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5.10 Catalysts

A catalyst is both a reactant and a product of a reaction.  Its concentration enters into the kinetic equation but not into the equilibrium constant - catalysis affects the rate of a reaction, not the thermodynamics, by lowering the activation energy.  Hence the reaction proceeds much faster.

Catalysts:

· increase reaction rates to the same extent in both the forward and reverse directions

· do not modify the Gibbs free energy change

· are not consumed in the reaction

· concentration cancels out in the calculation of the equilibrium constant

· a small amount of catalyst affects the rate of reaction for a large amount of reactant (because the catalyst is not consumed, it can participate many times over)

· are classified as homogeneous or heterogeneous (surface catalysts)

The use of catalytic surfaces in combustion is not new.  Michael Faraday described his investigations on the reaction between hydrogen and oxygen brought about by platinum in 1834.  It is also known that different surfaces cause a substance to react in different ways: ethanol decomposes into ethylene and water on an alumina surface, but forms acetaldehyde and hydrogen on copper.  However, many surface reaction details remain undecided in the research arena.

Surface-gas reaction mechanisms occur in five consecutive:

1. diffusion of reactants to surface

2. adsorption on the surface

3. reaction on the surface

4. desorption of the products

5. diffusion of desorbed products into the main stream

Steps 2, 3 and 4 are often combined into one kinetically. Reactions on the surface can have high activation energies (especially desorption) which can cause the kinetics of these reactions to be slower than the usually slow diffusion processes.  Including surface reactions into the description of reaction rates requires knowing the surface concentration of surface sites (2.72x10-9 mol/cm2 for Pt) and surface species.

The figures below portraits the oxidation of hydrogen on a Pt surface [see pp. 80 and 81 in Warnatz, et al. 1999]:
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1. Diffusion of H2 and O2 to surface

2. H2 and O2 adsorb onto the surface and dissociate into 2 H and 2 O

3. OH formed in a surface reaction; OH and H surface reaction forms H2O

4. Desorption of OH and H2O from surface into gas phase

5. Diffusion from surface

The table below gives the pre-exponential constant and the activation energy for steps 2, 3, and 4.  The 'sticking coefficient' S in the table is a convenient way to specify the reaction rate constant for adsorption.  S is the probability that a process (reaction, adsorption, desorption) occurs when a collision occurs.  S has a value between 0 (no process) and 1 (process occurs).

Adsorption: Absorbed molecules are held to a surface by forces similar to those occurring between atoms in a molecule.  Heat, comparable to that in chemical bonding (300 – 500 kJ/mol), is evolved for this chemisorption.  Heat is always released when a gas is adsorbed onto a surface (negative change in enthalpy).  Thermodynamically we can see this by looking at the Gibbs free energy:

ΔG = ΔH – T ΔS

When a gas molecule adsorbs, there must be a decrease in entropy; a molecule in the gas phase has more freedom than one tethered to a surface.  We know from our earlier discussion that the Gibbs energy must be negative for a process to occur.  Hence, if ΔS is negative, ΔH must also be negative for ΔG to be negative.
After a surface is covered with a single layer of molecules, it is saturated.  If you keep the temperature constant and vary pressure, you can obtain adsorption isotherms (the fraction of surface sites occupied by a molecule when the temperature of the surface is uniform and fixed).  The Langmuir isotherm is the theoretical ideal case of chemisorption on a perfectly smooth surface with no interactions between adjacent molecules.  It is worth discussing because of its insights into surface kinetics.

Simple Langmuir Isotherm

Gas molecules A occupy single sites on the surface and do not dissociate.
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If F is the fraction of the surface that is covered by molecules, 1-F is the fraction of the surface that is bare.  The rate of adsorption is
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Here we recognize Kc as the thermodynamic equilibrium constant.
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At low concentrations, Kc[A] is <<1 and F is proportional to [A].

We can also write
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This form of the equation shows that at high concentrations,
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Competitive Adsorption

Let FA and FB be the fraction of species A and B adsorbed onto the same surface, respectively.  Therefore, the bare surface fraction is 1 - FA - FB.  If both species are adsorbed without dissociation
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And we can write a parallel reaction rate equation for species B.

The rate of desorption is
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Set the desorption and adsorption expressions equal
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Again, we can write a parallel equation for B.  Furthermore, we can take these last two parallel equations and solve them simultaneously to get
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(in addition to a parallel expression for FB).  From this expression you can see that the fraction of the surface covered by one species is reduced if the amount of the other species is increased.  The molecules of A and B compete for a finite number of surface sites, i.e., competitive adsorption when both species are adsorbed by the same type of surface sites.
Based on hard-sphere gas kinetics, the maximum adsorption rate of gas species on a surface is expressed as:
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where [C] is the concentration of the species, and 
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is the mean molecular velocity.  This maximum reaction rate constant is adjusted by the sticking coefficient S to account for the fact that not all molecules will ‘stick’ to the surface after collision:
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where S is the sticking coefficient,  Γ is the total surface site concentration (moles per unit area), m is the sum of the stoichiometric coefficients for reactants that are surface species, R is the universal gas constant, T is temperature, and MW is the molecular weight of the gas phase species that sticks to the surface in the adsorption reaction.

Note that that concept of a sticking coefficient is used only for a) an adsorption reaction with b) exactly one gas-phase reactant species.  If the reaction is written as reversible (desorption), than the conventional form of the reaction rate constant is used with microscopic reversibility (the equilibrium constant is the ratio of the forward to reverse reaction rate constants).

H2 oxidation on Pt [Goralski and Schmidt, 1999; Warnatz, et al., 1999, Deutschmann et al., 1996,1994]. S, A, and Ea are the sticking coefficient, pre-exponential constant, and activation energy.

	Reaction
	S
	A

(cm, mol, s)
	Ea
(kcal/mol)

	Adsorption
	
	
	

	H2 + Pt(s) <= => H2(s)
	0.10
	
	0.0

	H2(s) + Pt(s) <= => H(s) + H(s)
	 
	1.5 x 1023
	4.25

	O2 + Pt(s) <= => O2(s)
	0.046
	
	0.0

	O2(s) + Pt(s) <= => O(s) + O(s)
	
	5.00 x 1024
	0.0

	Surface Reactions
	
	
	

	H(s) + O(s) <= => OH(s) + Pt(s)
	
	3.7 x 1021
	2.7

	H(s) + OH(s) <= => H2O(s) + Pt(s)
	
	3.7 x 1021
	4.1

	OH(s) + OH(s) <= => H2O(s) + O(s)
	
	3.7 x 1021
	0.0

	Product Desorption/Adsorption
	
	
	

	H2O(s)  <= => H2O + Pt(s)
	
	1.0 x 1013
	9.6

	OH(s) <= => OH + Pt(s)
	
	1.0 x 1013
	46.1

	2H(s) <= => H2 + 2Pt(s)
	
	3.7 x 1021
	16.1

	2O(s) <= => O2 + 2Pt(s)
	
	3.7 x 1021
	50.9

	H2O + Pt(s) <= => H2O(s)
	0.75
	
	0.0

	OH + Pt(s) <= => OH(s)
	1.00
	
	0.0

	H + Pt(s) <= => H(s)
	1.00
	
	0.0

	O + Pt(s) <= => O(s)
	1.00
	
	0.0


Water – Pt Reactions [Goralski and Schmidt, 1999; Warnatz, et al., 1999, Deutschmann et al., 1996,1994]. S, A, and Ea are the sticking coefficient, pre-exponential constant, and activation energy.

	Reaction
	S
	A

(cm, mol, s)
	Ea
(kcal/mol)

	Adsorption
	
	
	

	H2O + Pt(s) <= => H2O(s)
	0.75
	
	0.0

	Surface Reactions
	
	
	

	H2O(s) + Pt(s) <= => H(s) + OH(s)
	
	3.8 x 1021
	17.7

	H2O(s) + O(s) <= => OH(s) + OH(s)
	
	1.2 x 1021
	8.2

	OH(s) + Pt(s) <= => O(s) + H(s)
	
	1.2 x 1022
	19.6

	OH(s) + OH(s) <= => H2O(s) + O(s)
	
	3.7 x 1021
	0.0

	H(s) + OH(s) <= => H2O(s) + Pt(s)
	
	3.7 x 1021
	4.1

	H(s) + O(s) <= => OH(s) + Pt(s)
	
	3.7 x 1021
	2.7

	Desorption
	
	
	

	H2O(s)  <= => H2O + Pt(s)
	
	1.0 x 1013
	9.6

	OH(s) <= => OH + Pt(s)
	
	1.0 x 1013
	46.1

	2H(s) <= => H2 + 2Pt(s)
	
	3.7 x 1021
	16.1

	2O(s) <= => O2 + 2Pt(s)
	
	3.7 x 1021
	50.9


Surface reaction: Generally, species are highly mobile on surfaces.  Adsorbed species ‘hop’ to adjacent sites by overcoming a small energy barrier.  A good catalyst for a species would be one where these energy barriers are small.  A poor catalyst may be such a strong absorber for a species that the species is rendered immobile. This strongly adsorbed species may not desorb, thus ‘poisoning’ the catalyst by blocking the site from mobile species.  Sulfur and lead are common catalyst poisons – sulfur interferes with catalytic reduction of NO in coal-fired power plant exhaust and Pb had to be removed from gasoline (thus spurring development of other anti-knock agents) to permit functioning of 3-way catalytic converters on automobiles.

The pre-exponential constant A for the reaction rate constant can be estimated from the hopping frequency and the distance hopped (assumed to be the same as the molecule diameter).  For a frequency of 1014Hz and diameter 2 x 10-8 cm, Asurf ~ 4.8 x 1022, quite similar to the values in the above tables.

Desorption: The molecules need sufficient energy to break their weak bonds with the surface.  Desorption behaves in an Arrhenius fashion, with the activation energy being comparable to the adsorption bond strength.

At low temperatures, surface kinetics are slower than diffusion and, thus, kinetics controls the nature of the reactions on the catalyst.  At high temperatures, diffusion is slower than surface kinetics and, thus, diffusion of gas-phase molecules to the catalyst controls the rate of catalyzed reactions.

Methane – Pt Reactions – the Deutschmann Mechanism [Goralski and Schmidt, 1999]. S, A, and Ea are the sticking coefficient, pre-exponential constant, and activation energy.

	Reaction
	S
	A

(cm, mol, s)
	Ea
(kcal/mol)

	Adsorption
	
	
	

	H2 + Pt(s) <= => 2H(s)
	0.046
	
	

	O2 + Pt(s) <= => 2O(s)
	0.07
	
	

	H + Pt(s) <= => H(s)
	1.00
	
	

	O + Pt(s) <= => O(s)
	1.00
	
	

	OH + Pt(s) <= => OH(s)
	1.00
	
	

	H2O + Pt(s) <= => H2O(s)
	0.75
	
	

	CO + Pt(s) <= => CO(s)
	0.84
	
	

	CH4 + Pt(s) <= => CH3(s) + H(s)
	0.01
	
	

	Surface Reactions
	
	
	

	H2O(s) + Pt(s) <= => H(s) + OH(s)
	
	3.8 x 1021
	17.7

	H2O(s) + O(s) <= => OH(s) + OH(s)
	
	1.2 x 1021
	8.2

	OH(s) + Pt(s) <= => O(s) + H(s)
	
	1.2 x 1022
	19.6

	OH(s) + OH(s) <= => H2O(s) + O(s)
	
	3.7 x 1021
	0.0

	H(s) + OH(s) <= => H2O(s) + Pt(s)
	
	3.7 x 1021
	4.1

	H(s) + O(s) <= => OH(s) + Pt(s)
	
	3.7 x 1021
	2.7

	CO(s) + O(s) <= => CO2(s) 
	
	3.7 x 1021
	25.1

	CH3(s) + Pt(s) <= => CH2(s) + H(s)
	
	3.7 x 1021
	4.8

	CH2(s) + Pt(s) <= => CH(s) + H(s)
	
	3.7 x 1021
	4.8

	CH(s) + Pt(s) <= => C(s) + H(s)
	
	3.7 x 1021
	4.8

	C(s) + O(s) <= => CO(s) + Pt(s)
	
	3.7 x 1021
	15.0

	CO(s) + Pt(s) <= => C(s) + O(s)
	
	1.0 x 1018
	44.0

	Desorption
	
	
	

	H2O(s)  <= => H2O + Pt(s)
	
	1.0 x 1013
	9.6

	OH(s) <= => OH + Pt(s)
	
	1.0 x 1013
	46.1

	2H(s) <= => H2 + 2Pt(s)
	
	3.7 x 1021
	16.1

	2O(s) <= => O2 + 2Pt(s)
	
	3.7 x 1021
	50.9

	CO(s) <= => CO + Pt(s)
	
	1.0 x 1013
	30.0

	CO2(s) <= => CO2 + Pt(s)
	
	1.0 x 1013
	4.9


Warnatz, J., Maas, U., and Dibble, R. W., Combustion: Physical and Chemical Fundamentals, Modeling and Simulation, Experiments, Pollutant Formation, 2nd Edition, Springer, 1999.

Goralski, C. T. Jr., and Schmidt, L. D., “Modeling heterogeneous and homogeneous reactions in the high-temperature catalytic combustion of methane,” Chemical Engineering Science, 54, 5791 – 5807, 1999.
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