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Heterogeneous Catalysis

1.1 What is Heterogeneous Catalysis?

The phenomenon of catalysis applies to a wide range of chemical reactions. By
using a catalyst, chemical reactions that are non-selective can be made selective
and those that require a high temperature can be conducted at a lower tempera-
ture (see Figure 1.1). In this and the next chapter, we will describe the discovery
of this phenomenon in the nineteenth century, the understanding of catalysis
that followed, and the main chemical industrial processes that developed in the
twentieth century.
There are many chemical compounds that show catalytic action. In this book,

we will mainly discuss heterogeneous catalysts.These are solid materials that are
positioned in a reactor where they are exposed to reacting gasses or liquids. The
reagents flow over the catalyst and are converted by it into products.These prod-
ucts and the unconverted reagents are continuously removed from the reactor,
while the catalyst remains in the reactor and becomes exposed to fresh reactants.
This continuous process operation is possible because the catalyst is in a separate
phase.
We will focus primarily on inorganic materials, which were also the main

focus of the early exploratory catalytic studies. When the molecular principles of
heterogeneous catalyst activity were gradually understood, it became apparent
that similarities exist between biochemical enzymatic processes and molecular
organometallic catalysts. The knowledge of the molecular chemistry of the
catalytic action of enzymes in biochemical systems as well as information about
the action of molecular organic and metal–organic complexes has been of
great importance to the further development of the molecular scientific basis of
heterogeneous catalytic systems discussed later in this book.
Heterogeneous inorganic catalysts are often quite robust, which makes them

especially useful for chemical reactions that operate under hostile conditions.
A specific advantage of the heterogeneous catalyst is that it can be used in a

continuous process operation, instead of in a batch-type process where it must
be separated in an individual step from the reaction product. Continuous pro-
cess operation made the development of the large-scale chemical process indus-
try possible once heterogeneous catalysis was discovered early in the previous
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Figure 1.1 Non-catalytic versus catalytic processes. Non-catalytic processes are usually
non-selective and require a high temperature of reaction. Catalytic processes are selective and
can be conducted at lower temperatures. They save energy, reduce waste, and produce
materials that are otherwise not available.

century. Heterogeneous catalysis has become basic to more than 80% of current
bulk chemical processes used in the chemical and petrochemical industries [1].
The modern science of heterogeneous catalytic chemistry developed as the

understanding of its chemical basis at a molecular level increased. The current
understanding of the catalytic reaction mechanism at the physical and chemical
levels and its relation to the structure and composition of heterogeneous cata-
lysts is based to a large extent on the computational catalytic results obtained
during the past decades. The ultimate aim of catalysis science is to predict the
proper catalytic material for a given chemical conversion reaction.This is still far
off due to the complexity of experimental catalytic systems, but the large body
of empirical chemical information currently available about the reactivity of dif-
ferent catalytic materials is helpful. Computational methods provide tools for
estimating the rate and selectivity of a catalytic reaction as a function of cata-
lyst composition. In addition to spectroscopic characterization of a catalyst, this
has become indispensable for research.
In this chapter, we will describe the discovery of the basic principles of het-

erogeneous catalysis. The next chapters will provide an introduction to current
catalytic processes, followed by chapters on the principles of physical chemistry
and inorganic chemistry of heterogeneous catalysis that are the basis of modern
catalysis science.
The discovery of quantummechanics provided the chemical sciences a predic-

tive foundation, which led to the development of computational catalysis. Com-
bined with the application of advanced spectroscopic techniques and advances
in material synthesis, this discovery has provided the molecular foundation of
heterogeneous catalysis that is the main topic of part II of this book.

1.2 Early Developments

In its infancy, the science of chemistry was highly exploratory and focused pri-
marily on the categorization of chemical materials and their properties. Het-
erogeneous catalysis science started in that early period of modern chemistry,
before the understanding of themolecular nature of matter. It has its origin in the
early part of the nineteenth century, after the founding of modern chemistry by



1.2 Early Developments 5

Lavoisier and colleagues at the end of the eighteenth century.They introduced the
law of conservation of mass, and with it an accurate understanding of the nature
of oxygen. This knowledge sparked the development of the significant heteroge-
neous catalytic oxidation processes of the nineteenth century.
The discovery by Davy and Döbereiner of catalytic oxidation contributed to

the earlier recognition by Berzelius of catalysis as a separate phenomenon, and
to the development of two important heterogeneous catalytic processes: oxida-
tion of HCl to produce chlorine and oxidation of SO2 to yield oleum, a highly
concentrated sulfuric acid.
A second period at the end of the nineteenth century was marked by the devel-

opment of chemical thermodynamics, which aided in the definition of catalysis by
Ostwald and provided its physical chemical foundation. During this period, the
rise of coal gasification for domestic lighting and heating made hydrogen readily
available. This allowed Sabatier’s discovery of catalytic hydrogenation to develop
into a practical technology.
Sabatier also discovered an important law of catalysis that defines the condition

of maximum activity of a catalyst. The three catalysis laws of Berzelius, Ostwald,
and Sabatier are the main topics of this chapter.
This chapter closes with the invention of the Haber–Bosch ammonia synthesis

process that is the culminating technological success of this period. As the
source for artificial fertilizer, it made a significant impact on the world’s growing
need for fertilizers. It contributed to chemical technology by creating the
continuous heterogeneous catalytic process, which can be operated at high
pressure. The development of this process provided the basis for many other
modern heterogeneous catalytic processes.

1.2.1 Early Nineteenth Century Discoveries

The early discoveries of heterogeneous catalytic reactions were concurrent with
electrocatalytic exploration, which significantly improved the understanding of
catalytic reactivity [2]. We will occasionally refer back to this parallel develop-
ment in the physical chemistry of heterogeneous catalysis and electrocatalysis.
It took some time to recognize the chemical nature of the effect of metals on

decomposition reactions as displayed by the decomposition of ammonia or alco-
hols. These were previously attributed to the effect of heat or electrochemical
action, as the latter had been demonstrated in the electrolysis of water [3–5]. A
crucial observation by H. Davy was published in 1817. During the course of his
studies on the miner’s safety lamp, he discovered that a Pt wire remained hot in
the presence of coal gas and air. In this experiment, the flame heating the wire
was extinguished by exposure to gas enriched with coal gas that is essentially
methane. He concluded that the Pt wire assisted in the burning of the gas by
air without a flame [3, 6]. In 1823, Döbereiner, another famous chemist from that
age, discovered that Pt spongewould react at room temperaturewith hydrogen to
produce a flame.As previously shownbyThénard in the decomposition of ammo-
nia, the effect is material-dependent and could only be observed for particular
metals [7].
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Figure 1.2 An early design of Döbereiner’s lamp. This lamp
contains hydrogen gas that is ignited using platinum as a
catalyst. In a bottle filled with sulfuric acid, zinc metal (e) reacts
with sulfuric acid to produce hydrogen gas.
Zn+H2SO4 → Zn2+ + SO4

2− +H2. When the stopcock (e) is
opened, the hydrogen is directed by a thin tube onto a
platinum sponge (g), and then a flame lights instantaneously.
The flame goes out when the stopcock is closed. Hydrogen
production ceases as gas pressure builds. (a) Glass cylinder,
(b) open bottle, (c) wire, (d) zinc, (e) stopcock, (f ) nozzle, (g)
platinum sponge [7, 8].

Based on his discovery, Döbereiner designed a lamp (Figure 1.2) that generates
a flame. The hydrogen is produced by the reaction of sulfuric acid with zinc,
which over time is converted into ZnSO4. This lamp became widely used in
industry and even in households, until it was replaced by matches and other
lighters. Döbereiner’s invention can be considered a first practical application of
catalysis [7].
Twenty years after Davy’s initial experiment, the electro-catalytic analogue of

theDöbereiner reactionwas discovered byGrovewhodesigned a fuel cell in 1839.
Grove ultimately proved that electrical energy, instead of heat, could be produced
from an electrochemical reaction between hydrogen and oxygen over a platinum
electrode. He called his device a gas voltaic battery. Electricity was stored by the
electrochemical decomposition of water and released by the reaction of the prod-
ucts with platinum (Figure 1.3).
The fuel cell is currently attracting renewed interest as a source of electrical

energy in the context of a hydrogen-based energy economy, in combination with
electricity produced by the electrolysis of water and generated by renewable
energy sources such as wind or solar.

H2

Electrolyzer

Fuel cells

O2

H2 O2 H2 O2 H2 O2 H2 O2

Figure 1.3 Grove cells (gas voltaic battery). This fuel cell
consists of five sealed containers (cells) charged with
hydrogen (H) and oxygen (O), connected by a voltmeter.
Two platinum electrodes each have one end immersed in a
container of sulfuric acid and the other end connected to a
hydrogen–oxygen cell. The constant flow of energy
between the electrodes causes the water level to rise in the
cells holding the water and gases [1, 9, 10].
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Several other important heterogeneous catalytic reactions were discovered
during this same period. The discovery of catalytic oxidation of ammonia to
nitrous oxides over Pt by Kuhlmann in 1838 was critical for the development of
the ammonia-based fertilizer industry half a century later [3, 6, 11, 12].
Since the Middle Ages, the production of sulfuric acid by burning sulfur was

widespread because of its use as an agent to prepare wool for dying. A major
innovation in this process was introduced in the eighteenth century. The Lead
Chamber Process [13, 14] oxidizes SO2 to SO3 by NO2 yielding NO, which is
then re-oxidized by air toNO2. In this process, NO is the homogeneous gas phase
catalyst that drew the attention of Davys and Berzelius.

1.2.2 Later Nineteenth Century Discoveries

At the end of the nineteenth century, the developing synthetic organic dye indus-
try required oleum (fuming sulfuric acid) of substantially higher concentration
than the product of the lead chamber process. In 1875, Messel developed the
contact process based on the use of Pt as a catalyst, which was later replaced by
vanadium oxide [13, 14].The vanadium-based process is more stable since unlike
Pt, vanadium oxide is not deactivated by the arsenic present in the sulfur.
The other large-scale oxidation process that developed during the same

period was the catalytic Deacon process (1868) that oxidizes HCl to chlorine.
It replaced the commonly used stoichiometric oxidation process by MnO2.
This is an early example of replacing a stoichiometric reaction that consumes
expensive chemicals and produces harmful waste with an environmentally
friendly catalytic reaction [15–19].
Chloric acid is a co-product of the soda production process. Chlorine is

converted with hydroxide into hypochlorite, which is a bleaching chemical.
The Deacon process was based on a Cu catalyst of CuO and CuCl2 that reacts
to produce a chlorine. The process had several drawbacks, such as the lack of
stability of the catalyst under harsh reaction conditions and insufficient activity
[20, 21]. This process has been replaced by the electrocatalytic production of
chlorine that was discovered in 1800 and developed into a commercial process
by Griesheim in 1888. Initially, Fe or graphite electrodes were used, but modern
large-scale electrochemical chlorine production facilities use mercury as the
cathode and TiO2 as the anode materials respectively.
Alternative improved catalysts were developed for the Deacon process only

recently in the last decade of the twentieth century. RuO2-based catalysts have
been developed by Sumitomo and Bayer showing outstanding stability and activ-
ity while producing Cl2 of high chemical purity [20–22].

1.3 The Three Basic Laws of Catalysis

1.3.1 Berzelius’ Catalysis Law

In 1835, Berzelius summarized the chemical reactivity phenomena that he recog-
nized as catalytic for chemical systems: the acid-enhanced conversion of starch
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into sugar, the oxidation of SO2 assisted by NO in the lead chamber process, and
the many observations of oxidation reactions made possible only by contact with
particular materials. He generalized his observation in the following sentences
[5, 11, 23, 24]:

Substances, both simple and compound, in solid form as well as
in solution, have the property of exerting an effect on compound
bodies, which is quite different from ordinary chemical affinity, in
that they promote the conversion of the component parts of the body
they influence into other states, without necessarily participating
in the process with their own component parts; the body effecting
the change does not take part in the reaction and remains unaltered
through the reaction.

The definition of a catalyst by Berzelius as a material that enhances a chemi-
cal reaction, but itself remains unchanged by reaction, became readily accepted
[5, 11, 23, 24]. He proposed the term “catalysis” derived from the Greek words
“kata” meaning down and “lyein” meaning loosen. He understood catalysis as the
decomposition of a substance by a mysterious force induced by contact with the
catalytically activematerial. Later in 1843, hementions: “The catalytic forceman-
ifests itself by the excitation of the electrical relations that have so far evaded our
researches” [3, 4] (Figure 1.4).
This was not an unreasonable suggestion in view of the frequently observed

relationship between chemical reactivity and electrochemical activity. Its eluci-
dation had to wait for the next century, once the proper nature of atoms and
molecules became understood.
This theory created a great controversy between those who attributed cataly-

sis to a physical force like Ostwald’s thermodynamics law, and those who pro-
posed that the interaction was chemical, as was the view of the inorganic chemist
Sabatier. In fact, the catalysis laws of Ostwald and of Sabatier essentially comple-
ment each other.
Both Ostwald and Sabatier are Nobel laureates that received awards for their

contributions to catalysis. Ostwaldwas awarded for his work on catalysis and fun-
damental principles governing equilibria in kinetics in 1909, and Sabatier for his
work on hydrogenation of organic molecules by finely dispersed metal particles
in 1912 [1, 6, 25, 26].

1.3.2 Ostwald’s Catalysis Law

Ostwald is the founder of physical chemistry. His main interest was to formulate
the chemical laws that regulate chemical transformations. He defined catalysis

AA + BB          2 AB Figure 1.4 Catalytic force as defined by Berzelius. A catalyst
influences the course of a reaction, but is not changed by it.
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in chemical thermodynamics terms: the catalyst does not alter the equilibrium
between the reaction and product molecules, but it enhances or suppresses the
rate of their reaction [1, 6, 24, 27, 28].
This so-called Ostwald catalysis law was a breakthrough in catalysis sci-

ence, because thermodynamics predicts the conditions required by a reaction
and provides an essential scientific basis to catalytic investigation. This
innovative application of the science of chemical thermodynamics enables
selection of the process conditions for reactor experiments to test catalytic
materials.
The selection of an appropriate catalyst material could not be determined

by prediction and thus required empirical investigation. It is with this strategy
that the ammonia synthesis process was discovered (see Insert 1). The process
required the discovery of catalytic hydrogenation, the subject of Sabatier’s Nobel
award.
The two basic physical chemical relationships that were known at that time to

govern the rate and equilibrium of a catalytic reaction were the vanHoff equation
for the equilibrium constant K eq (Eq. (1.1)) (with ΔG∘ the Gibbs free energy at
standard conditions, R gas constant, and T temperature):

Keq = e
(
− ΔG◦

RT

)
(1.1)

and rA, the Arrhenius reaction rate expression (Eq. (1.2)) (with A the
pre-exponential factor, and E the activation energy)

rA = Ae
(
− E

RT

)
(1.2)

The constants in the Arrhenius rate expression are dependent on catalystmate-
rial and had to be empirically determined, as there was no method available to
deduce them using thermodynamics. It was known that the most active catalyst
would have a lower Arrhenius activation energy, leading to the general under-
standing that a catalyst decreases the activation energy of a reaction.The Sabatier
principle to be discussed next makes clear that this activation energy is the result
of the interplay within the complex reaction network on the catalyst surface.
The character of this relationship within specific catalytic systems is an impor-

tant topic of this book. As we will describe in the later chapters, a major theoreti-
cal advancemade at the end of the last centurywas the development of techniques
used to relate the kinetic parameters of the elementary reactions within the cat-
alytic reaction network to the thermodynamic data of the corresponding reaction
intermediates.
At the time of the invention of the Haber–Bosch ammonia synthesis process,

only the thermodynamics of the overall reaction could be determined.This data,
combined with a measurement of the overall reaction rate of the catalytic reac-
tion (which is catalyst-dependent), was used to determine the optimum reaction
condition for the process [11, 14, 25].
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Insert 1: The Haber–Bosch Ammonia Synthesis Process: The Haber and Nernst
Controversy

Haber and Nernst disagreed initially on the proper conditions for ammonia synthesis
from nitrogen and hydrogen. Nernst disagreed on Haber’s data obtained at atmospheric
conditions and concluded that the endothermic reaction can be conducted at higher
pressures. However, improved data from Haber indicated that the exothermic reaction
(ΔH=−92 kJmol−1) should produce an acceptable yield at a pressure of 200 atmosphere
a temperature of around 800 K. He identified Os and Ru as proper catalysts.
The process was purchased by the German company BASF and a commercial plant

started in 1913. Carl Bosch solved the substantial engineering problems of the process,
such as the required use of high pressures. Nearly 20 000 tests were conducted with
reactors designed by Bosch before the optimum, economic catalyst formulation was
found. The catalyst was a complex composition of Fe promoted with potassium oxide
and alumina. The mechanism and operation of this catalyst only became understood
after a 100 years, aided by the studies of Ertl!
This processwas integrated in theproductionof hydrogen fromcoal and in the selective

oxidation of ammonia which became the Ostwald process of high-temperature catalytic
oxidation of NH3.
These revolutionary scientific discoveries were recognized by Nobel awards to all four

of these scientists.

Ostwald believed that a catalyst did not induce a reaction, but rather accel-
erated it without formation of an intermediate. He theorized that catalyzed gas
reactions resulted from the absorption of gases in the cavities of the porousmetal
where compression and local temperature elevation led to chemical combination.

1.3.3 Sabatier’s Catalysis Law

Ostwald’s view of chemistry of the working catalyst was rejected by Sabatier.
He studied reactions such as the hydrogenation of ethylene to ethane and the
conversion of CO2 to methane through the use of transition metal powders, pre-
pared by reducing their corresponding oxides. Based on these studies, Sabatier
formulated a chemical theory of catalysis that involves the formation of unstable
chemical compounds as intermediates. These determine the product selectivity
and the rate of the catalytic reaction. He assumed that a hydrogenation reaction
catalyzed by Ni involved various nickel hydrides with concentrations that relate
to the reactivity of the nickel [6].He argued that the formation and decomposition
of intermediate compounds formed between reagent and catalyst corresponded
to a lowering of the Gibbs energy of the system.This view is completely validated
by modern molecular insights into the action of a catalyst [29].
Sabatier’s law can be considered the third basic law of catalysis [1, 6, 14, 25,

28, 30]. It is a rule that formulates the condition of optimum catalytic reactivity.
In modern terms it can be worded as: In a catalytic reaction, reacting molecules
form intermediate complexes with the catalyst (surface). These complexes should
be of intermediate stability. If they are too stable they will not decompose to achieve



1.3 The Three Basic Laws of Catalysis 11

product formation. If they are too unstable reagent molecules will not be activated
and surface reaction intermediate complexes will not be formed.
As we now know, the catalytic reaction is composed of a sequence of

elementary reaction steps.

• Molecules adsorb onto the catalyst surface where they become activated and
form intermediate reaction complexes.

• These complexes then rearrange and recombine.
• Final product formation occurs by desorption of the product molecules that

regenerates the free catalyst surface (Figure 1.5a).

Sabatier’s rule is a direct consequence of the cyclic nature of the catalytic reac-
tion sequence. Reactingmolecules interact with a catalyst.This chemical reaction

CatalystC

Product desorption

Rearrangement step
diffusion

(a)

(b)

Adsorbed reaction
Intermediate formation

Activation
process

Reagent
adsorption

A, B

[C] Aads, Bads

[A,B]int

Rate

Dissociative
desorption
rate limiting

Positive
order

Negative
order

Desorption
rate limiting

Adsorption strength

Figure 1.5 (a) Schematic representation of the cyclic nature of the catalytic heterogeneous
reaction. (b) Volcano plot illustrating the Sabatier principle. The rate of reaction is shown as a
function of the interaction energy of the substrate. The rate is maximized at optimum
adsorption strength. To the left of the Sabatier maximum, the rate has a positive order in
reactant concentration, and to the right it has a negative order [25].
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leads to the formation of the intermediate complexes between reagent molecules
and catalyst surface atoms.The strong interaction between catalyst and adsorbed
reaction intermediates causes dissociation reactions as chemical bonds in reac-
tants break, and association reactions as new chemical bonds form from the
production of different reaction intermediates. The latter leads to the product
molecules that in subsequent steps desorb from the surface.
The reaction activation rates of the reagent molecules, the formation of

intermediate product molecules, and the desorption of product molecules
all compete. Chemical bond activation of the adsorbed molecules requires a
stronger interaction with the catalyst surface than the formation of product
molecule sand product by association reactions. Because cleavage of the chem-
ical bonds between reaction intermediate and catalyst surface is necessary, the
maximum overall rate of the catalytic reaction is determined by the optimum
interaction energy of reaction intermediates with the surface. This leads to
the volcano-type dependence of the overall catalytic reaction rate on catalyst
reactivity as shown in Figure 1.5b.
The kinetics of the full network of interacting elementary reactions must be

considered in order to determine the catalyst’smaximumperformance.Aswewill
discuss in more detail in Chapter 3, at the catalyst’s operational maximum other
reaction steps compete and there is no longer a single reaction step controlling
the reaction rate.
The Sabatier principle is basic to our understanding of the physical chemistry of

catalyst activity. The understanding of catalyst selectivity would come later, with
the molecular theory of catalysis that is discussed at length in Chapter 5.

References

1 Knozinger, H. (2009) Heterogeneous Catalysis and Solid Catalysts,
Wiley-VCH Verlag GmbH.

2 Lupskowski, J. and Ross, P.N. (eds) (1998) Electrocatalysis, Wiley-VCH Verlag
GmbH.

3 Robertson, A.J.B. (1975) The early history of catalysis. Platinum Met. Rev.,
19, 64–69.

4 Robertson, A.J.B. (1983) The development of ideas on heterogeneous cataly-
sis. Platinum Met. Rev., 27, 31–39.

5 Roberts, M.W. (2000) Birth of the catalytic concept (1800–1900). Catal. Lett.,
67, 1–4. doi: 10.1023/A:1016622806065.

6 Wisniak, J. (2010) The history of catalysis. From the beginning to Nobel
Prizes. Educ. Química, 21, 60–69.

7 Hoffmann, R. (1998). Dobereiner’s lighter Am. Sci. 86, 326, http://www
.americanscientist.org/issues/pub/1998/4/d-bereiners-lighter (accessed 5
October 3016).

8 Kauffman, G.B. (1999) Johann Wolfgang Döbereiner’s Feuerzeug. Platinum
Met. Rev., 43, 122–128.

9 Wendt, H., Gotz, M., and Linardi, M. (2000) Fuel cell technology. Quim.
Nova, 23, 538–546.



References 13

10 Bossel, U. (2000) The Birth of the Fuel Cell 1835–1845, European Fuel Cell
Forum, p. 7.

11 Califano, S. (2012) Pathways to Modern Chemical Physics, Springer, Berlin.
12 Hunt, L.B. (1958) The ammonia oxidation process for nitric acid manufac-

ture. Platinum Met. Rev., 2, 129–134.
13 Jones, E.M. (1916) Chamber process manufacture of sulfuric acid. Ind. Eng.

Chem., 42, 1–3.
14 Lloyd, L. (2011) Handbook of Industrial Catalysts, Springer, Boston, MA.
15 Itoh, H., Kono, Y., Ajioka, M., Takezaka, S., and Katzita, M. (1989) US Patent

4,803,065.
16 Arnold, C. and Kobe, K.A. (1952) Thermodynamics of the Deacon process.

Chem. Eng. Prog., 48, 293–296.
17 Hisham, M.W.M. and Benson, S.W. (1995) Thermochemistry of the Deacon

process. J. Phys. Chem., 99, 6194–6198.
18 Deacon, H. (1868) Improvement in the manufacture of chlorine. US Patent,

p. 370.
19 Schmittinger, P. (2008) Chlorine: Principles and Industrial Practice, Wiley

VCH Verlag GmbH.
20 Over, H. (2012) Atomic-scale understanding of the HCl oxidation over RuO2,

a novel Deacon process. J. Phys. Chem. C, 116, 6779–6792.
21 Over, H. and Schomäcker, R. (2013) What makes a good catalyst for the

Deacon process? ACS Catal., 3, 1034–1046.
22 Busca, G. (2014) Heterogeneous Catalytic Materials, Elsevier, pp. 429–446,

http://linkinghub.elsevier.com/retrieve/pii/B9780444595249000134 (accessed 5
October 2016).

23 Lindström, B. and Pettersson, L.J. (2003) A brief history of catalysis.
CATTECH, 7, 130–138.

24 Ertl, G. and Gloyna, T. (2003) Vom Stein der Weisen zu Wilhelm Ostwald. Z.
Phys. Chem., 217, 1207.

25 van Santen, R.A. (2010) in Novel Concepts in Catalysis and Chemical Reac-
tors: Improving the Efficiency for the Future (eds A. Cybulski, J.A. Moulijn,
and A. Stankiewicz), John Wiley & Sons, Inc., Hoboken, NJ, pp. 1–30.

26 Niemantsverdriet, J.W. (2003) Organic Chemistry Principles and Industrial
Practice, Wiley-VCH Verlag GmbH.

27 Ostwald, W. (1902) Catalysis. Nature, 65, 522–526. doi: 10.1038/065522a0.
28 Davis, B.H. (1997) in Handbook of Heterogeneous Catalysis, vol. 1 (eds G.

Ertl, H. Knozinger, and J. Weitkamp), Wiley-VCH Verlag GmbH, Weinheim,
p. 13.

29 Sabatier, P. (1897) Action du nickel sur l’ethylene. Synthese de l’ethane. C.R.
Acad. Sci., 124, 1358–1361.

30 Sabatier, P. (1913) La Catalyse en Chimie Organique, Librarie Polytechnique,
Paris.




