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Chapterr 1 

Generall Introduction 

1.11 Short overview of the history of chemical kinetics 

Thee history of chemical kinetics can be described by eight models,' which are 

summarizedd in Figure 1. Before the seventeenth century, the first model, 

thethe anthropomorphic model was based on affinity. Affinit y was defined by Greek 

philosopherss as a concept with human properties like love and hate. However, the 

westernn alchemists believed that affinity arose from a similarity in composition. 

Chemicall  reactions were seen as the transformations in materials that were controlled 

byy the differences in affinities. 

Fromm the seventeenth century ideas about chemical kinetics became more 

successful.. Boyle and Newton launched the idea that chemical reactions involved the 

constitutionn of invisible small particles. This was the root for the affinity corpuscular 

model.model. In the eighteenth century', the term attraction was introduced and was defined 

ass the tendency of substances to combine with each other by means of forces. The 

Modelss of Chemical Kinetics 
 The Anthropomorphic Model 

 The Affinit y Corpuscular Model 
 The First Quantitative Model 

 The Mechanism Model 
 The Thermodynamics Model 
 The Kinetic Model 
 The Statistical Mechanics Model 
 The Transition State Model 

Figuree 1. The eight models in the history of chemical kinetics. 
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ratee of transformation was related to different degrees of affinity/attraction between 

thee particles. Bergman showed for the very first time in history that an increase of the 

reactionn temperature could change the affinities of the substances.4 Also ideas about 

catalystss were developed. The affinity corpuscular model was the first model 

concernedd with the occurrence and the rate of chemical reactions. Predictions of the 

occurrencee and rates were very limited. They were based on affinity tables which were 

empiricallyy developed. A large drawback of the model was the absence of any 

mathematicall  treatment between the energy of a system and the reaction rate. 

Thee use of mathematics in chemical kinetics began in Germany in 1850 with 

thee quantitative investigation of the inversion of sucrose by Wilhelmy5 resulting in 

thethe first quantitative model. He produced the first quantitative rate law for chemical 

reactions.. He also introduced that a chemical reaction was a process in which particles 

interactedd and affinity was not playing a role at all. 

Harcourtt and Esson introduced the mechanism model in the nineteenth 

century.. The idea that in a chemical reaction particles interact with each other in 

distinctt steps was born.6 Esson developed empirical equations in which the amount of 

productt formed and time were connected. This resulted in integrated differential 

equationss for rates of chemical reactions. This was achieved for what we now call first 

order,, second order and pseudo-first order reactions. By means of the introduction of 

mathematicss in chemistry more accurate predictions of rates of chemical reactions 

becamee available. Harcourt and Esson studied also the influence of temperature on 

reactionn rates in more detail. Within the mechanism model, Ostwald7 investigated the 

catalysiss within chemical reactions. He proposed the existence of alternative pathways 

inn catalyzed reactions. When at the beginning of the twentieth century it became 

possiblee to detect and identify reaction intermediates using experimental techniques, 

catalysiss was developed further. 

AA large step forward in the study of chemical kinetics was achieved by 

introductionn of the thermodynamics model. Van 't Hoff*  investigated the energy 

necessaryy for the occurrence of forward and backwards reactions in equilibrium 

reactions.. Arrhenius proposed that there is a minimum amount of energy necessary 

forr the reaction to occur which was defined as the energy barrier. Later, the term 

activationn energy was introduced. A key issue in the thermodynamics model is that a 

relationshipp was introduced between energy and energy barrier, which was not present 

inn previous models. 

Inn the twentieth century the kinetic model was introduced in which a new 

attributee was defined. A chemical reaction, involving the breaking and making of 

bonds,, would be the cause of collisions between molecules.10 This led to the 

introductionn of a steric factor into the Arrhenius equation in order to explain why only 
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aa proportion of the collisions occurring were effective. However, obtaining a 

magnitudee of the steric factor was very problematic.'' Despite these difficulties, 

thethe kinetic model contributed to a better understanding of the process of a chemical 

reactionn and of the reasons why different reactions took place at different rates. 

Att the same time that the kinetic model was developed, a group of scientists 

appliedd statistical mechanics to systems of reacting molecules resulting in 

thethe statistical mechanics model. Mathematical equations were derived for the rate of a 

chemicall  reaction obtained from the consideration of the passage of systems through 

thee potential energy surface.12 Also the idea that radicals might be present in chemical 

reactionss was bom. 

TheThe transition state model was a serious attempt in order to overcome the 

shortcomingss of all previous models discussed. The new model proposed that only 

somee of the molecules create transitional complexes. It became possible to derive the 

concentrationn at which substances pass through the critical configuration of the 

transitionn state by applying statistical methods. The model took into account the 

statisticall  properties of reactive systems as well as the microscopic details of 

molecularr collisions.1415 With the development of experimental techniques to detect 

reactionn intermediates a significant progress in the detailed understanding of the 

mechanismss of catalyzed reactions became possible. Some important experimental 

techniquess are described in the next Section of this Chapter. 

Nowadays,, investigating rates of chemical reactions is a very popular topic. 

Iff  reaction rates are known it is possible to estimate when a reaction mixture 

approachess equilibrium, for example. Another reason for studying reaction rates is 

thatt reaction mechanisms can be unraveled into elementary steps. Rates of chemical 

reactionss are also investigated to determine the end point of a reaction in process 

industry.. If rapid on-line estimation methods for reaction rate constants become 

availablee then reaction rate constants of a certain chemical process can be monitored 

on-linee in order to control the process within the desired specification limits. 

However,, this is not applied yet and has to be developed still. This thesis can be seen 

ass a first step in this direction, because it reports applications of novel techniques 

whichh are very suitable for rapid estimation of reaction rate constants. 

1.22 Experimental techniques in kinetics 

Thee first step in kinetic analysis is to obtain the concentrations of the reactants and 

productss at different times after the reaction has been initiated. The temperature must 

bee kept constant during the reaction which requires certain demands on the 

experimentall  set-up, because most chemical reactions are sensitive to the temperature. 

3 3 



ChapterChapter I 

AA procedure to obtain concentrations of chemical species in time of a reacting 

systemm is the following. Samples of the reaction mixture are taken in time by means of 

thee quenching method. In the quenching method samples are cooled suddenly or 

addedd to a large amount of solvent which will stop the reaction. Subsequently, the 

quenchedd samples are analyzed using techniques like: titration, mass spectrometry, 

gass chromatography, polarimetry, nuclear magnetic resonance or spectroscopy, for 

example,, in order to obtain concentrations of different species involved in the reacting 

system.. If concentrations of different species in the reaction mixture are obtained in 

time,, a kinetic model can be fitted to the concentration versus time data. This results 

inn an estimation of the unknown reaction rate constants.17"19 

Thee quenching procedure has some serious drawbacks. It is only applicable to 

reactionss that are quite slow. No reaction must occur during the time it takes to 

quenchh the samples. Secondly, taking samples from the reaction mixture and 

analyzingg these samples is expensive and very time-consuming. 

AA reaction in which at least one species is a gas results in a change of pressure 

inn a system of constant volume. Hence, its progress can be followed by measuring the 

pressuree difference in time. A disadvantage of the method is that it is far from 

specific,, because all gas-phase species contribute to the pressure differences 

measured. . 

Thee use of on-line spectroscopic techniques overcomes the shortcomings of 

thee quenching procedure discussed as shown in this thesis. On-line spectroscopic 

techniquess are explained in the next Section of this Chapter. 

1.33 Spectroscopy 

Usingg spectroscopic techniques, for example infrared (IR) spectroscopy,20,21 it is 

possiblee to monitor specific reacting IR absorbing species of chemical reactions 

withoutt the need to take samples of the reacting system. Spectroscopic monitoring of 

reactionss can be realized by using probes, flowcells and optical fibers. In the 

fingerprintt area of IR, bands of functional groups are sharp. A disadvantage of IR 

spectroscopyy is that very short light pathlengths (urn's) are required, which makes the 

measurementss more difficult. 

Nowadays,, a lot of commercial software packages are available for estimating 

reactionn rate constants from spectral data like KINSIM22 and FITSIM.2 However, 

thesee packages can only deal with univariate progress curves. The absorption spectra 

thatt are characteristic for spectroscopic techniques contain wide bands that might have 

aa large spectral overlap. In such complex spectra it is difficult to find single 

wavelengthss that are specific for only one of the reacting absorbing species. For 

wavelengthss that are not specific for only one reacting absorbing species the molar 
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absorbancess of the individual reacting absorbing species have to be known. Hence, in 

reasonablyy complex cases methods like KTNSIM and FITSIM fail. Multivariate 

analysiss tools can overcome the mentioned problems as is shown in this thesis. 

Usingg near-infrared (NIR) spectroscopy, short-wavelength near-infrared 

(SW-NIR)) spectroscopy or UV-Vis spectroscopy20,21 it is possible to use longer light 

pathlengthss (mm's - em's), making the experimental set-up easier and more widely 

applicable.. Several publications have shown applications of SW-NIR spectroscopy to 

monitorr processes. Cavinato et al?A used SW-NIR for the determination of ethanol 

duringg the time course of a fermentation process. The measurements were performed 

non-invasively.. Aldridge et a/.25 used SW-NIR to monitor the free radical 

polymerizationn of methyl-methacrylate. The conversion was obtained by a plot of one 

specificc wavelength, representative for the monomer, of the recorded spectra versus 

reactionn time. The reaction rate constants of the chemical reactions studied were not 

estimatedd in the publications mentioned in this paragraph. 

Inn 1974, Sylvestre et al.26 published a paper which describes the first 

applicationn of spectroscopic techniques to estimate reaction rate constants from 

chemicall  reactions using multivariate analysis tools. In the literature, there are a lot of 

paperss published on this topic.27*34 In these publications the emphasis is not on the 

spectroscopicc techniques used, but there is focussed on new multivariate approaches 

too estimate the reaction rate constants from the spectral data obtained. Important 

multivariatee analysis tools are discussed in the next Section of this Chapter. In this 

thesis,, new multivariate analysis tools are presented. 

1.44 Multivariate analysis tools 

Chemometricss is a part of chemistry that develops mathematical and statistical 

methodss for analyzing chemical data.35 Multivariate analysis is widely used in 

chemometrics.. Curve resolution is a group of multivariate analysis tools based on 

thee determination of qualitative information and the recovery of response profiles, for 

examplee time profiles. Nowadays, new modifications of curve resolution techniques 

andd applications have been published. 

Thee traditional curve resolution techniques can be adapted in order to estimate 

puree spectra of reacting absorbing species and reaction rate constants simultaneously 

fromfrom spectral data of the reacting system using specific kinetic model information as 

iss shown in this thesis. In that case, equations describing the kinetics are used 

explicitlyy by the algorithm. ' In the curve resolution methods, an iterative least 

squaress optimization procedure is implemented to estimate the values of the unknown 

parameters.. The pure spectra obtained can be used to identify chemical species using 
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libraryy spectra. This is useful for checking the reaction mechanism and locating 

unknownn side reactions. 

Forr processes with unknown stoichiometry, curve resolution can be combined 

withh target factor analysis (TFA).45,46 The Kalman filter is also a very popular tool for 

estimatingg reaction rate constants from spectroscopic data.47 4 Otto gives a short 

overvieww of the use of multivariate analysis tools in kinetic analysis. The use of 

three-wayy analysis to estimate reaction rate constants from batch processes is a new 

approach.50'511 In that approach different kinetic runs are analyzed simultaneously if 

thesee several runs have a certain correlation in the data structure. In a specific case it 

iss possible to create a three-way structure from only one spectral dataset as is shown in 

thiss thesis. 

1.55 Constraints in kinetics 

Thee accuracy of reaction rate constant estimates can possibly be improved by using 

constraintss during the optimization procedure. In the literature, constraints like 

unimodalityy of concentration profiles,52,33 closure,51'52 selectivity5 and non-negativity 

off  both concentration profiles and pure spectra51'52 are used as constraints during 

optimizationn of the curve resolution model in order to improve the accuracy of 

parameterr estimates. Often some of the pure spectra of the absorbing species involved 

inn the chemical reactions of interest are known beforehand or easy to measure. This 

informationn can be implemented in adapted curve resolution methods as is shown in 

thiss thesis. In three-way analysis constraints are very often used to avoid numerical 

problemss and to speed up the algorithms.51'54'55 Constraints in three-way analysis are 

alsoo discussed in this thesis. 

1.66 Goal of the thesis 

Thee initial aim of the work described in this thesis was to use and adapt existing curve 

resolutionn based methods to estimate reaction rate constants from spectroscopic data 

obtainedd in time of chemical reactions, to validate the obtained parameter estimates 

andd to investigate the use of constraints within curve resolution methods. When 

Antalekk and Windige published a paper about the use of non-iterative three-way 

methodss for estimating parameters from exponential profiles, it became a challenge to 

modifyy and apply these methods to kinetic profiles. This has been investigated in 

detaill  and new iterative three-way methods, specific for estimating reaction rate 

constants,, have been developed. This thesis gives an overview of the theory of several 

two-wayy and three-way methods. Applications of these methods to simulated and 

experimentall  data are reported. 
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1.77 Structure of the thesis 

Thiss thesis is organized as follows. In Chapter 2, the measurement model is 

explainedd in detail and the theory of some two-way methods is presented. Also 

attentionn is paid to the use of constraints within these methods. In Chapter 3, the 

three-wayy methods are presented. Also in this Chapter the use of constraints is 

discussed.. In Chapter 4, methods in order to achieve quality assessment of obtained 

reactionn rate constant estimates are reported. Chapter 5, deals with a detailed 

overvieww of four experimental datasets used in this thesis. A short summary of the 

datasetss can be found in the Appendix. Applications of two-way methods and 

three-wayy methods to simulated and experimental data are given in Chapter 6 and 7, 

respectively.. Chapter 8 treats the comparison between the performance of two-way 

andd three-way methods. Chapter 9 is concerned with the implementation of 

constraintss within a specific curve resolution method, discussed in Chapter 2. 

Generall  conclusions of the work presented and suggestions for further research are 

givenn in Chapter 10. 

Thee methods presented in this thesis are not applied to all datasets which are 

describedd in Chapter 5. This is because of the large time gap between the 

measurementss of several datasets. This thesis is organized in such a way, that 

Chapterr 6, 7, 8 and 9, which all deal with applications, can be read independently. 

Thiss also holds for Chapter 2, 3, 4 and 5, which deal with theory and the description 

off  experimental datasets. However, all Chapters use the measurement model defined 

inn Chapter 2, Section 2.2. 
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