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What is Catalysis?

 Catalysis is the process of modifying a chemical reaction with the use of a
catalyst;

 Catalysis modifies only the chemical reactions which are possible
(spontaneous) from thermodynamic point of view!









Role of Catalysis in Chemical Manufacture



Milestones of Catalysis Application in the 20th Century

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf



 Chemicals that increase the rate of reaction without being used in the
reaction itself;

 Lower the activation energy of a chemical reaction by increasing the
frequency of collisions between reactants, altering the orientation of
reactants so that more collisions are effective, reducing intramolecular
bonding within reactant molecules, or donating electron density to the
reactants.

 Presence of a catalyst helps a reaction to proceed more quickly to
equilibrium; both the forward and reverse reaction rates are affected by
the catalyst, i.e. the Ea for both directions is decreased; the equilibrium
constant is not changed by the presence of a catalyst; the relative
concentrations of the reactants and products do not change.

Catalysts? What are they?



Catalysts properties



 Catalysts can be classified as either heterogeneous 
or homogeneous.

 Heterogeneous catalysts work by the adsorption of 
reactant molecules.

 The surface activity of a catalyst can be reduced by 
poisoning.

 Impurities in the reactants result in the industrial 
catalysts having to be regenerated or renewed.

 Catalytic converters are fitted to cars to catalyse the 
conversion of poisonous carbon monoxide and 
oxides of nitrogen to carbon dioxide and nitrogen.

Catalysts? What are they?





Catalytic Converters – Three-way catalyst

• Found in car exhaust systems

• Reduce levels of pollutant gases

• Pollutants react in exhaust to form less harmful gases.



Oil Refining

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf



Oil Refining – cont’d

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf



Homogeneous catalysts



Heterogeneous  catalysts



 Catalyst is usually solid

 Reactants are adsorbed onto surface

 Adsorb – formation of weak bonds

Heterogeneous catalysts



Absorption vs Adsorption

Bulk (Volume) 

Phenomenon

Surface 
Phenomenon



Heterogeneous catalysts

Miniliths:Extrudates:Granules:

Spheres:

Microspheres:Powders:



Heterogeneous catalysts



Heterogeneous catalysts



Catalysts? What are they?

(L. D. Schmidt – The engineering of chemical reactions, 2nd Edition, Oxford University Press, 2005, p.278, modified) 

Active site



 In chemistry, activation energy, also called threshold energy, is a
term introduced in 1889 by Svante Arrhenius that is defined as
the energy that must be overcome in order for a chemical
reaction to occur.

≈ the minimum energy necessary for a specific chemical
reaction to occur. The activation energy of a reaction is
usually denoted by Ea.

 Basically, the activation energy is the height of the potential
barrier (sometimes called the energy barrier) separating two
minima of potential energy (of the reactants and of the products
of reaction). For chemical reaction to have noticeable rate, there
should be noticeable number of molecules with the energy equal
or greater than the activation energy.

Activation energy



TS

TS

TS = Transition state (it is not an intermediate!)

Discussion: 
 Is the forward reaction endothermic or exothermic? Why?
 Some questions for the reverse reaction.

Reaction path



1) Why reactions have barriers?

2) How catalysts avoid/reduce these barriers?

3) Why thermochemistry of the catalyst-substrate complex is so important? 

Major points



1) Why reactions have barriers?

Usually, reactions have barriers because:

a) closed shell orbitals repel

b) steric strains to reach TS

c) most reactions except ion-molecule and radical recombination
have some barrier since molecule has to rearrange to reach TS.

Major points



2) How catalysts avoid/reduce these barriers?

Many catalysts have a vacant orbital that can accept an electron
or electron pair, dramatically lowering barriers, completely
changing reaction path: Transition Metals, Lewis acids, Free
Radicals. Many catalysts are charged: acids, bases, metal ions,
oxides.

Some catalysts provide a path that avoids steric strain, e.g. H2O
can pass protons around.

A few catalysts are less dramatic: they don’t change the reaction
path much, but instead have some weak interactions which
stabilize the TS more than the reactants. Each H-bond is worth 5
kcal/mol; enough van der Waals contacts can add up.

Major points



3) Why thermochemistry of the catalyst-substrate complex is so important? 

 Moving from catalyst + reactants to catalyst + products - with a fixed free energy
difference; avoiding any steps with free energy differences much larger than this –
they will introduce effective activation energies (even if there is no kinetic barrier
beyond the intermediate’s thermochemistry). Best if the intermediates are all
intermediate in energy between reactants + catalyst and products + catalyst.

 Another critical aspect of thermochemistry is the strength of the catalyst-substrate
binding. If the binding is too weak, rates will be low because not enough catalyst-
substrate complex – not effectively using the catalyst, and most of the substrate is
reacting some other way rather than through the desired catalytic route. If binding
is too strong, kinetics will be controlled by difficulty getting substrate off the
binding site.

 Barriers usually highly correlated with thermo: exothermic reactions have low
barriers. So you can usually accelerate a process by making the rate-limiting step
more exothermic.

Major points



- Also called activated-complex theory, or theory of absolute reaction
rates, a conception of chemical reactions or other processes that involve
rearrangement of matter as proceeding through a continuous change in the
relative positions and potential energies of the constituent atoms and
molecules. Between the initial and final arrangements of atoms or molecules
there exists an intermediate configuration for which the energy arising from
interatomic and intermolecular forces (potential energy) reaches a
maximum. The activated complex is a hypothetical transient molecule
considered to be in a state of equilibrium with the atoms or molecules in the
initial state and therefore amenable (to some extent) to specification of
thermodynamic properties.

-The activation energy is the difference in energy content between atoms or
molecules in an activated or transition-state configuration and the
corresponding atoms and molecules in their initial configuration.

Transition - State Theory



1. Draw the Energy – Reaction path diagram for the exothermic process:

CBA 

2. Elementary vs non-elementary reactions!

3. How does the presence of a catalyst change the thermodynamic equilibrium
constant of a reaction?

Discussion



Driving force - Conceptual understanding 

 Each process has a driving force!

 The process will occur as long as the driving force is acting upon it;

 The process rate depends on the driving force:

rate = constant X driving force!

 Multiphase (heterogeneous) processes - there is an interface between

different phases through which mass transfer occurs.



Heterogeneous catalysis

Steps 3, 4, 5: reactive steps, surface processes

Steps 1, 2, 6, 7: involve only mass transfer & transport and not chemical transformation



Heterogeneous catalysis -
Steps 3, 4, 5: adsorption – reaction - desorption

Driving force and rate determining step (RDS)

RDS – the slowest step; in steady-state – Overall rate of reaction = rate of 
RDS; any of Heterogeneous catalysis steps could be RDS.



Catalyst

Steps 3, 4, 5: reactive steps, surface processes

Driving force and rate determining step



Catalyst

Reactant A

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

• Adsorption occurs at active site

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Reactant B

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Catalyst

Products

Steps 3, 4, 5: reactive steps, surface processes – cont’d



Driving force and rate determining step (RDS) – Adsorption - Desorption

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf



Driving force and rate determining step (RDS) – Adsorption

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf



Driving force and rate determining step (RDS) – Adsorption

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf



Driving force and rate determining step (RDS) – Adsorption

https://mycourses.aalto.fi/pluginfile.php/663748/course/section/109647/Lecture%201%20Introduction.pdf

rate = constant X driving force!

Driving force = Distance from the (adsorption) equilibrium!

How can the rate of adsorption be increased?



Driving force and rate determining step (RDS) – Desorption

rate = constant X driving force!

Driving force = Distance from the (desorption) equilibrium!



Driving force and rate determining step (RDS) – Surface reaction

rate = constant X driving force!

Driving force = Reaction will occur as long as there are reactants on or near the 
active site!

How can the rate of surface reaction be increased?




Driving force and rate determining step (RDS) – External diffusion

http://umich.edu/~elements/5e/powerpoints/2013lectures/Lec27_PDF.pdf



http://umich.edu/~elements/5e/powerpoints/2013lectures/Lec27_PDF.pdf

Driving force and rate determining step (RDS) – External diffusion



Driving force and rate determining step (RDS) – External diffusion



Driving force and rate determining step (RDS) – External diffusion



Driving force and rate determining step (RDS) – External diffusion



rate = constant X driving force!

Driving force and rate determining step (RDS) – External diffusion

How can the rate of external diffusion be increased?



Driving force and rate determining step (RDS) – Internal diffusion



Driving force and rate determining step (RDS) – Internal diffusion

rate = constant X driving force!

Driving force = Reaction will occur as long as there are reactants on or near the 
active site, brought there by internal diffusion!

How can the rate of internal diffusion be increased?



Summary

Let’s write it together!



Thank you for your attention!


