks due to surface species, 

giving incalculable phase. In this example however, the baseline modulates due to 

temperature changes, meaning that a phase can be calculated for parts of the 

spectrum in which there is no absorbance peak. Hence the phase spectrum of Figure 

5.22 gives a steady value instead of noise between peaks.

In the carbonyl region of the amplitude spectrum of Figure 5.22 only one 

clear peak is seen, that of Rh+-CO at 2110 cm" 1 . This is matched by a single clear 

peak in the phase spectrum. This would suggest that Rh+-CO is the sole modulating 

species in the carbonyl region. It is possible however, that other species may be 

modulating and are lost under the amplitude of the baseline modulation. If this were 

the case, one would expect to see at least a small deviation in both the phase and 

amplitude spectra at the wavenumbers for this species. This is not seen, with both 

phase and amplitude spectra giving clear, single peaks for Rh+-CO against otherwise 

smooth trends. This would seem to imply that Rh+-CO is indeed the sole modulating 

species. However, in order to clarify this point it is desirable to attempt to baseline 

correct the collected data to reduce the amplitude of the baseline modulation. This 

can be done in two ways.

Firstly, the infrared data can be baseline corrected before running through the 

Fourier transform code. This involves correction of all spectra in the file, a process 

that can be done collectively when the spectra are in the form of a spreadsheet. 

Baseline correction is straightforward for the region 2500-1800 cm" 1 , where the 

single beam is relatively flat. More difficult however, is correction below 1800 cm" 1 .
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where curvature of the single beam (Figure 5.19) and noise makes it difficult to 

select a point at which to fit the baseline. This can be seen in Figure 5.17 and Figure 

5.20, where even after averaging over 6 modulation cycles the noise in the 

bicarbonate region, below 1800 cm' 1 , is considerable.

The second method of correcting baseline modulation concerns data that has 

already been processed with the Fourier transform code. In this case, the real and 

imaginary parts of the modulation can be baseline corrected separately, then used 

together to recalculate the phase and amplitude according to equations 5.6 and 5.7. 

This way it is only necessary to baseline correct two spectra - the real and the 

imaginary - rather than many (938 for a 3 minute scan at 0.192 second time 

resolution) as in the first method. The results of the two methods are shown in Figure 

5.23.
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Figure 5.23. Baseline corrected results for the Fourier transform plot of Figure 5.22. 
A: baseline correction of infrared data, B: baseline correction of real and imaginary 
parts. Line plot shows amplitude, phase points given by crosses.

Both baseline subtraction procedures seem to have worked very well. In both 

cases the baseline of the amplitude spectrum is flat, apart from the clear peaks due to 
surface species. The phase spectra are as expected, with constant phases detected 
where absorbance peaks modulate, and random scatter of points in those parts of the 
spectrum in which no peaks are found.
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In Part A of Figure 5.23 the random scatter of phase points is reduced 

towards the lower wavenumber end of the spectrum as a degree of baseline 

modulation occurs here due to the difficulty in selecting points for baseline 

correction.

This is not seen in Part B, where the phase is still highly scattered where no 

absorbance peaks are found. This is due to the relative ease in correcting only two 

spectra, compared to the batch processing, which involved forcing baseline points 

onto noisy data, necessary to create the Fourier transform plot of Part A. The 

apparent large difference in phase values between Parts A and B can be explained by 

adding or subtracting 7t radians.

Compared to Figure 5.22, the bicarbonate peaks in Figure 5.23 are much 

clearer after baseline correction showing clear peaks at 1643, 1433 and 1228 cm" 1 in 

the amplitude spectrum.

The COz feature around 2345 cm" 1 is also clear in both amplitude and phase. 

The amplitude spectrum shows distortion due to physisorbed COi, although this is 

not clearly detected in the phase points for the same region, indicating no detectable 

phase lag between gaseous and physisorbed CO2 . A small distortion in the phase 

might be expected around 2333 cm" 1 to match the deviation in amplitude. The CC>2 

peak shows a low frequency tail and a small rise in phase.

The carbonyl region of the baseline corrected Fourier transform plots is very 

interesting. Previously, before baseline correction, it was assumed that Rh+-CO was 

the sole modulating species, at 2110 cm" 1 . However, after baseline correction more 

detail is available. If a peak in the amplitude spectrum is due to a single species, a 

flat, constant corresponding phase would be expected. However, in both Parts A and 

B of Figure 5.23 the phase corresponding to the 2110 cm" 1 amplitude peak for Rh+- 

CO shows a distinct maximum. This change in phase reaches the maximum at 2089 

cm" 1 . When examined closely, the peak due to Rh+-CO appears to be asymmetric, 

with a shoulder on the low frequency side. The symmetric stretch of a dicarbonyl
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species on Rh+ is expected around 2090 cm" 1 , as mentioned previously in this 
chapter. In Part A, there is a cluster of points in the phase spectrum around 2013 cm" 1 
- the expected frequency for the asymmetric dicarbonyl stretch. This clustering of 
points is slightly less obvious in Part B. Together, this evidence and asymmetry and 
tailing of the amplitude peak for Rh+-CO on the low frequency side and detectable 
phase points of 2089 and 2013 cm" 1 would seem to suggest that a dicarbonyl species 
on Rh is also modulating, albeit at a much smaller amplitude than that observed for 
the linear Rh+-CO species.

The evidence against this conclusion comes in the form of a phase lag 
between the alleged dicarbonyl peaks. This phase lag is about 0.6 radians. However, 
if one considers how close the high frequency, symmetric dicarbonyl stretch is to the 
(much larger) Rh+-CO peak it is certainly conceivable that this is influenced by the 
larger peak, which causes a distortion in the calculated phase. If this is the case, it 
can be concluded that the dicarbonyl species is modulating with the Rh+-CO species 
but at a much smaller amplitude and different phase. The phase and amplitude of the 
dicarbonyl species is probably given most accurately by the asymmetric stretch at 
2013 cm" 1 , given the proximity of the symmetric band to its large modulating 
neighbour.

When Part B of Figure 5.23 is compared to Figure 5.21, the difference 
spectrum, it can be concluded that they are very similar indeed in terms of the 
amplitude plot. The advantage of the Fourier transform over the difference spectrum 
however, is that phase information is now available. The signal-to-noise ratio is 
slightly better in the Fourier transform plot.

Discussion

Two methods of analysing the data from the transient infrared studies of the catalytic 
oxidation of CO have been described. The suitability of each will now be assessed.
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The difference spectrum produces a final plot similar in appearance to the 

amplitude spectrum from the Fourier transform method. While the difference 

spectrum seems conceptually straightforward to interpret, there are a few inherent 

disadvantages to this technique.

An important part of the procedure for generation of the difference spectrum 

is the creation of the functional group chromatogram (FGC) from the absorbance 

spectra. This generally involves integration of peak areas between 2 defined 

wavenumbers. This becomes problematic when an absorption band experiences a 

shift in wavenumber with varying coverage during the modulation. Perhaps a more 

important point occurs when absorption bands from different surface species overlap, 

or are at least in close proximity. Unless these species modulate at the same phase 

and amplitude, distortions of one or both FGCs is inevitable, particularly if one 

absorption band is much more intense. This may give the impression that a static 

surface species is modulating if the absorption band is located close to an intense 

modulation. This is not a large problem in this example, where the FGCs are 

extracted from the COi absorbance band, and spectra extracted from that.

The assumption is also made that there is negligible phase lag between the 

gaseous COi and modulating surface species. This is probably a safe assumption 

when the imposed frequency of modulation is 0.11 Hz, slow on a molecular level. 

Nevertheless, as the extracted maximum and minimum absorbance spectra are taken 

from maxima and minima in the gaseous CO2 FGC, any species modulating at a 

different phase from this would have an inaccurate magnitude in the difference 

spectrum. This arises from the subtraction of spectra at minimum gaseous COi 

intensity from those at maximum CC>2 intensity. Say, for example, an absorbance 

peak lagged behind the COi in phase, it may not have reached its maximum when the 

maximum extraction is made, likewise for the minimum. When the extraction is 

performed, this peak would give a falsely low peak in the difference spectrum. 

Although, as mentioned above, this is an unlikely scenario at low frequency, it is 

perhaps a point worth making about the difference spectrum.

176



Chapter 5 - CO Oxidation over Rh/Al:O3

The second method of data analysis, involving the Fourier transform, would 

appear to have several advantages over the difference spectrum. Most obviously, this 

method provides phase information about the modulating species, and can therefore 

cope with surface species having different phases without affecting amplitudes. This 
has benefits for the full frequency response experiments, where a range of 

modulation frequencies would be used. The difference spectrum provides no 
information on phase. Despite the success of the Fourier transform code in extracting 

high quality phase and amplitude spectra during the concentration modulation 
experiments, it is possible that this facility has not been exploited to its full potential. 

At present, the data from frequencies outside a defined range about the input 
modulation frequency are discarded. It has been observed in Chapter 3 that the 

presence of higher harmonics of the input waveform can also be detected. The next 
step in development of the Fourier transform code would be to use these harmonics 
to extract data at these frequencies simultaneously. In this fashion it could be 
possible to construct plots of phase and amplitude at several frequencies from one 

input modulation. As this data has effectively already been gathered, only relatively 
minor modifications to the code would be required to output these results rather than 
discard them.

There are none of the problems associated with the creation of the FGCs 
when the Fourier transform is used, as every wavenumber is analysed independently, 
before creation of the full spectrum. Related to this point is another major advantage 
of the Fourier transform. The difference spectrum involves generation of FGCs 
before considerable data manipulation to perform the subtraction of the averages of 

maxima and minima. The Fourier transform program merely involves placing the 
collected spectra in a worksheet and running through the code. The Fourier transform 

method therefore has the advantages of being the more convenient, easier to use and 

less time-consuming method of data analysis.

Another attraction of the Fourier transform code originates from the increased 

signal-to-noise ratio obtainable. The code essentially co-adds data over the full 

period of data collection, so the full advantage of collecting data for an extended
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period of time is retained. This can be contrasted with the difference spectrum, where 

data is co-added over a few maxima and minima.

It has also been possible to perform baseline correction on the Fourier 

transform data, in the instance where temperature modulation caused changes in the 

single beam. This can either be done by collectively baseline correcting all 

absorbance spectra in the spreadsheet before running the Fourier transform program, 

or by simply baseline correcting the real and imaginary spectra produced, and 

recalculating the phase and amplitude using the new values. The latter method would 

seem to be the preferred option should baseline correction prove necessary. Again in 

terms if convenience and time, it is preferable to baseline correct only 2 (real and 

imaginary) spectra compared to the entire infrared dataset, which takes a lot of 

computer processing time. Phases towards the lower wavenumber region of the 

spectrum would seem to be more accurate using this method as the baseline point is 

easier to fix on the real and imaginary spectra rather than forcing a generic baseline 

point in a routine to batch process data.

It would seem appropriate at this stage to compare results from both the 

conventional experiments, such as temperature programming and desorption, to those 

from the concentration modulation method. Figure 5.24 compares spectra from each 

of these techniques for a 1:1 CO:O2 flow over an as received catalyst.
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Figure 5.24. Comparison of infrared spectra obtained from conventional and 

transient techniques. A: temperature programming, B: desorption spectrum, C: 

Fourier transform results for a transient experiment. All spectra represent a 1:1 

CO:O2flow over an as received catalyst.

The spectrum in Part A of Figure 5.24 shows the sample at equilibrium at 488 

K, ratioed against a single beam spectrum of the sample at room temperature under 

the reaction mixture. This is the last spectrum taken during a temperature program
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procedure, similar to those shown in Figures 5.8 and 5.9. Part B shows the final 

spectrum after a desorption procedure, representing decreases in populations of 

surface species after 3 minutes at 490 K. This spectrum is ratioed against a single 

beam taken during CO:O2 flow immediately prior to stopping the reaction mixture 

and is the final spectrum from Figure 5.14. Part C shows the results from the Fourier 

transform processing of a concentration modulation experiment at 492 K and 0.11 

Hz. Part C is a reproduction of the data shown in Figure 5.23.

In terms of identification of a possible active species, the Fourier transform of 

the concentration modulation gives the clearest indication thus far. Part A, the 

temperature program, shows a significant population of dicarbonyls, with perhaps a 

hint of a shoulder around 2100 cm" 1 , implying a presence of the Rh+-CO species. 

From this spectrum alone, dicarbonyls are the dominant species in the carbonyl 

region. However, when the reaction mixture is stopped and the sample is held at 

elevated temperature under a He only flow, shown in Part B, the dicarbonyls are not 

seen to desorb. Instead, the major loss in the carbonyl region is at 2105 cm" 1 due to 

Rh+-CO, leading to the observation that this species is much more labile at this 

temperature than the apparently stable dicarbonyls.

Even more detail is given by the concentration modulation experiment. This 

also shows a large peak due to Rh+-CO, and also provides phase information. The 

large amplitude found just above 2100 cm" 1 would seem to suggest that the active 

species for CO oxidation under these conditions is Rh+-CO rather than the stable 

dicarbonyls. There is no sign of linear CO on the Rh metallic site, which has 

previously been assigned the active species [26].

The point can be stressed here that concentration modulation techniques 

display the greatest sensitivity for the active species in this reaction. The temperature 

programming procedure is useful for identification of build up of surface species but 

does not discriminate between active and spectator species. The desorption spectrum 

gives a much more accurate idea of the labile surface species, but involves stopping
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the reactant flow altogether, which inevitably results in a large shift away from the 
equilibrium position of interest.

This is where the advantage of concentration modulation over conventional 
experiments is highlighted best, giving a clear picture of the labile species under 
reaction conditions. The changes in concentration can be tailored so that the change 
from the equilibrium reaction position is minimised to the point of being negligible, 
resulting in a description of the labile surface species under representative reaction 
conditions. The increased sensitivity of the concentration modulation method over 
the desorption experiment results from essentially co-adding over 20 smaller shut- 
offs during the course of a 3 minute scan at 0.11 Hz while keeping the sample close 
to equilibrium. This has implications for attempts to model the kinetics of this 
catalytic system.

5.3.3 — Transient Studies of CO Oxidation over Rh/Al2O3

Having concluded that the most suitable method of data analysis for the transient 
studies is the Fourier transform code, it is now possible to compare the resulting plots 
for the CO oxidation reaction under different conditions. The different experimental 
conditions used have been detailed in Section 5.2.1.

The Fourier transform plot for the 1:1 CO:62 feedstream over an as received 
sample was used as an example in the data analysis section (Part B of Figure 5.23). 
The same plots for 2:1 and 4:1 CO:O2 feedstreams over as received catalysts will 
now be discussed. Both have been baseline corrected by correcting the real and 
imaginary parts generated by the code and recalculating the phase and amplitude. In 
neither case was the baseline modulation as extreme as in the example given for a 1:1 
flow, but correction serves to improve the appearance of the final plot, even if 
baseline modulation is relatively small. The imposed modulation frequency was 0.11 

Hz throughout.
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Figure 5.25. Fourier transform plot for a 2:1 CO:O2 flow over an as received 
catalyst at 487 K, modulated at 0.11 Hz.

Figure 5.25 shows the Fourier transform plot for the 2:1 flow. The CO2 

feature is modulating with good signal-to-noise and has a clearly defined phase, as 

the phase points are very flat in this part of the spectrum. Bicarbonate peaks are also 

clear, again with clearly defined phases. The quality of the phase data is reducing 

towards the lower wavenumber limit of the spectrum, but the phase for the 1228 cm" 1 

bicarbonate peak is still determinable, with a cluster of points at 1228 cm" 1 in the 

phase spectrum. There also appears to be a carbonate feature at 1770 cm" 1 , evident as 

both a broad shoulder on the high frequency side of the 1643 cm" 1 bicarbonate peak 

and by having a defined phase.

In the carbonyl region of Figure 5.25, the dominant peak in the amplitude 

spectrum is the CO on oxidised Rh+ sites at 2113 cm" 1 . Below this, the amplitude 

spectrum is inconclusive, showing two possible features attributable to dicarbonyl, 

but these are not clearly defined. The phase spectrum in this region perhaps helps to
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clarify the amplitude spectrum. Figure 5.26 shows an enlarged representation of the 

carbonyl region, taken from Figure 5.25.
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Figure 5.26. Fourier transform plot showing the carbonyl region of Figure 5.25, for 
a 2:1 CO:O2 flow over the as received catalyst. Line plot shows amplitude, phase 
points given by crosses.

From Figure 5.26, it can be seen that the Rh+-CO species has a defined phase 
at about 2113 cm" 1 . There are also features in the phase spectrum at 2086 and 2015 
cm" 1 , due to dicarbonyl. Between these points, the phase shows another feature, 
centred at 2059 cm" 1 . This is in good agreement for literature values for CO linearly 
adsorbed on metallic Rh [9]. The presence of a peak due to this species would 
explain why the dicarbonyl peaks in the amplitude spectrum are rather broad, as the 
linear Rh-CO peak is found between the peaks of the dicarbonyl doublet. This peak 
is only detectable from the phase information, meaning that if the difference 
spectrum method had been employed, this would not have been observed.
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The fact that this species was not seen in the temperature program under these 

conditions (Figure 5.8), in conjunction with what must be a small peak in the 

amplitude spectrum suggests that this may be a minority surface species, if indeed it 

is present at all.
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Figure 5.27. Fourier transform plot for a 4:1 CO:O2 flow over an as received 

catalyst at 486 K, modulated at 0.11 Hz.

Figure 5.27 shows the Fourier transform plot for a 4:1 CO:O2 flow over an as 

received sample. An obvious feature, which has been absent from previous plots, is 

the gas phase CO centred at 2145 cm" 1 . As this is the flow most rich in CO, it is 

unsurprising that the gas phase CO feature should be so prominent, especially as, 

from Table 5.2, conversion of CO is much reduced, presumably due to CO poisoning 

of the surface. The proximity of this feature to the surface carbonyl bands means that 

this region of the spectrum is difficult to interpret. The phase of the gas phase CO is 

clearly defined, but deviates from the horizontal trend to a slope at about 2113 cm" 1 ,
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due to linear CO on oxidised Rh+ sites. Figure 5.28 gives a representation of the 

carbonyl region taken from Figure 5.27.
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Figure 5.28. Fourier transform plot showing the carbonyl region from Figure 5.27, 
for a 4:1 CO: O2 flow over an as received catalyst. Line plot shows amplitude, phase 
points given by crosses.

Three clear peaks are seen in the lower carbonyl region at 2086, 2058 and 
2010 cm" 1 , accompanied by clustering of points at corresponding wavenumber in the 
phase spectrum. These are due to dicarbonyl and linear CO. The fact that the peak 
due to linear CO on Rh metallic sites, 2058 cm" 1 , is quite broad may be due to its 
location between the symmetric and asymmetric dicarbonyl peaks, as well as the 
tendency of this species to display significant shifts in wavenumber with varying 

coverage, a result of CO dipole-dipole coupling [26].

In the bicarbonate region of Figure 5.27, peaks are small but clear, except for 
1228 cm" 1 , almost recognisable in the amplitude spectrum, but too small an
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amplitude to give a definitive phase value. A feature at 1750-1770 cm" 1 is again 
present, due to carbonate on the alumina support.

The Fourier transform plot for a 2:1 COrCb flow over a pre-reduced sample is 
given in Figure 5.29 for comparison with that for an as received sample in Figure
5.25.
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Figure 5.29. Fourier transform plot for a 2:1 CO: O2 flow over a pre-reduced catalyst 
at 475 K, modulated at 0.11 Hz.

CO2 and bicarbonates have very distinct peaks, with a presence of carbonate 
bands around 1750 cm" 1 . The apparent large phase lag between CO2 and other 
detected surface species can be corrected by addition or subtraction of TI radians.

The carbonyl region appears to be relatively straightforward, with a large 
Rh*-CO peak at 2106 cm" 1 , and the presence of dicarbonyl indicated both by the peak 
at 2013 cm" 1 and the sloping phase in the expected position of the symmetric 
dicarbonyl stretch which is hidden beneath the large neighbouring peak.
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Discussion

The results from the transient studies of the oxidation of CO over Rh/A^Os provide 

some insight into the nature of the active species under differing experimental 

conditions. Taken in conjunction with observations made from the conventional 

experiments, an attempt can be made to rationalise the findings thus far.

For the as received catalyst under a 1:1 CO:O2 flow, the dominant modulating 

surface species in the carbonyl region is Rh+-CO, with a minor contribution from the 

dicarbonyls. When the CO concentration is increased to a 2:1 ratio, Rh+-CO is still 

the dominant species, dicarbonyl can still be detected and evidence exists that a 

linear CO species on metallic Rh may also be modulating, although at a much 

smaller amplitude. Increasing the CO concentration still further to a 4:1 ratio gives a 

clear amplitude peak from the Rh-CO species, while maintaining the dicarbonyls. 

The linear on oxide species, Rh+-CO, is still likely to be the main modulating species 

in this case, although it is hidden beneath the sizeable gas phase CO band envelope.

These findings conform to those from the conventional experiments in that 

there is increased reduction of Rh sites with increasing CO concentration, resulting in 

an increased Rh-CO peak relative to the Rh+-CO and dicarbonyl bands. It has been 

shown in Table 5.2 that conversion levels were very similar for the 1:1 and 2:1 

reactant flows over the as received catalyst, before dropping sharply for the 4:1 flow. 

This was attributed to CO poisoning, blocking of active sites with increased CO 

surface coverage. The relative increase in the Rh-CO modulation compared to the 

Rh+-CO and dicarbonyl modulations follows a similar trend, suggesting that 

reduction of Rh+ sites by CO adsorption contributes to the decrease in CO2 

production i.e. at high CO concentrations, the 4:1 flow, much reduction of the Rh+ 

sites occurs with a concurrent fall in oxidation rate. This seems to agree with the 

proposed theory of an active Rh+-CO species, with a CO poisoning mechanism 

taking place with increased concentration resulting in an increased reduction of Rh+ 

sites to Rh, thereby reducing the population of active centres and giving a fall in CO2 

production.
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With the pre-reduced sample, at a 2:1 CO:C>2 reactant flow, Rh -CO is 

obviously the major modulating species with a clear, but much smaller modulation of 

the dicarbonyls. This implies, if modulation can be related to activity, that Rh+-CO is 

still the major active species, even after pre-reduction. Table 5.2 shows that the pre- 

reduced catalyst shows the highest conversion of CO to CO2, which suggests, if Rh+- 

CO is indeed the active species, that the pre-reduction procedure somehow leaves the 

catalyst in such a form that more linear CO on oxidised Rh+ sites is formed than 

without pre-reduction. This at first seems intuitively confusing. However, if pre- 

reduction results in more sites for CO to adsorb in a linear fashion in general, then 

the resulting oxidation of the Rh surface would lead in turn to more Rh+ sites - the 

proposed active sites. If this were true, the implication is then of agglomeration of 

the sample to some extent, as more linear sites would be found on crystallites and 

rafts than if the sample were highly dispersed. If pre-reduction forms more linear 

sites in general, there would be more linear CO on Rh+ sites and hence higher 

conversion on the pre-reduced catalyst.

Under such oxidising conditions, even the pre-reduced sample is re-oxidised 

rapidly - as postulated previously when the results from the temperature 

programming of the pre-reduced sample under reaction conditions were discussed - 

thus producing the active Rh+-CO species. Limited reductive surface agglomeration 

of supported metal catalysts has been documented previously [46, 47]. Reductive 

agglomeration need not be as extreme as the formation of crystallites, and Yates and 

co-workers have identified CO species adsorbed on 2 dimensional Rh rafts [16]. 

Limited agglomeration would explain why high amounts of dicarbonyl, found on the 

edges of rafts, are found even after pre-reduction. These arguments would seem to 

lend weight to the proposal of Rh+-CO as the active species on this catalyst.

The limited modulation of the dicarbonyl species implies that this is a 

contributor rather than the governing active species. This disagrees with the findings 

of Zhong [28] who labelled dicarbonyl as the main active species, but the literature 

also has findings of dicarbonyl inactivity [29]. It was also thought that CO on Rh(I- 

III) sites is also an inactive spectator species, with activity commonly attributed to
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linear CO on metallic sites [26]. Were linear CO on metallic Rh the active species in 

this case it would be discovered by the concentration modulation technique and 

would give a major amplitude peak in the Fourier transform plot at about 2050 cm" 1 . 

Bridged CO is also absent from this spectrum and can therefore be labelled inactive.

It would seem then that the major active species is Rh+-CO, with a minor 

contribution from dicarbonyls and also from linear CO on metallic Rh, in the 

instance where the CO concentration is sufficiently high to reduce a proportion of the 

Rh+ surface sites.

The results for the concentration modulation experiments potentially yield 

more information than solely the identification of the active species. As the 

modulation studies have been carried out under varying concentrations and 

pretreatments, it is possible to compare relative phase lags extracted from the Fourier 

transform plots resulting from these investigations.

The phase lag between the gas phase CO2 produced during the oxidation 

reaction and the Rh+-CO, assigned the active surface species, is the most 

straightforward to determine from the Fourier transform plots, as these are generally 

the species giving the largest amplitude and thus the best defined phases. Phase lags, 

calculated as gaseous CO2 phase minus Rh+-CO phase, for the different experimental 

conditions are shown in Table 5.3.

Table 5.3. CO2 - Rh+-CO phase lags extracted from Fourier transform plots of 

concentration modulation experiments at about 488K.

Catalyst Pretreatment

as received

as received

as received

pre-reduced

CO:O2

1:1

2:1

4:1

2:1

Phase Lag / radians

-0.263

-0.247

0.256

-0.363
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It is unexpected that some conditions show a negative phase lag while one 

experiment shows a positive phase lag. The positive result is, however, found for the 

very CO rich experiment, where the gas phase band envelope was seen to dominate 

the spectrum in the region where Rh+-CO is found. This may lead to some distortion 

in the phase result, the output phase from the Fourier transform code being some 

combination of those due to gas phase CO and the Rh+-CO surface species.

Despite this, it is possible to examine the general trend displayed in Table 5.3 

rather than absolute magnitudes and attempt to relate this to results from the 

conventional experiments. It is found that experiments involving 1:1 and 2:1 CO:O2 

over as received catalysts gave very similar phase lags between CO2 and Rh+-CO. 

Earlier in this chapter, Table 5.2 showed that under these conditions normalised 

conversion of CO was 72% in each case. The close agreement between trends shown 

by conversion levels and extracted phase lags perhaps implies that the kinetics 

involved in the CO oxidation reaction under these conditions are also very similar.

When the CO concentration is increased to a 4:1 flow, conversion of CO was 

found to drop to 44%. In this case a phase lag which was not in agreement with those 

for 1:1 and 2:1 flows was found, having a more positive result. Conversely, when the 

catalyst has been pre-reduced, a more negative phase lag was found compared to the 

equivalent flow over an as received sample. This is accompanied by a pronounced 

increase in conversion of CO to 91%.This information is shown graphically in Figure 

5.30.
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Figure 5.30. Relationship between CO2 - Rh+CO phase lag and conversion of CO.

Hence it appears that, while kinetic information on the CO oxidation reaction 

is somewhat limited at this stage, it has been possible to identify changes in the 

kinetics with varying experimental conditions. The result appears to be that an 

increasingly negative phase lag between the gas phase CC>2 product and the active 

Rh+-CO surface species is a sign of increasing CO conversion.

5.4 - Frequency Response Studies of the CO Oxidation 

Reaction

Concentration modulation studies have shown that an active species can be identified 

for the CO oxidation reaction, but to be used to its full potential the technique should 

be repeated at a range of frequencies, comprising a full frequency response 

experiment. In this way the investigation of the CO oxidation reaction moves a step 

closer to detailed insight into the mechanism and kinetics of this catalytic system.
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5.4.1 - Experimental Procedure and Data Analysis

The experimental procedure for a full frequency response experiment essentially 

involves repetition of the concentration modulation experiment at a range of 

frequencies. The wider the range and the more frequencies sampled, the more 

accurate plots of phase lags and amplitude ratios become. The confidence in the 

eventual fitting of this data to some constructed kinetic model increases with an 

increasing number of points in the frequency response spectrum. Frequency 

boundaries are usually defined by physical limits of the experimental hardware or 

sampling method.

The procedure for concentration modulation experiments has been described 

previously. Repetition at several frequencies gives a frequency response spectrum. 

Problems with data analysis for the frequency response experiment arise from the 

need to have an inert reference, a wave which passes down the same path as the 

reactant wave, without being changed in phase or amplitude by adsorption and/or 

reaction.

The practice of recording both the catalyst surface by infrared spectroscopy 

and the effluent stream from the reactor by mass spectrometer should provide a 

solution to this problem. From the infrared, it is possible to detect a phase lag 

between the active surface species, Rh+-CO, and the gas phase CO2 produced by the 

oxidation reaction. The mass spectrometer is used to record gaseous effluent from the 

reactor, which comprises unreacted CO and 62, product gaseous CC>2 and Ar. It is the 

Ar trace which is intended to act as the inert internal reference waveform, passing 

unhindered through the same reactor in which the CO and O2 are adsorbed onto the 

Rh/Al2O3 catalyst, react and produce CO2, which desorbs and is detected by the mass 

spec.

The theory of this frequency response experiment involves synchronising the 

mass spectrometer and infrared recorded waveforms. If this can be done, the phase
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lag between the gas phase COi and AT recorded on the mass spectrometer can be 

related to the phase lag between gaseous CO2 and Rh+-CO on the catalyst surface. It 

should therefore be possible to determine a value for the phase lag between the active 

Rh+-CO species and the reference Ar. Doing this at several frequencies should give a 

frequency response spectrum for phase lag against frequency. This can be translated 

into a residence time on the surface for the active species and, if frequency response 

experiments are carried out at different temperatures, an Arrhenius energy may be 

calculated. If this is successful for the surface species with the largest modulation, 

the Rh+-CO, then the same procedure could potentially be used for any surface 

species with a detectable phase. This would give the ability to extract kinetic 

parameters for any detectable surface species from one series of frequency response 

experiments.

The explanation for relating phase lags is perhaps helped by Figure 5.31, a 

schematic showing waves for Ar, Rh+-CO and CO2.

Time

Figure 5.31. Schematic representation of relative phase lags for the frequency 

response experiment.

193



Chapter 5 - CO Oxidation over Rh/Al 2O3

Phase lag 1 shown in Figure 5.31 is that between the gas phase CC>2 and the 

Ar. This is measured by the mass spectrometer. Phase lag 2 is that between the 

gaseous CO2 in the DRIFTS cell and the Rh+-CO active species on the surface. 

Equating the gas phase CC>2 detected by the infrared to the gas phase CO2 detected 

by the mass spectrometer means that phase lag 3, that between the active surface 

species and the Ar reference wave, can be calculated by subtraction of 2 from 1.

The principle behind this would seem to be sound enough. To apply this in 

practice becomes somewhat more difficult, as the scatter in points from one method 

of data collection is added to that from another method. Even so, these experiments 

should prove useful in studying the variation in phase lag with frequency and 

temperature between the Rh+-CO and the COi when the CO:O2 ratio is kept constant 

and the same catalyst pretreatment is used.

5.4.2 - Frequency Response

From the Fourier transform plots of the infrared data shown previously the largest 

amplitudes, and therefore phases with most clarity, are those due to gas phase CC>2 
produced during the oxidation reaction and Rh+CO, the active species. It was 

possible to monitor the phase lag between these, specifically studying how this phase 
lag varies with frequency within the available frequency range. This can then also be 

done for other detectable surface species, in this case the peaks due to bicarbonate on 

alumina. This is done by modulating at an imposed frequency and manipulating the 

results using the Fourier transform code described previously to extract phase values 

for the surface species.

When the values for phase of the surface species are subtracted from that of 

the CC>2 and the resulting phase lag is plotted against frequency, it becomes possible 

to assess whether or not the catalytic system is showing a detectable frequency 

response.
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The phase lag between CO2 and the surface species during a frequency 

response experiment for a 1:1 CO:O2 flow over an as received Rh/Al2O3 catalyst at 

489 K is shown in Figure 5.32. This data shows results gathered by infrared 

spectroscopy only.
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Figure 5.32. Relative phase lag between gaseous CO2 and the surface species during 

a frequency response experiment for a 1:1 CO:O2flow over an as received sample at 

489 K.

The most obvious point of note from Figure 5.32 is that the phase lag 

between gaseous CO2 and the Rh+CO surface species changes significantly with 

input modulation frequency. It can therefore be said that the Rh+CO species is 

showing a clearly detectable frequency response, the phase lag increasing with 

increasing modulation frequency.

In contrast to this result, both peaks due to the bicarbonate species on the 

alumina show an essentially constant phase lag with respect to the gaseous CO2 when
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modulation frequency is changed. The phase lag is also relatively small compared to 

that evident from the Rh+CO, implying that the bicarbonates are in a rapid 

equilibrium with the CC>2. There appears to be a slight phase lag between the 1645 

and 1433 cm" 1 modulating infrared bands. This is confusing initially as these peaks 

are thought to originate from the same surface species. However, the proximity of an 

infrared band due to a carbonate species to the 1645 cm" 1 peak, seen previously to be 

present as a high frequency shoulder, means that the carbonate modulation may 

interfere to some extent with the 1645 cm" 1 modulation. The peak at 1433 cm" 1 would 

be the cleaner peak in the infrared spectrum, in terms of minimal interference from 

neighbouring peaks, but confidence in phase values decreases at lower 

wavenumbers. Neglecting the small apparent phase difference between these peaks 

then, it appears as though the bicarbonate species have a small and constant phase lag 

with respect to the CC>2 produced during the oxidation reaction.

It is unclear why the phase lag of the Rh+CO species gives a negative value at 

low modulation frequencies but changes to a positive value as the frequency is 

increased. It is unlikely that this is a real effect, as it would involve the wave of the 

modulation of the Rh+CO peak leading the COi waveform at low frequencies but 

lagging behind at higher frequencies. More likely perhaps is that the phase lag at 

very low frequencies is close to zero. The most important point is that the phase lag 

is increasing with frequency, giving a detectable frequency response.

By carrying out frequency response experiments at different temperatures it 

become possible to compare trends with temperature. The phase lag between the CC>2 

and the Rh+CO species as a function of frequency is shown for three different 

temperatures in Figure 5.33. All experiments involved a 1:1 CO:O2 flow over an as 

received sample.
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Figure 5.33. Relative phase lag between CO 2 and Rh+CO as a function of frequency 
for frequency response experiments at 489, 517 and 537' Kfor a 1:1 CO :O 2 flow over 
an as received sample.

It can be seen that each temperature shows the same trend, that of phase lag 
increasing with frequency. The frequency limit at which the signal-to-noise ratio is 
still sufficiently good to enable extraction decreases with increasing temperature 
from about 1.5 Hz at 489 K to about 0.6 Hz at 537 K. This is almost certainly due to 
less adsorption occurring at higher temperature, giving a reduced surface population 
of Rh+CO and a concurrent reduction in signal-to-noise for the infrared band.

What is curious however, is how rapidly the signal-to-noise decreases. For 
example, Figure 5.34 shows the Fourier transform plot obtained from a modulation at 
1.009 and 1.202 Hz at 517 K. The quality of the signal-to-noise is still very good at 
1.009 Hz, with phases of both CO2 and Rh+CO well defined. By 1.202 Hz, the next 
frequency sampled, the signal-to-noise has deteriorated, giving no discernible peak in
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the amplitude spectrum and hence random scatter for the phase in the wavenumber 

region of interest.
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Figure 5.34. Fourier transform plot for the concentration modulation of the 1:1 flow 
at A, 1.009 Hz and B, 1.202 Hz at 517 K during a frequency response experiment.

The initial thought on analysing this result is that the modulation frequency 
may be reaching the experimental limit described by the Nyquist theorem [48, 49]. 
According to Nyquist, in order to accurately represent a sine wave, it is necessary to 
sample the signal at least twice during each cycle. Therefore, as the time resolution 
of the infrared scan during the kinetics run was 0.192 seconds, the maximum 
frequency of modulation would involve 1 cycle every 0.384 seconds, or 2.6 Hz. This 
suggests that the experimental limit for sampling the modulation has not been 
reached and the signal-to-noise deterioration between 1.009 and 1.202 Hz is due to 
some other factor, possibly related to the kinetics of the reaction. Modulation at
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1.202 Hz and sampling with a time resolution of 0.192 seconds gives 4.33 points per 

cycle, well above the Nyquist limit of 2 points per cycle. To investigate this loss in 

signal fully would involve repeating the experiment taking more points in this 

frequency region, as 1 .009 to 1 .202 Hz is a rather large step in frequency. The signal- 

to-noise shows a very rapid deterioration in the mass spectrometer trace also, which 

samples at about 6-7 points per second and so is even further from the Nyquist limit. 

This would appear to confirm that the loss of signal is not due to inadequate 

sampling. The fact that the frequency limit has shown a temperature dependence 

perhaps suggests that this could be a reason for the sudden loss of signal - it may be 

possible to go to a higher frequency if the temperature is reduced, giving increased 

adsorption, but then the surface regime involving natural oscillations is approached. 

Even though the frequency limit decreases as temperature is raised, sufficient points 

have been recorded to plot a straight line through the data.

When phase lag is plotted against frequency, the gradient of the line can be 

used to extract a residence time given by the phase lag. If one cycle consists of 2n 

radians at a frequency of f Hz, then the cycle consists of 27if radians per second. This 

leads to the equation:

(5 -8)

Hence a plot of phase lag against frequency should give a straight line. The gradient 

of the straight line is given by 2iru, where T is the residence time in seconds if the 

phase lag is in radians and frequency is in Hz. Residence times, or at least time 

constants corresponding to the phase lag can therefore be extracted from the linear 

fits to the frequency response data as plotted in Figure 5.33. This yields the results 

shown in Table 5.4.
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Table 5.4. Time constants calculated from the phase lag between the gaseous CO2 
and the Rh+ CO surface species.

Temperature / K

489

517

537

t / seconds

0.169

0.127

0.100

These values of residence times and the temperatures at which they were 
calculated can in turn be used to calculate an Arrhenius activation energy, using an 
Arrhenius-type equation. The residence time is related to the rate constant by 
equation (5.9) and via the general Arrhenius expression given in equation (5.10) to 
the activation energy using equation (5.11).

(5.9)

-E
k - Ae (5.10)

In - In A - a
RT (5.11)

where T = residence time of the molecule on the surface, k = rate constant, A = pre- 
exponential term, Ea = Arrhenius activation energy, R = gas constant, and T = 
temperature. Hence a plot of Ini versus T ~ l should give a straight line of gradient - 
Ea/R. The corresponding Arrhenius plot for these residence times is given in Figure

5.35.
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Figure 5.35. Arrhenius plot for time constants derived from the phase lag between 
gaseous CO2 andRh+CO.

Although only three points are available to construct the Arrhenius plot, the 
resulting straight line fit through these points is very good indeed, indicating obvious 
Arrhenius-type behaviour. The gradient of the Arrhenius plot in Figure 5.35 yields an 
activation energy of 23.7 kJmol" 1 .

It is difficult to define which process this activation energy relates to. It is 
derived from the phase lag between the CO2 produced during the oxidation reaction 
and the active Rh+CO species. It is likely to be related to some rate determining step 
in the reaction, but at this stage not enough information is available to identify which 
step is rate determining. Possibilities include reaction, desorption or surface 

diffusion.

As discussed previously, the intention in this section is to use the phase lag 
between CO2 and Rh+CO as a stepping stone to extraction of a phase lag between
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surface adsorbed CO in the active site and the reference gas, AT. The next stage in 

this procedure is calculation of the absolute phase lag between gaseous CC>2 and AT 
according to the mass spectrometer monitoring the effluent composition. As this 

involves comparisons to the reference waveform, times extracted from these phase 

lag plots should be residence times, as removal of CC>2 from the surface occurs by 
desorption only.

The phase lag plot against frequency for the three temperatures of the 

frequency response experiments is shown in Figure 5.36, the gradients of which yield 
the CC>2 surface residence times given by Table 5.5.
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Figure 5.36. Phase lag between CO2 and Ar as determined from the mass spec 

during frequency response experiments at 489, 517 and 537 Kfor a 1:1 CO: O2 flow 

over an as received catalyst.
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Table 5.5. CO2 surface residence times calculated from the gradients of phase lag 

plots of Figure 5.36.

Temperature / K

489

517

537

T / seconds

0.422

0.372

0.216

As carried out previously for the CO2-Rh+CO phase lag, the residence times 
can then be used to construct an Arrhenius plot, given by Figure 5.37.
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Figure 5.37. Arrhenius plot for C02 surface residence times derived from the phase 
lag between CO2 andAr.

The Arrhenius energy calculated from Figure 5.37 represents the energy of 
desorption of CO: from the catalyst surface, and has a value of 28.7 kJmor 1 . In a
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temporal analysis of products (TAP) study of the sorption of CO2 on alumina, 

Dewaele and Froment found the energy of activation of CO2 desorption to be 

lOOkJmol" [50]. However, by measuring desorption from Rh rather than alumina, 

we may expect a lower value, as desorption of CO2 from alumina means removal of 

relatively stable carbonate species. Ortelli, Wombach and Wokaun obtain a value of 

27 Umor1 for the activation energy for CO2 adsorption/desorption on a Pd25Zr75 

based catalyst [51].

The next intended step was to subtract the CO2-Rh+CO phase lag found from 

the infrared from the CO2-Ar phase lag found from the mass spectrometer to yield 

the phase lag between the Rh+CO surface species and the inert reference AT. The 

results of this subtraction are shown in the phase lag plot of Figure 5.38, and the time 

constants extracted from this figure are given in Table 5.6.
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Figure 5.38. Phase lag between the Rh+ CO and Ar, obtained from a combination of 

the infrared and mass spectrometer data shown in Figures 5.32 and 5.33 

respectively.
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Table 5.6. Rh+CO surface time constants calculated from the gradients of the phase 

lag plots of Figure 5.38.

Temperature / K

489

517

537

T / seconds

0.433

0.211

0.149

The Arrhenius plot constructed using the Rh CO residence times is shown in 
Figure 5.39.
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Figure 5.39. Arrhenius plot for the Rh+CO time constants derived from the phase 
lags between Rh+CO andAr.

The straight line of the Arrhenius plot for Rh CO indicates obvious Arrhenius-type 
behaviour, and the activation energy is calculated to be 49.0 kJmol" 1 .
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Although much has been made of the use of extracted phase lags to determine 
kinetic parameters, little mention has been made of the amplitude data which is 
extracted simultaneously by the Fourier transform code. Ideally a relationship could 
be made between differential conversion and amplitude of the modulation of the 
Rh+CO species to confirm its activity. However, the proximity of this infrared peak 
to neighbouring CO(g> and dicarbonyl peaks prevents confident determination of a 
modulation amplitude due solely to Rh+CO. At the very least, there should be a 
recognisable trend when the amplitude of the gas phase CO2 calculated from the 
Fourier transform is compared to differential conversion calculated from the mass 
spectrometer. Figure 5.40 shows this relationship, where differential conversion is 
estimated to be the amplitude of the modulating €62 trace on the mass spectrometer.
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Figure 5.40. Relationship between amplitude of modulation calculated from the 
Fourier transform code and differential conversion calculated from the mass spec.

The reasonably good straight line relationship between CC>2 amplitude and 
differential conversion shown in Figure 5.40 confirms that amplitudes in the Fourier 
transform can be compared to conversion. One factor which may lead to distortion in 
this relationship is the possibility of changing optical pathlength between
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experiments. As the design of the infrared cell means that the optical pathlength is 

very small, in the region of 1-2 mm, any small changes in sample loading would 

result in large changes in optical pathlength. This in turn would affect the size of the 

amplitude calculated for gas phase species from the infrared data. While this may be 

an explanation for the limited scatter on the points in Figure 5.40, a clear linear 

relationship is displayed.

Discussion

The frequency response method has been used to extract phase lags from both 

infrared and mass spectrometer sampling, which are used in turn to calculate 

residence times and Arrhenius energies for the processes involved. These energies 

are summarised in Table 5.7. It should be noted that, by nature of the way in which 

the phase lags were calculated, the Arrhenius energies are also additive.

Table 5.7. Arrhenius energies extracted from frequency response experiments on CO 

oxidation over

Phase Lag

CO2 - Rh+CO

CO2 -Ar

Rh+CO - Ar

Arrhenius Energy / kJmol*

23.7±1.6

28.7±14.5

49.0±3.75

Of these values, the most meaningful are those between CO2 or Rh CO and 

Ar, as these involve comparison to the inert reference wave, which passes through 

the reactor without adsorbing or reacting. It is conceptually difficult to understand 

which process is represented by the phase lag between CO2 and Rh+CO, but in the 

wider view, this is unimportant, as this value is used merely to calculate the Rh+CO -
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Ar phase lag, determined to be 49.0 kJmol" 1 . This calculation involved combination 

of frequency response results from both the infrared and mass spectrometer.

In comparison to the literature, Oh et. al. [23] quote a value of 132 kJmol" 1 

for the desorption of CO from Rh(lll) and 60 kJmol" 1 for formation of CO2 . 

Energies calculated in this work are lower than these values, but are calculated for 

the active Rh+CO species rather than CO on metallic Rh. It would be expected that 

values for active species would be significantly lower than those for spectator 

species, suggesting that Arrhenius energies calculated here are certainly plausible.

The phase lag plots show that the experimental system is capable of inducing 

and detecting phase lags during the CO oxidation reaction. The observation of a 

changing phase lag for the major modulating species, Rh+CO, with frequency would 

suggest that this species is involved in the kinetics of the oxidation. This can be 

regarded as further evidence of Rh+CO being an active rather than spectator species 

during the CO oxidation over this supported Rh sample.

The ability of this system to extract an Arrhenius energy for the active surface 

species gives an indication of its full potential where, given adequate signal-to-noise 

Arrhenius energies could be estimated for any surface species that displayed a 

measurable phase lag. It has also been shown possible to relate amplitudes extracted 

from the Fourier transform code to differential conversion.

5.5 - Conclusions

This chapter has illustrated the benefits of application of transient experiments to a 

catalytic system in which a reaction is taking place. Many previous studies have been 

made on this system using conventional techniques, without providing convincing 

evidence for identification of an active surface species. Even if some adsorbed 

species is observed on the catalyst surface during the reaction, it does not necessarily
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follow that this is a reaction intermediate through which the reaction proceeds. It 

may even retard the reaction by occupying the active part of the surface as a 
spectator.

Conventional experiments at the start of this chapter agreed in general with 

the literature, giving positive identification of the presence of CO adsorbed as 
dicarbonyl, linear on metallic and oxidised Rh sites, occasionally bridged forms and 
carbonate and bicarbonate species under reaction conditions.

Current favour in the literature is of an active RhCO species, with dicarbonyls 
and CO linearly adsorbed on oxidised sites spectators, although dicarbonyls had also 
been labelled active previously.

Concentration modulation experiments have been described in this chapter in 
an attempt to identify the active species under realistic reaction conditions. Two 
methods of data analysis were investigated, the difference spectrum and Fourier 
transform processing. The latter method was judged the more suitable, on the 
grounds of convenience, signal-to-noise quality and reliability of the result.

This method of data analysis allowed identification of Rh+CO as the active 
species under all experimental conditions tested: varying flow composition and 
catalyst pretreatment. It is speculated that linear CO on metallic sites may lead to 
inhibition of the reaction, by blocking Rh sites and preventing oxidation to the active 

Rh+ state.

Frequency response experiments have been carried out, with the active 

Rh+CO species showing a clearly detectable frequency response. It has been possible 
to extract time constants and hence calculate Arrhenius energies from both infrared 

and mass spectrometer sampling. These methods of data collection have been used in 
collaboration to determine a phase lag between the active surface species and an inert 

reference gas.
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It has been shown in this chapter then that transient studies of a catalytic 

system are capable of providing insight into the nature of the reaction not provided 

by conventional experiments. The fact that this information has been gathered under 

realistic catalyst operating conditions means that the results can be related directly to 

the operational catalyst.
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Chapter 6 - Conclusions

The aim at the start of this project was to construct and develop an integrated 

frequency response reactor, capable of studying heterogeneous catalysis under 

realistic operating conditions. From initial tests of the characteristics of the reactor, 

to studies of diffusion and catalytic reaction, this aim has been achieved successfully.

Early tests of the reactor allowed determination of optimal methods of 

construction. These included using thin tubing, keeping tubing lengths as short as 

possible to ensure preservation of the waveform and the use of a ballast volume to 

prevent build-up of back pressures at low frequencies. It was found that the range of 

frequencies available for frequency response experiments covered two orders of 

magnitude.

In Chapter 4 it was found that credible kinetic parameters could be extracted 

from the frequency response system to describe the diffusion of propane in silicalite. 

The calculated characteristic real and imaginary functions were accurately described 

using a micropore diffusion model, giving diffusion coefficients in the range 10' 11 - 

10" 12 m2/s. These are in close agreement with those calculated from other indirect 

techniques. The inclusion of an axial dispersion coefficient was necessary to provide 

satisfactory fits of the model to the experimental data, but this was found not to 

affect the diffusion coefficient.
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This chapter showed that it was possible to transform data from phase lags 

and amplitude ratios from a flow reactor at atmospheric pressure into characteristic 
functions, which can be directly compared to those in the literature.

In Chapter 5 the reactor was used to study the catalytic oxidation of CO over 
Rh/AbOs. This catalytic system is well documented and conventional experiments 
carried out using the reactor agreed with findings from the literature in terms of 
surface species present: dicarbonyls, linear CO on metallic and oxidised Rh sites and 
bridging CO.

Concentration modulation studies were carried out and two methods of data 
analysis were assessed for these experiments. Fourier transform processing using an 
in-house written program was found to be the most suitable method. The 
concentration modulation studies indicated the presence of a Rh+CO active species, 
which modulates even on a surface otherwise dominated by dicarbonyls. This has not 
previously been assigned an active species in the literature.

A full frequency response experiment was carried out and the Rh+CO species 
was found to display a detectable frequency response under reaction conditions. The 
detection of a phase lag for this species led to calculation of surface residence times. 
Frequency response experiments at different temperatures enabled determination of 
activation energies for reaction of the Rh^CO species and desorption of the product 
C02 .

This chapter showed that transient studies of a catalytic system are capable of 
providing an insight into the nature of catalytic reactions not provided by 

conventional experiments.

This reactor shows great potential for the study of heterogeneous catalytic 
reactions relative to the state of other current techniques, in that it is possible to test 
the transient response of catalytic systems under realistic operating conditions of 
temperature and pressure. The reactor is particularly suited to following reactions in
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which mixtures of gases are used, and the use of infrared spectrometry and mass 
spectrometry means that it should be possible to create separate response functions 
for separate surface species, providing that these are spectrally resolvable.

The Fourier transform code used in Chapter 5 to create phase and amplitude 
plots of modulating surface species shows great potential. This code may be 
exploited still further if slight adaptations are made so that the higher harmonics, 
which are known to be present, are retained and output by the code rather than 
discarded as they are at present. This would mean that multiple frequencies could be 
sampled simultaneously, reducing experimental time and, more importantly, 
potentially widening still further the considerable current frequency window. This 
would allow an even greater range of kinetic processes to be studied.
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in the CO2 feed has been followed by both mass spec-
Diffuse reflectance infrared spectroscopy experiments are de- trometry and DRIFTS to obtain information on the ki- 

scribed in which the concentrations of the reactant gases passing netics and mechanism of reaction (6). The concentration 
over a solid catalyst are modulated. This simple modification to modulation technique described here is a novel refine- 
the normal in situ experiment enables direct correlation of specific ment of thjs approach capable of producing IR spectra in 
surface species with the production of gaseous products. Spectra of which the presence of bands from an adsorbed interme- 
solely the active surface intermediates with no contribution from so diate ^ a d ^^ Qf ^ role in the cfttal tic reac. 
called "spectator species are generated. For CO oxidation over a . 
Rh/alumina catalyst at 576 K, the active CO species is identified as 
linearly adsorbed CO on oxidized Rh sites (VCQ = 2100 cm" 1 ) on a
catalyst surface apparently otherwise dominated by CO adsorbed MFTHODS 
as unreactive geminal dicarbonyl. © 1999 Academic Press 

Key Words: rhodium; CO oxidation; forced oscillations; DRIFTS. ^ catalyst used in thi§ WQrk was a 2% Rh/Al2o3

sample supplied by Johnson Matthey. This was charac
terized by chemisorption measurements carried out on a

INTRODUCTION Micromeritics ASAP 2010C. Hydrogen chemisorption on
7 . ™ r , , , . , . the reduced catalyst allowed determination of the metal
In-situ IR spectroscopy of species adsorbed on catalyst ^« 2/ u-u j * j-
, . i ui * 1 • j * ,r <• i *• surface area as 3.9 nr/g, which corresponds to a disper-

surfaces is a valuable tool in understanding catalytic pro- . &' .*. . r
/ 1X A . -c * u * • t +u • *^i, -™ « Slon of 45/0 - T*118 was consistent with CO chemisorp- 

cesses (1). A significant shortcoming or this technique is, . . . ,
however, the difficulty in determining which species are tion measurements provided that a CO : Rh ratio of 2 was

playing an active role in the catalysis and which are merely ^(99.95% Linde) and Q2 (99 . 5% Linde) were ad.
spectators. The presence of an absorption band of some ^ y consist Qf ^ m Qf 5 _mm_
surface species, even when spectra are recorded under re- ^ £ determined b dectronic flow CQn.
action conditions, is never a reliable indicator of the rel- ^ ^ mixture then ^ &
evance of that species to the ongoing catalysis (1). To soleno^control valye before bei dded to a helium dilu.
overcome this transient techniques are often employed ^^ also ^ & mass flow controller The
and generally involve observation of the effect of flow control yalve ^ ̂ .^ ̂  & waye function
switching (2) or pulse adsorption (3). Periodic cycling of ^^ ̂ ^ & DC ^ on ^ waveform Qvidi the set

-the inlet composition is an established method of oper- ^ ̂  ayera flow Qf ^ reactant and the
ating catalysts under non-steady-state conditions in order £ ^ control Qf the e Qf modulation of the
to obtain improvements in product yields and selectivities ^^ position
over steady-state conditions (4). This approach has been ^ diffuse reflectance infrared spectroscopy (DRIFTS)
combined with in situ infrared spectroscopy to study the ^ ̂  ̂ ^ desi details of which have been b.
NO/CO/02 system on Pt/Al2O3 (5). The dynamic response ^^ elsewhere (?) s were measured with a BioRad
of C02 methanation over Ru/TiO2 to periodic variations ^ 6m spectrometer equipped with a SpectraTeCh dif-
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silica capillary coupled to a quadrupole mass spectrome 
ter (MS) (LedaMass). This system has been designed for 
full frequency response DRIFTS studies (7, 8), where the 
response of both the gas and the surface phase to modu 
lation of reactant concentrations in the range 0.02 to 4 Hz 
can be followed to allow investigation of the surface ki 
netics. In this instance, however, a single modulation fre 
quency of 0.11 Hz was employed to illustrate the advan 
tages of simple concentration modulation in in situ DRIFTS 
experiments. The inlet gas composition to the DRIFTS 
reactor was 5%CO:3%O2 in He at a total flow rate of 
65 seem with ±40% modulation of the combined CO and 
O2 flow.

Approximately 30 mg of the catalyst was first introduced 
into the DRIFTS cell in the calcined state and then al 
lowed to equilibrate under a constant flow of the reac 
tant gas stream at the operational temperature. During 
the catalyst run in, MS data was used to measure conver 
sion while DRIFTS spectra gave an indication of the sur 
face composition of the catalyst. These DRIFTS spectra 
were produced from 4 cm" 1 resolution single beam spec 
tra recorded during equilibration ratioed against a back 
ground single beam spectrum of the A12O3 catalyst sup 
port. Thereafter, during modulation of the gas stream at 
0.11 Hz, spectra were collected at a rate of 5.2 Hz using 
the kinetics software of the WinlRpro 2.6 package asso 
ciated with the FTIR spectrometer using a background 
recorded at equilibrium under the constant gas flow just 
prior to modulation of the gas stream. The spectra were

again recorded at 4 cm 1 resolution with each spectrum 
representing one individual scan. MS data measuring the 
exit gas composition was collected in synchrony with the 
DRIFTS data.

RESULTS AND DISCUSSION

Figure 1 shows a representative DRIFTS spectrum at 
567 K after the sample had been heated from room tem 
perature and equilibrated under the reaction mixture. At 
this temperature the rate of CC>2 production was 18 /umol 
m~2 s-1 , corresponding to —60% conversion of CO. For 
adsorbed CO, the two bands of roughly equal intensity 
at 2081 and 2010 cm" 1 can be assigned to a geminal di- 
carbonyl species (9). There is also a weaker feature at 
1880 cm" 1 consistent with CO in bridged sites. There is no 
obvious band that would be associated with linear CO on 
Rh metal; however, this could be partly obscured by the 
lower of the two dicarbonyl peaks. In general the CO fea 
tures are broadly similar to what would be expected for a 
low metal loading Rh/A^Os catalyst (10). Due to the low 
path length of the cell and the relatively high conversion 
there is no CO gas phase signal from the 5% inlet concen 
tration. The most substantive feature in the spectrum is the 
broad maximum between 1700 and 1400 cm" 1 which spans 
the region normally associated with a range of carbonate 
type species (11) and indicates a considerable buildup of 
carbonates, principally on the A^Os, under the reaction 
conditions.
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FIG. 1. DRIFTS spectrum after equilibration of the sample under the reaction mixture (5%CO, 3%O: in He at a total How rate of <i5 seem) at 

567 K.
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FIG. 2. Collected MS and DRIFTS trend analysis during modulation of the inlet reactant concentration at 0.11 Hz.

During modulation, the MS allowed the variation of the 
gaseous concentrations of CO, C>2, and COi to be followed 
while integration of peak areas across a series of DRIFTS 
spectra enabled a similar trend analysis. Integration be 
tween 2433 and 2222 cm"1 again gave a measurement of the 
variation in gaseous COi concentration and proved useful 
for synchronization of the MS and DRIFTS data while mea 
surement between 2123 and 2047 cm" 1 ,2047 and 1945 cm" 1 , 
1915 and 1820 cm"1 , and 1772 and 1580 cm"1 allowed the 
changes in intensity of the asymmetric and symmetric VCQ 
of the gem-dicarbonyl species, bridged CO, and the surface 
carbonate, respectively, to be followed. The collected MS 
and DRIFTS traces from a period of 10 modulation cy 
cles are shown in Fig. 2. Under the stated conditions, the 
gas phase concentrations of CO, Oz, and CO2 all modulate 
approximately in phase with the rate of COa production 
stepping between 25 and 11 /umol m~2 s"1 . Of the surface 
species, only the carbonates show a clear modulation in near 
perfect phase with the CO2, CO, and Oz- Both traces asso 
ciated with the dicarbonyl species show a gradual drop in 
absorbance with time. For these features, periodicity at the 
modulation frequency is much less evident than in any of 
the other traces with only the higher frequency symmetric 
dicarbonyl mode showing a slight variation in reasonable 
phase with the others. The negligible shift in phase between 
all traces indicates that the kinetics of the elementary reac 
tion steps are, under the conditions employed, rapid with 
respect to the input modulation frequency.

The two spectra in the main body of Fig. 3 have each 
been produced by the coaddition of 40 individual spectra 
extracted from points corresponding to maximum and min

imum rates in the DRIFTS data from four modulation cy 
cles. Coaddition over only four cycles is ample to produce 
adequate signal to noise in this instance. The bands in Fig. 3 
again correspond to gas phase CO2, geminal dicarbonyl and 
various carbonate type species; however, intensity in this 
figure now represents a difference in absorbance with re 
spect to the steady state. Thus positive and negative gas 
phase CO2 peaks are visible, corresponding to the maxi 
mum and minimum conversion of CC*2 with the normal gas 
phase band envelope showing distortion due to an under 
lying peak from physisorbed CO2. It is also clear that the 
reaction rate modulation is causing substantial changes in 
the carbonate region of the spectrum with features at 1649 
and 1435 cm"1 , most likely associated with bicarbonate on 
the alumina (11,12), appearing particularly labile.

On first inspection, the CO region of the spectra shows 
only small and consistently negative geminal dicarbonyl 
features. Their presence is in line with the slow leaching of 
the intensity from the peaks associated with the dicarbonyl 
species noted in Fig. 1 and identifies a slight drift in aver 
age inlet concentration between acquisition of the steady- 
state background and the modulation spectra. There does, 
however, seem to be some consistent deviation between 
maximum and minimum rate spectra at the high frequency 
side of the symmetric dicarbonyl peak at around 2100 cm"1 . 
To resolve this feature, the spectra in Fig. 3 have been sub 
tracted from one another and the result in the region for 
adsorbed CO is shown in the insert. There is one well re 
solved peak at 2100 cm"1 on an otherwise flat baseline. 
This peak position corresponds well with the literature val 
ues of 2080-2100 cm"1 (14) and 2103 cm"1 (15) for CO on
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FIG. 3. DRIFTS spectra, each produced from coaddition of 40 individual spectra collected during maxima and minima in the modulation cycle. 
The inset shows the result of subtraction of the two spectra in the region for forms of adsorbed CO. The vertical dotted lines are at the maximum of 
the band in the inset (2100 cm" 1 ).

oxidized rhodium(I) sites. In this difference spectrum, the 
intensity of the peak is related to the differential conver 
sion and clearly demonstrates that the geminal dicarbonyl 
species is a spectator to the reaction and the active species 
is CO on oxidized Rh. The inactivity of geminal dicarbonyl 
species has been demonstrated previously (16) but CO on 
Rh(I-III) sites has also been thought to be quite inactive 
with linear CO considered to be the active species (15). Al 
though linear CO was briefly observed on the sample during 
the heating ramp (at 538-558 K) it is absent under the con 
ditions used in the generation of these spectra. Were linear 
CO responsible for the activity it would be discovered by 
the subtraction technique used above and there would be 
a band in the inset in Fig. 3 at -2050 cm" 1 . Bridged CO is 
also absent from this spectrum and is thus inactive. There 
is no evidence above 2110 cm" 1 for the existence of CO on 
more strongly oxidized Rh(II-III) sites (14) in any spectra, 
either conventional or difference.

CONCLUSION

Use of concentration modulation during in situ DRIFTS 
has been shown to be capable of producing spectra of the 
active species for CO oxidation on Rh/Al2O3 under con 
ditions where its detection would be otherwise impossible 
due to overlapping bands from coadsorbed inactive specta 
tor species. The active CO species has been shown to be CO 
on oxidized Rh sites rather than geminal dicarbonyl or lin

ear CO on Rh metal. These experiments may be regarded 
as preliminary to full frequency response measurements 
where the dependence of the gas and surface concentra 
tion of species on modulation frequency should allow the 
exploration of the kinetics of adsorption, desorption, and 
surface reaction by application of frequency response tech 
niques.
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Abstract
Frequency response (FR) techniques are applied to determine the dynamics of gas 

surface interactions in 2 systems. By studying the response of propane adsorption on 
silicalite-1 it is demonstrated that FR is an accurate and rapid method for simultaneous 
determination of diffusivities and isotherms of microporous sorbents. Frequency response 
analysis of in-situ IR spectra of CO oxidation on Rh/Al2O3 shows that the predominant 
adsorbed species under reaction conditions, geminal dicarbonyl, plays no role in CO2 
production and that the minority species CO on Rh5 *and carbonate are more important.

1. Introduction

Frequency response methods are based on the manner in which a system, at 
equilibrium, responds to a periodic change in some external parameter influencing the 
equilibrium and, in particular, the dependence of this response on the frequency of 
perturbation. They are an established means of analysis in process systems [1], however, 
they are equally applicable to any system which can be described by a set of differential 
equations linear in the perturbation.

In heterogeneous catalysis, although application of FR methods is as yet relatively 
rare, the potential of the technique has been demonstrated by a number of studies. Sinfelt 
has considered the advantages of FR in flow systems over either static chemisorption 
experiments or conventional differential flow reactors [2]. In experimental studies, most 
notably those by Yusada, complex kinetics have been resolved in the conversion of 
dimethylether over HZSM-5 [3]. Work on supported metal catalysts includes studies of 
alkali promotion of Rh/TiO2 by H2 adsorption [4] and CO adsorption/desorption kinetics 
employing in situ transmission infrared (FR) analysis of the adsorbed phase [5].

Until recently, our own FR studies have largely concerned measurement of diffusion 
[6] and sorption [7] in zeolites in batch reactors, however, we now describe the 
development of a novel FR flow reactor system employing Mass Spectrometry (MS) and 
Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS). Results from a 
study of the adsorption and diffusion of propane in silicalite-1 are described first. This 
system has been well characterised both by FR [8] and by other methods [91 and so was 
chosen as a suitable trial system to test the MS detection, flow properties of the FR system
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and modelling of flow reactor data. A combined MS/DRIFTS FR study of CO oxidation 
over a Rh/Al 2O3 catalyst illustrates the ability to correlate the gas phase FR with the rates 
of elementary reaction steps on the catalyst surface.

2. Experimental

The experimental apparatus is depicted in Figures 1 and 2 and consisted of a gas 
delivery system, a reactor, which took the form of either a simple tube reactor or a 
DRIFTS cell, and a mass spectrometer.

Mass

Silica 
Capillary

Diluent

The reactor is either
A) tube reactor
B) DRIFTS cdl

Capillary-
Tube Reactor

Samiiple

Signal 
Generator

MFC = Mass Row 
Controller

DBIEESCsU 

IR Window

Silica Heater 
Tube

SteelCap

Maoor Gas Guide

Heater

Figure 1. Schematic of the apparatus Figure 2. Cross section of the DRIFTS cell

In the simplest scenario, three mass flow controllers (MFC's) supplied the sample, 
reference and diluent gases. A small modulation in the flow of the combined sample and 
reference gas stream was produced by driving the solenoid valve with a signal generator. 
This was then injected into a much larger constant flow of diluent gas. The resultant gas 
stream had a near constant volumetric flow rate but an oscillating composition at a total 
pressure of around 1 atmosphere. Appropriate settings of the signal generator allowed the 
small amplitude (< 10%) changes necessary to ensure that the reponse remains linear with 
respect to the perturbation.

The maximum frequency usefully delivered was principally dependent on the flow 
characteristics downstream from the injection point but could be in the order of 3-5 Hz if 
care was taken to reduce tubing lengths and cross sections. The minimum frequency is 
determined by the long term stability of the flow rates and was of the order of 0.02 Hz. 
More than 2 orders of magnitude of frequency could therefore be investigated.

The reference gas signal was used both as a phase and amplitude reference and results 
were calculated as an amplitude ratio and phase lag relative to this reference. Control 
experiments have shown that in the absence of any sample there is good agreement between 
the 2 signals throughout the frequency range studied.
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The tube reactor used for the propane/silicalite-1 studies was simply constructed from a 
suitable length of V4 inch outside diameter stainless steel tubing with "30mg of the zeolite 
sample held between glass wool plugs. Electron microscopy studies of the sample showed it 
to be made up of roughly spherical crystallites of approximately lO^m radius.

For the DRIFTS cell depicted in Figure 2, «30mg of the finely powdered Rh catalyst 
was placed in a depression on a silica sample post. The use of powdered samples in 
DRIFTS reduces the potential for artefacts due to macropore diffusion associated with 
pressed discs required in transmission IR experiments. Gas enters the cell at the base and 
passes up a slot in the Macor™ gas guide next to the sample post and then flows across the 
sample and down a similar slot to exit. The total dead volume of the cell is minimal and, 
under the gas flow rates typically employed (60 seem), gives residence times in the cell of 
the order of «150ms, far better than commercially available cells. Sample heating was 
carried out by a heater coil inserted in the silica sample post. This could produce sample 
temperatures, measured by a thermocouple placed in the sample bed, in excess of 450°C 
without degradation of the seal. The low path length of the infra red radiation through the 
gas phase means no interfering gas phase signals are observed for species that adsorb (i.e. 
CO). Gas phase CO2 is however observed due to the absence of an adsorbed species in that 
region of the spectrum. The FTIR spectrometer used in association with the in house 
constructed DRIFTS cell was a Biorad FTS-6000 equipped with a narrow band Mercury 
Cadmium Telluride detector.

The mass spectrometer system employed with both the tube reactor and DRIFTS cell 
was a Leda Mass quadrupole fitted with a by-pass pumped fused silica capillary inlet 
system which could be inserted directly into the exit of the tube or DRIFTS reactors.

3. ADSORPTION AND DIFFUSION OF PROPANE IN SILICALITE-1

The adsorption and diffusion of propane in silicalite-1 was studied at 348K and at a 
range of propane concentrations. The average propane flow rate was varied from 0.6 seem 
to 5 seem while those for the argon reference gas and the helium diluent were 5 and 55 
seem, respectively. The propane partial pressure was thus in the range 7-56 Torr. The 
frequency of perturbation was varied from 0.02 Hz to 2 Hz. Typical time domain data 
from the mass spectrometer is shown in Figure 3. The influence of adsorption/ desorption 
processes on the propane waveform is immediately evident. Whereas the argon retains it 
square wave character after passing through the sample bed, the propane wave becomes 
more rounded. The relative amplitude of the propane modulation is also reduced and there 
is a clear phase lag relative to the argon wave. Since any gas hold-up effects will be present 
in the argon signal the amplitude attenuation and phase lag are characteristic of the 
dynamics of the sorption processes in the sample. Data such as those presented in Figure 3 
are then Fourier transformed to yield an amplitude ratio and phase lag relative to the argon. 
The variation of these parameters with frequency of perturbation is shown in Figure 4, as is 
the dependence of this variation on propane partial pressure. 
In all case the amplitude ratio (argon/propane) increases with frequency and the phase lag
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increases with frequency before passing 
through a maximum and dropping sharply. 
The increase of amplitude ratio with frequency 
(i.e. a preferential damping of the propane 
wave at high frequency) is in conflict with the 
model for continuous flow frequency response 
published recently [10]. Also in conflict with 
this model is the fact that the phase lag 
exceeds :c/2. This is impossible if the sample 
is considered to be a uniform discrete adsorber 

Figure 3. Partial pressure oscillations after since it would imply net adsorption occurring 
passage through the sample a* times when the pressure of sorbent is below
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Figure 4. Dependence of phase lag and amplitude ratio on frequency at various partial
pressures T= 348 K

average. This is clearly non-physical. A more satisfactory treatment of the data results if 
the sample is considered a column of finite length of particles in which Fickian diffusion 
for an isotropic sphere is assumed. The gas flows through the sample as dispersed plug 
flow. Thus

-D-
f 7 '62C

+ V
dz

+
l-efdq] (1)

where Dz = axial dispersion coefficient, C = propane gas concentration, q = adsorbed 
propane concentration, v = gas velocity, z = column coordinate, e= fractional void space, 
t = time.

Taking Laplace transforms

-D.I —;H + vl 
dz2 > ^

+ v| — I + ——sq = sC where s = Laplace operator, q = GC (2)
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G being the Transfer Function relating the gas and adsorbed concentrations. This has been 
derived previously by Do [10]. Therefore

/ ~l —N
-D + vf££l + lzlsGC = sC 

V dzj E
(3)

This is an ordinary differential equation and thus can be solved. The perturbation is 
harmonic therefore the Laplace variable s can be replaced by ICD, yielding the transfer 
function relating the argon and propane partial pressures after the column

I

/" 

1 
V8-VE

Ar
D zs

= e (4)

Where the first exponential term is to allow for the transportation lag and

(5)

where ca = angular frequency of perturbation, L = length of sample bed, R = size of 
particles, Dx = micropore diffusivity and K = gradient of the isotherm at the equilibrium 
conditions. The amplitude ratio is equal to the magnitude of the complex transfer function 
whereas the phase lag is equal to the argument.

The lines in Figure 4 show the theoretical best fits to the data, agreement between the 
model and the data is clearly good with the fit parameters presented in Table 1.

Table 1
Parameters from the fitted curves in Figure 4
Propane 
Pressure 
(Torr)
7.7 
29 
56

Transport 
Diffusivity
(m2/s)
2.9 x 10-n 
3.9 x 10' 11 
4.8 x 10' 11

K

3800 
1670 
1130

Axial 
Dispersion

1.3x 10-3 
1.7x 1CT3 
1.3 x 10'3

Void 
Fraction

0.89 
0.95 
0.93

Calculated 
Loading 
(mol/uc)
4.2 
13 
19

Corrected 
Diffusivity
(m2/s)
2.5 x lO' 11 
2.4x ICT 11 

2.1 x 10-"

As can be seen from Table 1 the calculated void fraction is of the order of 90%. This is 
consistent with the sample acting as a column despite the small amount of sample used. 
Were the sample to be packed perfectly it would be expected to be a few millimetres deep 
and thus much shorter than the wavelength of even the fastest perturbation used. Conditions
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in the bed would then be uniform and the model of Do et al [10] would be expected to t 
valid. With a void fraction of 0.9 the bed is an order of magnitude longer and thus acts 
an extended column.
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partial pressure and were used to construct 
isotherm shown in Figure 5 from the appropriat 
straight line segments. This isotherm is a good f 
to a Langmuir isotherm and the calculate 
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traditional isotherm measurements [8]. The?1 
loadings were used to calculate the correcte 
diffusivities according to the Darken equatic 
(Dc =D(dmq/5mP). These values are 
agreement with previous macroscopi 
measurements but are lower by 2-3 orders c 
magnitude than PFG NMR values [9] which ar 
themselves in good agreement with the mo! 
recent FR measurements under batch condition 
[8]. The discrepancies between various measure 
of diffusivities in zeolites is the subject of 
ongoing discussion in the literature [9][11] but 
interesting to note that the values obtained he 
agree most closely with the values obtained 
Zero Length Chromatography, a technique 
which the experimental setup is the most simil;
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Figure 5. An isotherm based on values 
of K from the fitting of the FR data 
and a fitted Langmuir isotherm.

to that used here [9].

4. CO OXIDATION OVER Rh/Al2O3

The CO oxidation experiments a fourth MFC was used to blend a 1:1 mixture of C 
and O2 which was then mixed with the He diluent as before. The tube reactor was replac1 
with the DRIFTS cell illustrated in Figure 2. The DRIFTS spectra were first used to folk 
the equilibration of the catalyst under the gas stream and Figure 6 shows the spectrum t* 
results after exposure of the initially calcined catalyst to a flow of CO:O2 :He (1:1:35 sec 
at one atmosphere and 489 K for 15 minutes. The spectrum is the ratio of a single be 
spectrum prior to exposure of the sample to the gas stream against a second single be- 
spectrum recorded at equilibrium with the intensity of the peaks expressed arbitrarily 
absorbance units. It shows gas phase CO2 (2363 and 2330 cm"1 ) indicating a steady st 
production of CO2 , adsorbed CO (2087 and 2008 cm" 1 ) and formation of carbonate spec 
on the oxide (1645 and 1436 cm'1 ). The adsorbed CO is partly in the form of a gemii 
dicarbonyl species on the reduced Rh. CO on partially oxidised Rh (Rhs+) also contribu
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to the intensity of the higher wavenumber side of the 2087 cm" 1 feature [12].
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Figure 6. The DRIFT spectrum after 
equilibration of the sample under the 
reactant gas stream at 489 K.

Figure 7. Representative spectra during 
modulation of the gas composition.

When modulation of the composition of the gas stream was introduced, the FTIR 
spectrometer was used to acquire DRIFTS spectra at a rate of 5 spectra per second for 4 
minutes at each modulation frequency. The quality of the DRIFTS data was such that good 
spectral sensitivity could be retained at modulation frequencies up to 1.2 Hz. The spectra 
shown in Figure 7 are again absorbance spectra but now they are the ratio of a single beam 
spectrum of the sample at equilibrium under the CO/O2 stream against representative single 
beam spectra from one modulation cycle. The intensity of each of the spectral features can 
be quantified either on the basis of peak height or integrated area and plotted against time 
to generate a 'functional group chromatogram' (FGC) analogous to the MS time domain 
data shown in Figure 3. The combined MS and FGC time domain data for modulation at 
0.21 Hz are shown in Figure 8. In this figure the relative amplitudes of each trace have 
been scaled to highlight differences in phase and the CO2 MS synchronised with the gas

phase CO2 IR. At this point our 
modelling of the data is not as advanced 
as for the propane example discussed 
above, however, a number of important 
features are immediately evident from the 
combined MS/DRIFTS FR data. Firstly, 
the carbonate regions of Figures 6 and 7 
are similar and show the proportion of 
the total surface carbonate which is 
reversibly adsorbed on the time scale of 
the modulation. The relative phase of the 
CO2 MS signal or the CO2 IR FGC and 
the carbonate peaks are near identical and 
retarded with respect to either the CO or 
O2 suggesting a common rate determining

10 12 
Tine/seconds

Figure 8. MS and IR time domain data for 
CO oxidation over Rh/A^Oj Vertical line 
shows maximum CO IR signal
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step controlling the surface population of the carbonate and the production of gas phase 
CO2 The CO section of the spectrum is more complex with the main peak in Figure 7 
appearing at 2109 cm" 1 . This corresponds to CO on the Rh5+ sites and the IR FGC shows 
the feature to be reversible and oscillate in phase with the CO MS trace. The negative peak 
at 2008 cm" 1 agrees well in wavenumber with the lower of the two bands associated with 
the geminal dicarbonyl species and displays a totally flat but gradually dropping FGC. The 
higher mode of the dicarbonyl is largely obscured by the reversible feature at 2109 cm" 1 but 
contributes to the slight negative tail of that peak. Together, this would suggest that during 
the experiment there has been a slight net oxidation of the sample with a gradual decrease 
in the CO present on Rh and concomitant increase in CO on Rh5+ , however it is the CO on 
Rh5+ that is transformed to CO2 and that the CO associated with the Rh metal as geminal 
dicarbonyl species is irreversibly adsorbed at the temperature and gas compositions 
employed.
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ABSTRACT

This work demonstrates the design of novel apparatus and its use to apply frequency 
response techniques to sorption and diffusion processes over zeolites under flow conditions. 
This approach has the potential to yield rate constants for adsorption, desorption and 
ultimately elementary reaction steps at atmospheric pressure. In order to achieve this aim an 
integrated DRIFTS/mass spec, frequency response flow reactor has been designed and 
constructed. The infra red and mass spectrometers are synchronised and a phase reference is 
provided by the modulations in an inert marker gas in the mass spec. By using the mass 
spectrometer in conjunction with a tube reactor it has been demonstrated that good quality 
oscillations can be produced, controlled and monitored over >2 orders of magnitude in 
frequency. This has been used to study the adsorption and diffusion of propane in silicalite-1. 
The complete system has been used to study the adsorption-desorption of CO on cation sites 
in zeolite Na-Y. Clear modulations in the intensity of the DRIFTS absorption bands are 
detected simultaneously with modulations in the mass spectrum.

The apparatus has thus been demonstrated to work well with simultaneous synchronised 
measurement of the dynamic responses of the gas and adsorbed phases.

INTRODUCTION

Frequency response (FR) is the study of the response of a system at equilibrium to a 

periodic perturbation and, in particular, the dependence of this response on the frequency of 

perturbation. It is an established method for the study of process systems [1], and is applicable 

to any system which can be described by a set of differential equations linear in the 

perturbation. In the limit of a small perturbation (in pressure, volume, or temperature) the 

kinetic equations describing a gas/zeolite system can be linearised and therefore frequency 

response methods can be applied. FR has been applied successfully to the study of diffusion 

[2] and sorption [3] in zeolites. The methods of FR can however also be applied to the 

dynamic response of a catalytic reaction when subjected to periodic perturbation. This
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potentially rewarding field is under-developed and the aim of this work has been to extend the 

applicability of FR methods to the study of zeolite catalysis. The end goal of this work is to 

carry out frequency response studies of catalysed reactions which would enable the extraction 

of elementary step rate constants under reaction conditions as has been demonstrated 

theoretically [4]. This would be of academic interest as well as being of great use in the 

modelling of industrial processes. Transmission infra red of pressed discs has been used 

previously to monitor adsorption-desorption FR [5] but DRIFTS allows powdered samples to 

be used thus removing macropore difiiision artefacts.

Propane adsorption and difiiision in silicalite-1 is a system well characterised both by 

frequency response [6] and by other methods [7] and is thus a suitable trial system to study.

IR spectroscopy of CO adsorbed on cation sites in zeolites is an established method of 

characterisation [8] and the combination of this with the dynamic information available from 

frequency response will give a thorough description of the sorption she.

EXPERIMENTAL

The experimental apparatus is depicted in Figure 1.

Mass 
Spec

Silica 
Capillary

The reactor is either
A) tube reactor
B) DRIFTS cell

Diluent

Reactant

.Reference 
Gas

Tubg Reactor

~-^ 
Glass Wool

MFC = Mass Flow 
Controller

Figure 1. Schematic of the apparatus (Inset shows internal view of tube reactor)
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By driving the solenoid valve with a square wave generator, flow modulations can be 

produced in the reactant and reference gas stream. This is then injected into a much larger 

constant flow of diluent gas. The resultant gas stream has an approximately constant 

volumetric flow rate but an oscillating composition. With appropriate settings of the signal 

generator the small amplitude (<10%) changes necessary to fulfil the linearity condition are 

produced. The maximum frequency detectable is dependent on the downstream flow 

characteristics but can be in the order of 3-5 Hz if care is taken to reduce tubing lengths and 

cross sections. The minimum frequency is determined by the long term stability of the flow 

rates and is <0.02 Hz. Therefore, more than 2 orders of magnitude of frequency can be 

investigated. The phase and amplitude of the partial pressure oscillations are calculated by a 

fast Fourier transform. The reference gas signal is used both as a phase and amplitude 

reference and results calculated as an amplitude ratio and phase lag relative to this reference. 

Control experiments have shown that in the absence of any sample there is good agreement 

between the 2 signals throughout the frequency range studied.

The DRIFTS cell used in this work is an in-house constructed design depicted in Figure 2.

IRWndow. Sample

Silica Heater 
Tube

Steel Cap

bfacor Gas Guide

Heater

Figure 2. Cross Section of the fast response DRIFTS environmental cell

The sample («30mg) is placed in a depression on a silica sample post. The gas enters the 

cell at the base and passes up a slot in the gas guide next to the sample post. It then flows 

across the sample and down a similar slot to exit. Due to the small dead volume of the cell the
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residence time is very low. It has been estimated from transient experiments to be »150ms, 
which is far better than commercially available cells. Sample heating is carried out by a heater 
coil inserted in the silica sample post. This can produce sample temperatures, measured by a 
thermocouple placed in the sample bed, in excess of 450°C without degradation of the seal. 
The low path length of the infra red radiation through the gas phase means that even at partial 
pressures of up to 70 torr, no interfering gas phase signal is observed; only signals from 
adsorbed species.

THEORY

The sample is treated as a column of particles in which Fickian diffusion for an isotropic 
sphere is assumed. Therefore in the column (neglecting gas phase diffusion)

-D
dr.

dC

v ot) where C = propane gas concentration,

q=adsorbed propane concentration v=gas velocity, z=column coordinate, r=particle radial 
coordinate, R=size of particles, s=fractional void space, t=time 

Taking Laplace transforms

_v
dz ar = seC

This is an ordinary differential equation and thus can be solved.

-D aq 
ar

r=R
can be obtained from solution of the standard equations for Fickian diffusion

Since the perturbation is harmonic, the Laplace variable can be replaced by Ito

AT
C 3 H 8

1 +
CDER

3D(s - l) v '
3— (l - s)— 

R v 'o>
k I«L(s-l)/v

D where G>=angular frequency of perturbation, L= length

of sample bed and K = gradient of the isotherm at the equilibrium conditions
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The amplitude ratio is equal to the magnitude of the complex transfer function whereas the 

phase lag is equal to the argument.

RESULTS AND DISCUSSION 

Propane on silicalite-1

The influence of adsorption/desorption processes on the propane wave form is 

immediately evident from Figure 3. Whereas the reference gas (argon) retains it square wave 

character after passing through the sample bed, the propane wave becomes more rounded. The 

relative amplitude of the propane modulation is also reduced and there is a clear phase lag 

relative to the argon wave.

Both of these observations are in agreement with expectations. Recently published 

theoretical work [9] suggests that the amplitude ratio (reference/propane) should decrease 

with increasing frequency, as is observed with frequency response under batch conditions. 

However, in all experiments the opposite was observed, namely an increase in amplitude ratio 

as the frequency was increased. This is depicted in Figure 4. In addition to this unexpected 

behaviour, phase lags in excess of 7t/2 were observed, these cannot be explained if the sample 

is treated as a uniform discrete adsorber. Both these observations can be explained if the 

sample is considered to be acting as a column of finite length, despite the small amount of 

sample used. A number of new models have been developed to account for this behaviour (See 

above). Results from one of these models are shown in Figures 4 and 5. As shown above the 

new model reproduces the trend in amplitude well. There is also reasonable agreement with 

the phase lags measured experimentally but there appears to be a consistent deviation at high 

frequency (Figure 5). One parameter in the model is the fractional voidage in the column, the 

calculated values for this are generally unrealistically high. However, if the sample length is 

replaced by an effective length equal to the real length multiplied by a tortuosity factor, the 

quality of the fit is unaffected but a more reasonable physical picture of what is happening in 

the sample is produced, i.e. the sample is acting as a column (despite being only l-2mm deep) 

because the gas path is tortuous.

Reliable fitting of the derived model to experimental data has proved difficult. Often 

multiple minima exist and the best method of fitting has been found to be Monte-Carlo 

methods. Various versions of the model have been tested based on 2 different treatments of
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Figure 4. Amplitude Ratio as a function of frequency

the behaviour of the adsorbate in the particles following previous work by Do [9] and Ruthven 

[10]. Both models give very similar curves and neither are able to model the high frequency 

phase behaviour well. Inclusion of a film resistance only slightly improves high frequency 

fitting. The values of the diffusion coefficient produced by the models differ from each other 

but are both in reasonable agreement with previous macroscopic measurements of propane in 

silicalite-1 [7] (e.g. SxlO^cm'V1 at 348K). These values are lower by 2-3 orders of magnitude 

than PFG NMR values [7] which are themselves in good agreement with the most recent
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frequency response measurements under batch conditions [6]. However, due to the uncertainty 

in the fitting the numerical values found thus for should be treated with caution.
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Figure 5. Phase lag relative to reference gas against frequency

CO on Na-Y

CO adsorption on Na-Y at 300-400K under flow conditions gives 2 peaks in the CO 

stretching region at 2163 cm"1 and 2120 cm" 1 (Figure 6).

2300 2250 . 2200^ , , 2150 Wave number /crrr
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i
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e

Intensity 
Figure 6. 3D representation of CO stretching region of CO+Na-Y showing time

and wavenumber dependencies. (CO partial pressure =12 torr, Frequency=0.5 Hz)

2621



In accordance with the literature, these are assigned to CO co-ordinated to Na* via the 
carbon and CO co-ordinated to Na* via the oxygen (or through oxygen and carbon) [11] 
respectively.

Fluctuations in both these peaks can be seen with good signal to noise and thus the dynamic 
response of the 2 species can be determined independently. Simultaneous to the oscillations in 
the DRIFT spectrum, partial pressure modulations can be observed in the mass spectrometer.

This part of the work is at an early stage and no quantitative results have been produced 
but the feasibility of simultaneous DRIFTS and mass spec, frequency response under flow 
conditions has clearly been demonstrated for the first time.

CONCLUSIONS

An integrated mass spec./DRJFTS frequency response reactor has been constructed and 
been shown to work well. Good quality frequency domain data is obtainable over a frequency 
range of 0.02 Hz to 3 Hz. With simultaneous measurement of the dynamic responses of both 
the gas and adsorbed phases this techniques is clearly of great potential for the study of 
heterogeneous catalysis. 
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