CHEM3210: Chemical Kinetics of Complex Systems

Professor S.K. Scott
Lecture 2. Clock Reactions and Chemical Waves

2.1 Clock Reactions
The simplest manifestation of nonlinear kinetics is the clock reaction - a reaction exhibiting an identifiable ‘induction period’, during which the overall reaction rate (the rate of removal of reactants or production of final products) may be practically indistinguishable from zero, followed by a comparatively sharp ‘reaction event’ during which reactant are converted more or less directly to the final products. A schematic evolution of the reactant, product and intermediate species concentrations and of the reaction rate, is represented in figure 2.1. Two typical mechanisms may operate to produce clock behaviour. 
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Figure 2.1: characteristics of a clock reaction

The Landolt reaction (iodate+reductant) is prototypical of an autocatalytic clock reaction. During the induction period, the absence of the feedback species (here iodide ion, assumed to have virtually zero initial concentration and formed from the reactant iodate only via very slow ‘initiation’ steps) causes the reaction mixture to become ‘kinetically frozen’. There is reaction, but the intermediate species evolve on concentration scales many orders of magnitude less than those of the reactant. The induction period depends on the on the initial concentrations of the major reactants in a manner predicted by integrating the overall rate cubic autocatalytic rate law, given in lecture 1, section 1.1.

The bromate-ferroin reaction has a quadratic autocatalytic sequence, but in this case the induction period is determined primarily by the time required for the concentration of the ‘inhibitor’ bromide ion to fall to a critical low value through the reactions



BrO3(  +  Br(  +  2H+   (   HBrO2  +  HOBr



(2.8)



HBrO2  +  Br(  +  H+   (   2 HOBr




(2.9)

Bromide ion acts as an inhibitor through step (9) which competes for HBrO2 with the rate determining step for the autocatalytic process described previously, steps (4,5), in lecture 1.

Steps (8) and (9) constitute a pseudo-first order removal of  Br( with HBrO2 maintained in a low steady state concentration. Applying the steady state approximation to HBrO2 we obtain
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Using this we can then obtain an expression for d[Br(]/dt in steps (8) and (9) as
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where 
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 which uses the fact that bromate and H+ will be in excess. This rate law will give an exponential decay of the bromide ion concentration, with
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The induction period is characterised by the competition of step (9) with step (4) (lecture 1):



HBrO2  +  BrO3(  +  H+   (  2 BrO2  +  H2O



(1.4)

The rates of these two steps become equal at some critical bromide ion concentration such that
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Only when [Br(] < [Br(]cr  =  k3[BrO3(]/k2 does step (4) become effective, initiating the autocatalytic growth and oxidation and signalling the clock reaction itself.

Clock-type induction periods occur in the spontaneous ignition of hydrocarbon-oxygen mixtures [2], in the setting of concrete and the curing of polymers [3]. A related phenomenon is the induction period exhibited during the self-heating of stored material leading to thermal runaway [4]. A wide variety of  materials stored in bulk are capable of undergoing a slow, exothermic oxidation at ambient temperatures. The consequent self-heating (in the absence of efficient heat transfer) leads to an increase in the reaction rate and, therefore, in the subsequent rate of heat release. If the rate of heat loss cannot grow sufficiently quickly to balance the rate of heat release, then a thermal explosion will occur. 

2.2 Reaction-Diffusion Fronts
A ‘front’ is a thin layer of reaction that propagates through a mixture, converting the initial reactants to final products. It is essentially a clock reaction happening in space. If the mixture is one of fuel and oxidant, the resulting front is known as a flame. 

In each case, the unreacted mixture is held in a kinetically-frozen state due to the virtual absence of the feedback species (autocatalyst or temperature). The reaction is initiated locally to some point, e.g. by seeding the mixture with the autocatalyst or providing a ‘spark’. This causes the reaction to occur locally, producing a high autocatalyst concentration/high temperature. Diffusion/conduction of the autocatalyst/heat then occurs into the mixture surrounding, initiating further reaction there. 
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Figure 2.2 schematic representation of a travelling wave front

Front/flames propagate through this combination of diffusion and reaction, typically adopting a constant velocity which depends on the diffusion coefficient/thermal diffusivity and the rate coefficient for the reaction [5]. In each case, the speed c has the form 
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where A is a numerical constant, D is the diffusion coefficient for the autocatalytic species and k1st is the pseudo-first order rate coefficient for the autocatalytic reaction. For a reaction following quadratic autocatalytic kinetics (see lecture 1, section 1.1), A = 2 and k1st = ka0 where k is the actual rate coefficient and a0 is the initial concentration of the reactant.

The evolution of a chemical wave is governed by the reaction-diffusion equation, which combines Fick’s law of diffusion with the chemical reaction rate law. If we consider a small region of space in which we have a concentrations c of some reacting species, then the diffusive flux Jin of c into one side of the small region will depend on the concentration gradient, dc/dx at that boundary and the diffusion coefficient, D with Jin = (D (dc/dx)in. The diffusive flux out of the region at the other side Jout will similarly be given by Jout = (D (dc/dx)out, where the concentration gradient is now evaluated at the other boundary. The rate at which the concentration grows due to diffusion then depends on the difference between these two fluxes – and so involves the second derivative d2c/dx2. If we add a kinetic reaction rate term r(c), then the reaction-diffusion equation which gives the rate of change of the concentration c in time at any point has the general form
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For a quadratic autocatalytic reaction A + B ( 2B with r = kab, the (two) reaction-diffusion equations are
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where DA and DB are the diffusion coefficients for the reactant and autocatalyst respectively.

In gravitational fields, convective effects may arise due to density differences between the reactants ahead and the products behind the front. This difference may arise from temperature changes due to an exothermic/endothermic reaction or due to changes in molar volume between reactants and products - in some cases the two processes occur and may compete. 

In solid-phase combustion systems, such as those employed in Self-propagating High temperature Synthesis (SHS) of materials, the steady flame may become unstable and a pulsing or oscillating flame develop - a feature also observed in propagating polymerisation fronts [6].

Wave fronts can be distinguished from pulses and wave trains, which we will discuss in lecture 5.
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