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Early Catalytic Processes

-6000 Beer brewing by malting procedure Malt enzymes
-3000 Wine making by fermentative conversion

of grape juice sugars Yeast a.o.
-2000 Alcohol(ic drinks) by fermentation of various

carbohydrate sources Yeast a.o.
Bread and other leavened bakery products by carbon
dioxide and alcohol Baker’s yeast
Vinegar (acetic acid) by aerobic fermentation of
ethanol Acetobacter

-800 Cheese making (coagulation ) by casein hydrolysis 
with calf stomach extract Calf rennet (chymosin)

1850 Yogurt formation from milk by lactose to 
lactic acid conversion Lactobacillus

Kieboom, Moulijn, van Leeuwen, van Santen, Stud. Surf. Sci. 
Catal. 123 (1999)3-28
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Johann Wolfgang Döbereiner (1780-1849)

v apothecarian, studied chemistry 
later

v 1810 Chair for Chemistry and 
Pharmacy in Jena

v exchanged letters with Goethe 
(and gave him one of his lighters 
as a gift)
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Döbereiner’s Experiments

v obtained several kg platinum from Duke Karl August in  
Weimar 

v 1816 conversion of alcohol to acetic acid / Pt wire

v 1832 conversion of alcohol to acetic aldehyde / Pt wire
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The Döbereiner Lighter

v Production of H2

from Zn and 
sulfuric acid (25%)

v ignited at Pt 
sponge on top
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The Döbereiner Lighter

v 20,000 lamps in use in Germany and 
England within 5 years

v In 1829 a Berlin manufacturer offered 
"… as a pleasant and useful 
Christmas present a lighting machine, 
outfitted with platinum, elegant, clean, 
and sturdily constructed, with 
Chinese and other decoration, 
insensitive to wetness and cold…." 

v replaced by safety match
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Humphry Davy (1778-1829 )

v 1817 reactions of coal-gas 
and oxygen on Pt, Pd (active) 
and Co, Ag, Au, Fe 
(ineffective) wires 

v developed safety lamp for 
miners

v detected anesthetic effect of 
N2O (breathing it became the 
highlight of social events)
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Michael Faraday (1791-1867)

v studied reactions of 
hydrogen and oxygen at the 
surface of platina plates

v these phenomena are 
"dependent upon natural 
conditions of gaseous 
elasticity combined with the 
attractive forces possessed 
by many bodies, especially 
those which are solid"
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Eilhard Mitscherlich (1794-1863)

v studied oriental languages, PhD 
on Persian texts

v discovered isomorphism “an equal 
number of atoms, combined in the 
same way, produce the same 
crystal forms: the crystal form 
does not depend on the nature of 
the atoms, but only on their 
number and mode of combination”

v synthesized benzene
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Mitscherlich’s Experiments

v showed (1834) that a mixture of ether and water distills 
out of a mixture of alcohol and dilute sulfuric acid, the 
latter acting as a dehydrating agent

v enunciated the ”Contact Theory", whereby certain 
chemical reactions can take place only in the presence 
of certain other substances

v applied the theory to explain fermentation, the contact in 
this process being yeast which is necessary for the 
conversion of sugar into alcohol. 

E. Mitscherlich, Ann. Phys. Chem. 31 (1834) 273-282
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Jöns Jakob Berzelius (1779–1848)

v studied medicine and chemistry 
in Uppsala, Sweden

v worked as medical doctor, 
became Professor of Medicine 
and Pharmacy, 1810 Professor 
of Chemistry and Pharmacy

v stopped teaching in 1829 to 
devote himself to research
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Berzelius’ Experiments

v developed system of chemical symbols
vmeasured atomic weights
v wrote chemistry textbook
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Berzelius’ Ideas of “Catalytic Power“ (1835)

v the ability of substances "to awaken affinities, which are asleep at a 
particular temperature, by their mere presence and not by their own 
affinity"

v used to explain conversion of starch to sugar by acid, hydrogen peroxide 
decomposition by metals, conversion of ethanol to acetic acid by Pt

v chose "catalysis" in analogy to "analysis"

v stated that 
catalysis was more common than believed,
part of inorganic and organic nature,
in living plants and animals thousands of catalytic processes may 
proceed

M.W. Roberts, Catalysis Lett. 67,1 (2000) 
G. Ertl and T. Gloyna, Z. Phys. Chem. 217 (2003) 1207-1219
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Justus von Liebig (1803-1873)

v German apothecarian, studied 
in Bonn, Erlangen, Paris

v 1824 Professor of Philosophy in 
Gießen

v 1825 Professor of Chemistry in 
Munich

v wrote letters to Wöhler and 
Berzelius (and others)
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Reactions on Berzelius’ “Catalytic Power”

Liebig to  Wöhler, June 2, 1837:

Weisst Du denn nicht, dass die Esel, welche in Deutschland Bücher
schreiben, seine [Berzelius] katalytische Kraft ohne zu prüfen, annehmen
und unsern Kindern in den Kopf setzen werden, weil sie bequem und die 
Faulheit begünstigend ist?

Don’t you know that the idiots who write books in Germany will adopt his 
[Berzelius’] catalytic power without scrutinization, and will teach it to our 
children because it [the catalytic power] is convenient and favors the 
laziness?

Berzelius und Liebig, Ihre Briefe von 1831-1845, Hrsg. T. Reschke, 
WiSoMed 1978, Göttingen
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Svante August Arrhenius (1859-1927)

v Swedish chemist and physicist

v Nobel Prize in Chemistry 1903
"in recognition of the 
extraordinary services he has 
rendered to the advancement of 
chemistry by his electrolytic 
theory of dissociation"
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Arrhenius’ Experiments

v reaction rate of inversion of cane sugar (saccharose) 
through acids

v discussed the temperature dependence of rate

v only a fraction of the molecules reacts, namely the 
"active" molecules

v energy is needed to obtain these active molecules

S. Arrhenius, Z. Phys. Chem. 4 (1889) 226-248
K.J. Laidler, J. Chem. Ed. 61 (1984) 494-498



F.C. Jentoft
Dept. AC / FHI Berlin

Arrhenius Theory (1889)
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Arrhenius Theory

vWith E the activation energy in kJ mol-1

A the frequency factor

v Plot of ln k vs. 1/T gives a slope of -EA/R 
which allows the calculation of the activation energy

v A rule of thumb: the rate doubles for 10 K rise in 
temperature

RT
EAk A−= lnln
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Example for Arrhenius Plot

2 different slopes may indicate change in mechanism
or change from reaction to diffusion control
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Temperature-Dependence of Rate Constant

DTAk += 'lnDTAek =

v Berthelot, 1862

T
BAk −= 'lnT

B

Aek
−

=

v Arrhenius 1889, van’t Hoff 1884, Kooij 1893

TCAk ln'ln +=cATk =

v Harcourt & Esson, 1895
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Wilhelm Ostwald (1853-1932)

v Studied chemistry, 1881 Professor 
of Chemistry in Riga, 1887 
Professor of Physical Chemistry in 
Leipzig

v Nobel Prize in Chemistry 1909 
"in recognition of his work on 
catalysis and for his investigations 
into the fundamental principles 
governing chemical equilibria and 
rates of reaction"
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Ostwald’s Definition of Catalysis (1894)

v in reply to a definition given by Stohmann (Z. Biol. 31 (1894) 
364-391)

v "catalysis is the acceleration of a slowly proceeding chemical 
reaction through the presence of a foreign substance"

v "the acceleration occurs without a change of the energetic 
situation"

v "at the end of the reaction the foreign substance can be 
considered as removed"

W. Ostwald, Z. Phys. Chem. 15 (1894) 705-706
G. Ertl and T. Gloyna, Z. Phys. Chem. 217 (2003) 1207-1219
N.I Rodnyj, Ju.I. Solowjew, Wilhelm Ostwald, Teubner, Leipzig 1977.
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Modern Catalysis Picture

Reactants

Products

G°

EA

no catalyst

Reaction coordinate

Reactants

Products

G°

EA

catalyst

Reaction coordinate

v Thermodynamics of reaction remain unchanged

v Catalyst influences reaction rate
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Catalysis

A+B+K

P+K

G°

Reaction coordinate

{A B}╪

AK + B
AKB

v Catalyst and 
reactants may form 
intermediates
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Early Industrial Catalysis

1750 H2SO4 lead chamber process NO, NO2

(homogeneous process)

1870 SO2 oxidation Pt

1880 Deacon process (Cl2 from HCl) ZnCl2/CuCl2

1885 Claus process (H2S and SO2 to S) Bauxite

1900 Fat hydrogenation Ni
Methane from syngas Ni

1910 Coal liquefaction Fe
Upgrading coal liquids WS2

Ammonia synthesis (Haber-Bosch) Fe/K
NH3 oxidation to nitric acid Pt
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Paul Sabatier (1854 - 1941)

v Nobel Prize in Chemistry 1912 
together with V. Grignard "for 
his method of hydrogenating 
organic compounds in the 
presence of finely disintegrated 
metals whereby the progress of 
organic chemistry has been 
greatly advanced in recent 
years"

vMargarine!
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Ammonia Synthesis

3 H2 + N2 2 NH3

vmeasurements of the equilibrium (Haber, 1904/05)

v experiments with high pressure by Le Chatelier

v Nernst suggests to use high pressure to Haber

v osmium as a first catalyst (1909)

v by 1912: 6500 tests with 2500 catalysts

v by 1919: 10000 tests 4000 catalysts

A. Mittasch, Die Geschichte der Ammoniaksynthese, VCh Weinheim, 1951
M.W. Roberts, Catalysis Lett. 67,1 (2000)
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Ammonia Synthesis

v Fe/K catalyst

v double-wall system
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Ammonia Synthesis
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Fritz Haber (1868-1934) 

v Nobel Prize in Chemistry 1918 
“for the synthesis of ammonia 
from its elements"
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Carl Bosch  (1874-1940) 

v Nobel Prize in Chemistry 
1931 together with F. 
Bergius
"in recognition of their 
contributions to the 
invention and development 
of chemical high pressure 
methods"
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Adsorption isotherms and surface area
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Irving Langmuir (1881-1957)

vMetallurgical engineer, physical 
chemist (worked with Nernst)

v Researcher at General Electric

v Nobel Prize in Chemistry 1932
"for his discoveries and 
investigations in surface 
chemistry"
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Langmuir’s Experiments

v Filaments in gases, invention of gas-filled incandescent 
lamp, discovery of atomic hydrogen

vMonoatomic films on W and Pt filaments

v Oil films on water 

v proposed that single crystal surfaces be studied (1922)!
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Adsorption Theory by Langmuir (1916)

I. Langmuir, J. Am .Chem. Soc. 38 (1916) 2221

rate of adsorption 

)1( θα −= prad

rate of desorption

θα '=desr p= pressure
θ = coverage

MN
N

=θ

rates are equal in equilibrium, with b = α'/ α

pb
pNN M

+
= Langmuir isotherm
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Langmuir Isotherm

vmonolayer only

v all sites are equal

v at small 
pressures: N ~ p
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Adsorption Isotherms

v Freundlich isotherm 1923 (logarithmic decrease of 
adsorption enthalpy with increasing coverage)

v Temkin isotherm....

mapN /1=
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The BET Method (1938)

v BET-isotherm 1938 - Brunauer, Emmett, Teller
multilayers: 1st layer chemisorption, others physisorption

v important for surface area measurement by 
physisorption
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S. Brunauer, P. H. Emmett, E. Teller, JACS, 60 (1938) 309 
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Hugh Stott Taylor (1890-1974)

v Professor of Physical Chemistry 
in Princeton

v deducted from the small amount 
of CO adsorbed on quartz that 
“only a small fraction of the 
surface is active”
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Taylor’s Observations (1925)

v discussed the CO adsorption on Ni, “a concept of metal 
atoms detached to varying extents from the normal crystal 
lattice“  - “capable of adsorbing several molecular 
reactants”
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Taylor’s Observations (1925)

v “the amount of surface which is catalytically active is 
determined by the reaction catalyzed”

v active sites / centers

H.S. Taylor, Proc. Roy. Soc. A108 (1925) 105-111
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Reaction Steps in 
Heterogeneous Catalysis

v Diffusion of reactant to catalyst

v Adsorption of reactant on catalyst surface

v Reaction 

v Desorption of products from catalyst surface

v Diffusion of products away from catalyst
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The Schwab Handbook

"Handbuch der Katalyse" 1940 - 1957 
Ed. Georg Maria Schwab

1. Allgemeines und Gaskatalyse (General & Gas Catalysis)

2. Katalyse in Lösungen (Catalysis in Solutions)

3. Biokatalyse
4.-6. Heterogene Katalyse I-III
7.-8. Katalyse in der organischen Chemie I-II
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A+B+K

P+K

G°

Reaction coordinate

{A B}╪

AK + B
AKB

“Intermediates” or Catalysis & Society

v compares it to “Einundzwanzig” (17+4, Black Jack, Trop)

G.F. Hüttig,  in Handbuch der Katalyse, Vol. 6, Ed. G.M. Schwab, 
Springer, 1943
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The Sabatier principle

v Catalyst must have 
affinity to reactant

v ....but not too much!

A+B+K

P+K

G°

Reaction coordinate

{A B}╪

AK + B
AKB
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Industrial Chemistry

1930

1940

1920
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1950

New Processes
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Ziegler (1898-1973) and Natta (1903-1979)

v Nobel Prize in 
Chemistry 1963
"for their discoveries 
in the field of the 
chemistry and 
technology of high 
polymers"
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1960

New Processes
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1970

New Processes

v Environmental catalysis



F.C. Jentoft
Dept. AC / FHI Berlin

Environmental Catalysis: TWC in cars

v unwanted products
CxHy, CO: incomplete combustion
NOx: nitrogen from air reacts at high temperatures

v products depend on air/ fuel ratio
typical stoichiometric ratio 14.7 (by mass)

v Lambda value

./
/

stoich

actual
fuelair
fuelair

=λ
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Performance and Emissions
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Regulations
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Three Way Converter
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Three Way Converter
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Catalyst
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The Air / Fuel Ratio
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Speed and Emissions
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Catalyst
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Rh Price

v 1 troy ounce = 31.1 g
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Pt vs Pd Price



F.C. Jentoft
Dept. AC / FHI Berlin

Recent Processes

1980

1990
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The Handbook of Heterogeneous Catalysis

"Handbook of Heterogeneous Catalysis" 1997 
Ed. G. Ertl, J. Weitkamp, H. Knözinger 

1. Introduction - Preparation of Solid Catalysts

2. Characterization of Solid Catalysts - Model Systems

3. Elementary Steps and Mechanisms - Kinetics and Transport Processes -
Deactivation and Regeneration - Special Catalytic Systems - Laboratory
Reactors - Reaction Engineering

4. Environmental Catalysis - Inorganic Reactions - Energy-Related Catalysis
5. Organic Reactions
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End & Beginning

?
2003 / 2004 

Modern Methods in 
Heterogeneous Catalysis Research


