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Catalysis definition: “the property of exerting on 
other bodies an action which is very different from 
chemical affinity. By means of this action, they 
produce decomposition in bodies, and form new 
compounds into the composition of which they do 
not enter”. (Berzelius, 1835)

Very first observation of metal catalysis were done in
1817 by H. Davy and in 1823 by Döbereiner.

Döbereiner
lamp

The first observation and all the laws derived on
catalysis were actually done on heterogenous
catalysts.

Pt wires reacting with CH4 and air (with no flame).
Pt sponges produces flame in contact with H2 at room
temperature.

Heterogeneous catalysis involves catalysts that are in a 
different phase than the reactants or products.

Catalytic processes are fundemental for our society and more 
than 80% of the production of chemicals is assisted by 
heterogeneous catalysts.

At the beginning 1900s Oswald and Sabatier gave
fundamental contributions to the definition of
catalysis.

Wilhelm Ostwald
Nobel Prize in
1909

Paul Sabatier
Nobel Prize in
1912.

Modern Heterogeneous Catalysis -  Rutger A. van Santen



Homogeneous vs heterogeneous catalysis:
➢ Homogeneous catalysts have high selectivity thanks to the

possibility of tuning the ligands;
➢ Heterogeneous catalysts advantages and properties:

1. Robustness to high temperature;
2. Facile recyclability;
3. Multi-centers reactivity;
4. Supports can play key roles:

a) Synergic catalysis (i.e. acidity);
b) Selectivity due to precise cavities;
c) Surface shaping and poisoning to increase 

selectivity.
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Fritz Haber and Carl Bosch developed it in the first decade of 
the 20th century.
The catalyst consists of finely ground iron powder bound to an
iron oxide carrier containing promoters (oxides of Al, Ca, K).

Heterogeneous catalysts come in different forms:
➢ Metals alone (colloidal metals, metallic sponges or blacks,

metal powders, foiles, etc.);
➢ Metal plus other component (metal oxides, sulfides, salts,

acids, etc.);
➢ Supported metals:

• On inorganic materials: porous (alumina, activated
carbon, silica, etc.) nonporous (carbon black, zinc
oxide, titania, etc.);

• On organic materials: metal organic frameworks
(MOFs - not covered in this presentation).

Heterogeneous catalysts can be utilized in specific organic
transformations where sometimes homogenenous catalysis is
not an option.
Let’s examine some historical and more recent examples of
heterogeneous catalysis where the aforementioned advantages
can be encounted, providing — where possible — a rationale!

1) Haber–Bosch process:

Proper choice of metal and surface are fundamental for the
best performace (h = NH3 concentration):

J. Catal. 2001, 205, 382–387

Activation of N2 is possible thanks to the multimetallic
agglomerate on the surface that activate the p-bonds and
stabylize the N adatoms.



3) Alkane to aromatic process:Other strategies for the production of NH3 from N2 use
electrolysis conditions. In some of these cases homogeneous
catalysts have been studied (good activity, but bad efficiency of
the process and recovery of the complex).
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The process was first developed by Franz Fischer and Hans 
Tropsch in 1925.
The Fischer–Tropsch process is an important reaction in both 
coal liquefaction and gas to liquids technology for producing 
liquid hydrocarbons.
Particle size matters:

2) Fischer-Tropsch Process:

Zeolites are a large class of generally
crystalline silica-alumina compounds.

Changes in the framework
composition can be used to create
catalytically active sites.
Replacement of Si4+ with Al3+ or P5+

with Si4+ creates a negative charge in
the framework, usually compentated
by alkali cations.

Catalyzed by a bifunctional zeolitic catalyst (dehydrogenation +
isomerization).

1) Benzene 
hydrogenation on 
Pt/SiO2;

2) C-H cleavage in 
dehydrogenation on 
Pt/ SiO2;

3) C=O cleavage on 
Ru/Al2O3.

ACS Catal. 2019, 9, 5245–5267

Adv. Catal. 1989,  36, 55–171. Acc. Chem. Res. 2021, 54, 2894–2904.



Pt capability to dehydrogenate and the acididy of the zeolite
work in concert to produce benzene from hexane.
The choice of the zeolite with the proper cavities to retain
efficiently the olefin are also a crucial factor for the process.

The versatily of the zeolites have been exploited for several
decades and find many applications in industry (not covered in
this presentation).
Examples:
- Catalytic cracking of natural gas;
- alkylation of benzene (cumene synthesis):
- olefins production from methanol.
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4) Selective oxydations:

5) Ziegler-Natta polymerization vs olefin metathesis:

Heterogeneous catalysts find a wide application in selective
oxydations.
The Ostwald Process is a three-step process which follows the 
Haber-Bosch process to produce fertilizers.

Selective oxydation of alkanes and alkenes:

Olefin metathesis was discovered by accident! 
Ziegler discovered the conversion of ethylene into 1-butene 
instead of a saturated long-chain hydrocarbon (nickel poisoning).

The two reactions are strongly related but the mechanisms are 
completely different, and this is due to the nature of the metal.

TiCl4 and ZrCl4 work better for polymerization as they have weak 
interaction with H and keep the d-orbitals empty (low valence).

The initial studies employed heterogeneous Mo6+, W6+ which 
cleave the C=C bond forming carbene species employing their d-
orbitals (high valence).

Both polymerization and metathesis have been improved in the
following years employing homogeneous catalysts which display
higher selectivity (Ti-metalocenes complexes for polymerization,
Grubbs Ru-catalysts for metathesis).

Nobel Prize winners in 1963 «for 
their discoveries in the field of the 
chemistry and technology of high 
polymers» (K. Ziegler and G. Natta).

Nobel Prize winners in 2005 «for the development of 
the metathesis method in organic synthesis» (H.
Chauvin, R. H. Grubbs, R. R. Schrock).

Chem. Soc. Rev., 2015, 44, 7022-7024.

Appl. Catal. 1997, 157, 173.

Review on Ziegler-Natta catalyst: Acc. Chem. Res. 2004, 37, 231–241. 
Review on olefin metathesis: Angew. Chem., Int. Ed. 2000, 39, 3012–3043.



Heterogeneous catalysts consisting of Pd deposited on CaCO3 
or BaSO4 then poisoned with various forms of Pb or S. 
The “original” is named after its inventor Herbert Lindlar (1952) 
and it consists of Pd deposited on CaCO3 and poisoned with 
quinoline and Pb.

Surface poisoning is a strategy used in heterogeneous catalysis
to improve the selectivity of the desired reaction.

Half-hydrogenation of alkynes:

- Industrial utility in the organic synthesis of vitamin A:

First report on hydrogenation using heterogeneous Nickel
(Sabatier rection, 1897)
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6) Hydrogenations:

a) Lindlar catalysts:

Polymerization general mechanism:

Ziegler-Natta catalysts produce stereocontrolled polymers from
propylene.

Metathesis general mechanism:

Type of transformations:

- CM (Cross metathesis);
- RCM/ROM (ring closure, ring opening);
- ROMP (ring opening polymerization).

Helv. Chim. Acta. 1952, 35, 446–450.
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c) Chemo- and enantioselective hydrogenation:

b) Raney Nickel:

Chemo-, regio-, and enantioselectivity have been widely studied
and addressed in transition metal-catalyzed hydrogenations.

Some remaining challenges regards the chemoselective
hydrogenation of unsaturated aldehydes and the
enantioselective hydrogenation of full-carbon arenes.

Heterogenous catalysis state-of-the-art offers some interesting
examples, and sometimes is also used in synergy with
homogeneous catalysis.

Selective hydrogenation of a,b-unsaturated aldehydes:

Biomass valorization:

Raney Ni is a class of  
heterogeneous catalysts 
composed mostly of 
nickel derived from a 
nickel–aluminium alloy.
It is widely applied in 
organic synthesis and a 
large number of industry 
processes.

General properties:

• Large surface area;
• structural and thermal 

stability;
• high catalytic activity;
• easy separation by 

magnetic force.

Desulfurization:

Example of industrial application:

ACS Catal. 2021, 11, 10508–10536.

J. Org. Chem. 1992, 57, 2052–2059.
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Selectivity based on particle size, metal, support, modifier, etc.:

Enantioselective hydrogenation using heterogeneous catalysts:
Three ways:
➢ Deposit catalyst on chiral matrix:
Pd-silk and Pd on poly-(S)-leucine have been tested (66% ee
highest reported value)

➢ Chiral arrangement of surface atoms:
Enantiomeric surface exists and have been separated but there
were very few test reactions run (unsuccessul).

➢ Deposit chiral modifier on surface:
Raney Ni modification have been prepared and employed
successfully in the enantioselective hydrogenation of ketones.

Modification with cinchona alkaloids have also been reported,
unluckily all examples are limited to C=O reductions.

Hydrogenation of arenes:

Relative order of metal reactivity toward benzene is:
Rh > Ru >> Pt > Pd >> Ni > Co.
Hydrogenation of benzene and arenes can be achieved by many
heterogeneous catalysts (Rh/C, Rh/Al2O3, Pd/C, etc.) with
limitations related to selectivity and functionalities tolerance.

Catalyst activation:

Heteroaromatic rings have been enantioselectively hydrogenated
by chiral homogeneous complexes, but so far there are no report
of asymmetric hydrogenation of full-carbon arenes.

J. Catal. 1994, 148, 453-463.

Chem. Rev. 2007, 107, 4863–4890. Chem. Soc. Rev., 2023, 52, 4996-5012.

Glorius group:

A step forward was done in 2015 with the employment of Rh-
CAAC (cyclic alkyl amino carbenes) complexes that collapse
under hydrogenation conditions to create an active and very
selective heterogeneous catalyst:



Synergic homogeneous and heterogeneous catalysis to obtain
enantioenriched cyclohexanes from arenes:

The homogeneous complexated rhodium asymmetrically
hydrogenate the styrene moiety and then the Rh nanoparticles
desaturate the ring diastereomerically (induced stereocenter).
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Conclusions:

Heterogeneous catalysis is the mother of catalysis.

Key role in industrial processes for production of chemicals.

The unique reactivity of heterogeneous catalysts arises from 
various factors such as their robustness, particle size, support 
material, distribution of metal atoms on surfaces, and other 
characteristics.

In the past half century, there has been a greater focus on 
homogeneous catalysis in organic chemistry due to its easier 
ligand tunability and better mechanistic understanding.

In recent times, heterogeneous catalysis has regained 
significant attention among organic chemists for several 
reasons:

➢ Advanced computational studies now enable more accurate 
surface descriptions and deeper mechanistic insights into 
heterogeneous catalysts.

➢ This enhanced understanding facilitates the design of novel 
heterogeneous catalysts.

➢ The development of improved techniques for synthesizing 
new heterogeneous catalysts, including MOFs, SACs (Single 
atom catalysis), and the immobilization of homogeneous 
complexes onto supports. (not covered in this presentation).

7) Hydrogenolisis:

C-O, C-N, C-S, C-X, C-C N-O, N-N, etc. can be cleaved using
heterogeneous catalysts.
Finds its main usefulness in deprotecting heteroatoms and
deoxygenation.

8,9,10..) Other transformations such as isomerizations,
cascade reactions enabled by heterogeneous catalysts,
electrolysis etc. (not covered).

J. Am. Chem. Soc. 2021, 143, 20377–20383.
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