
B
y any measure, catalysis is a remarkable phenome-

non. There is an almost magical quality about the abi-

lity of small amounts of a substance to change - to

increase or decrease - the rate of a chemical reaction

by many orders of magnitude, transforming millions of times their

own weight of chemicals, without itself being consumed in the

process. Equally significant is the ability to control selectivity,

usually thought of as a catalysts accelerating one of a number of

competing reactions, but which can also be achieved by the

catalyst selecting one reagent out of a complex mixture. The

catalyst can change only the rate at which equilibrium is attained;

it cannot change the position of equilibrium, so the possibilities

that are open to catalysis are completely constrained by the ther-

modynamics of the system. 

However, the practical outcomes can be manipulated by clever

control of transport. Even by the barest scientific criteria, cataly-

sis is a uniquely fascinating subject.

The application of catalysis is also unique in having transformed

the life and lifestyle of human society. During the last two centu-

ries, innovative catalytic technologies have played a pivotal role

in the production and use of the inorganic and organic chemi-

cals, polymers, and the petroleum derivatives that so dominate

our industrial society, to the extent that a 1998 estimate propo-

sed that 30-40% of the GDP of the developed world depended

on them [1]. These figures ignored the importance of the techno-

logies in food manufacture, and predate the rapid growth of the

technologies for DNA manipulation that ultimately rest on the

catalytic ability of RNA to cleave DNA strands in a controllable

reproducible fashion.

In analysing the application of catalysis we can consider and rela-

te events and dimensions that range over orders of magnitude,

from the fundamental atomic and molecular phenomena that

configure catalytic phenomena - such as the stretching and brea-

king of chemical bonds, or collision of molecules with a solid sur-

face - to the lifetime of catalytic plants and the distances travel-

led by the molecules that are converted within them (Fig. 1).
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Considerations of application also encourage us to examine the

economic impact of catalysis, on a scale that stretches from the

value of an individual product of catalysis, such as a used poly-

thene bag, to the annual value of the chemical, pharmaceutical,

and energy industries, about 10 trillion Euros.

The impact of catalysis on human society can be appreciated

only by a more qualitative examination.

The earliest conscious applications of catalysis were in food pre-

paration techniques; archaeological evidence gives brewing a

history of at least 10,000 years, with baking and dairy applica-

tions coming soon after. But it was with the blossoming of inor-

ganic chemistry around the end of the eighteenth century that

catalysis in a recognizably modern form entered the scientific lite-

rature. When concentrated mineral acids became available, acid

catalysis was quickly discovered in reactions like the dehydration

of ethanol and the hydrolysis of starch. A few years later experi-

ments by Davy, Döbereiner and others with the new metal plati-

num revealed its power to catalyse the combustion of hydrocar-

bons and of hydrogen. Catalytically active enzymatic ferments

were isolated later in the 19th century (Fig. 2).

During the 20th century the science and technology of catalysis

split into three distinct disciplines. Heterogeneous catalysis

nucleated around the technology of porous inorganic solids, and

the reactions that can be induced on their surfaces, in contact

with either a gas phase or a liquid phase. Homogeneous cataly-

sis is almost entirely a liquid phase phenomenon, and is identi-

fied closely with reactions utilising the flexible coordination che-

mistry of transition metal complexes. Biocatalysis rests on enzy-

matic reactions, but may utilise whole organisms as reaction ves-

sels.

Döbereiner’s invention of the Feuerzug, a portable and reliable

device for creating a flame, led to the first recognizably modern

catalytic innovation. It happened with a speed and a marketing

flair that astonish even today. Within just six years of his indepen-

dent observation that platinum gauze ignited a jet of hydrogen in

air, sales of the Feuerzug were booming, both in the plain indu-

strial version, and in the very attractive pottery designs intended

for the sitting-rooms of genteel society. Millions were sold. It

would be inconceivable now that we would introduce into our

homes the hazardous ability to make hydrogen by dipping zinc

into sulphuric acid, let alone setting fire to it, but at the time - well

before safety matches - it was a vast improve-

ment over the available methods: it filled a real

need (Fig. 3).

It was a different human need that inspired the

next illustrative example we consider. In 1900

the western world feared a shortage of nitrate,

an essential ingredient for making explosives

and munitions that came mainly from animal

excrement, especially the droppings of seabirds

around the Pacific Ocean. How could the next

war be fought without nitrates? Fritz Haber, in

Germany, initiated an empirical experimental

search for a catalytic process to make ammo-

nia by combining nitrogen from the air with

hydrogen, potentially available in large quanti-

ties by the steam reforming of coal and hydro-

carbons; the ammonia could then be oxidized

to nitric acid.
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Fig. 1 - The Dimensions of catalysis

Fig. 2 - Catalysis: an early timeline



What emerged from thou-

sands of experiments was a

catalyst made by reduction of

magnetite. The process condi-

tions needed for an effective

transformation had to balance

the requirements of the ther-

modynamics (favouring high

pressure and low temperature)

with the high temperature nee-

ded to provide the energy to

break the strong N-N and H-H

bonds. The reaction did not go

to completion, reaching an

equilibrium at 35% conversion

to ammonia, introducing the

extra requirement that the

ammonia be separated by

cooling, and the permanent

gases returned to the reactor.

So novel were these new pro-

cess requirements that they

could be implemented only by inventing a new discipline, chemi-

cal engineering.

The technology for manufacturing ammonia in large fixed bed

plants has remained essentially unchanged through to present

plant. Ammonia production now exceeds 100 million tones per

annum, and is largely used for the fertilizer that has raised yields

of cereal cops, and made possible the frightening and dangerous

growth of the human population to over 6 billions.

Improvements have been made in the catalysts, particularly to

reduce the energy required (Fig. 4). These went hand-in-hand

with a development in the understanding of the process mecha-

nism, something that took over 80 years to complete [2]. It is a

complex system, requiring several different phases of iron to be

present, each of which has a role in dissociating the diatomic

reactants and in stepwise recombination of the N and H atoms.

The action of promoters and poisons is well understood, though

there is still a slow and irreversible decline in catalyst activity, per-

haps 5-10% per year. Probably it is not in the interests of

catalysts manufacturers to market everlasting catalysts.

Interestingly, the energy consumed in combining nitrogen and

hydrogen in a plant making 250,000 tonnes per annum is pro-

portionately smaller than the energy used in natural systems that

fix nitrogen, for example in the bacterial nodules that symbioti-

cally infest with the roots of leguminous plants, though the com-

parison does not include the energy of industrial hydrogen pro-

duction.

Over the last hundred years many different metals, oxides, poly-

mers and other materials have found application as heteroge-

neous catalysts. Beginning in the 1980s, the desire for new

catalysts inspired the development of the whole science and

technology of microporous materials. Equally varied are the

physical forms in which the catalyst is manufactured, each

design tailored to particular applications. Pellets for use in fixed

bed reactors are shaped to give optimum transport properties.

Porous monoliths are coated with catalytic oxides for automobi-

le exhaust catalysts, and other high throughput situations. There

are flexible catalysts made from fibres. Mechanical strength is

always an issue for heterogeneous catalysts.

Catalyst and reactor design have frequently evolved together.

The most dramatic example is catalytic cracking of gasoil. Very

active faujasite zeolite catalysts were introduced in the 1960s to

raise gasoline yields, but required very short contact times to

take full advantage of the selectivity. The conventional fluid bed

reactor was replaced by a vertical riser, over a hundred meters

tall, the catalyst spheres being transported upwards in a few

seconds by the vapourising and expanding flux of gasoil and

cracked product, before being separated in a cyclone and rege-

nerated by burning off the deposited coke. The rate of catalyst

circulation is controlled so that the exothermic carbon combu-

stion provides just enough heat to drive the endothermic crac-

king reaction.

Homogeneous catalysis using transition metal complexes is a

science from the second half of the 20th century. Its great triumph

has been to expand by orders of magnitude the range of metho-

dologies for making carbon-carbon bonds, and it is used in poly-
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Fig. 3 - Döbereiner’s Feuerzug

Fig. 4 - Energy use in ammonia manufacture



mer manufacture, in bulk and speciality chemicals, and in phar-

maceuticals, and very widely as a laboratory synthetic tool. The

labile nature of the coordination spheres of the complexes, and

the accompanying subtle shifts in their electronic structures,

have led to some highly selective and productive chemistries,

and to the seductive promise - so far fulfilled in only a few cases

- of controllable enantioselectivity.

While the coordination chemistry around the transition metal has

attracted the most research attention, the design of processes

using homogeneous catalysts has utilised advanced in situ spec-

troscopy to define and monitor the various species in the cataly-

tic cycle (Fig. 5). This was used to very good effect by BP in their

development of the CATIVA process for making acetic acid,

where the introduction of an iridium catalyst increased selectivity,

productivity, and the robustness of the catalyst [3].

Biocatalysis as mentioned above is the oldest catalytic techno-

logy, and is increasingly viewed as a “green” alternative to che-

mical catalytic methods. Successful application of enzymes to

chemical manufacturing often depends on finding or modifying

enzymes for work in concentrated media, not a hard task as

many enzymes are lypophilic. Without these adaptations, bioca-

talysis often requires dilute aqueous conditions that bring large

energy penalties when the product has to be extracted.

Nevertheless, the promise of complex biocatalytic systems is

immense, as the recent multi-enzyme system for conversion of

starch to hydrogen and carbon dioxide vividly demonstrates [4].

Perhaps the most striking 20th century application of biocataly-

sis, however, is found in nearly every home, and is used by per-

haps half the world’s population. Enzymes are incorporated in

most products for cleaning clothes. They catalyse the hydrolysis

of soils such as proteins, fats, or starches, and by allowing clo-

thes to be cleaned at lower temperatures potentially contribute to

energy conservation. They also play a role in keeping clothes in

good condition, especially cheap knitted cotton garments: cellu-

lase enzymes, like the ones found in the fungi that attack wood,

snip off the small pills that grow due to abrasion during wear and

give the impression of fading colour. The wonder is that the enzy-

mes have to be adsorbed onto the fabric in order to carry out

their cleaning and conditioning activities, but are present in the

wash liquor only in micro-molar concentrations. Truly exceptional

molecular design (Fig. 6).

Biocatalysis is rapidly spawning applications outside manufactu-

ring and consumer goods. In medical diagnostics, enzymes

combine with analytical chemistry to provide fast and reliable

assays of metabolites: the glucose monitors used by diabetics

are mostly based on oxidising glucose to glucolactone, which

can be measured in several ways. A rapidly growing category of

treatments work by switching off enzymes, including common

prescriptions for hypertension and for erectile dysfunction. And

of course the whole raft of new technologies based on splitting

DNA depend on the ability of RNA to split the nucleic acid chain.

Catalytic technologies are ubiquitous, but their value is largely

unrecognised by the public. By contrast, the concept of a

“catalyst” as an “agent of change”, has escaped from the confi-

nes of the scientific literature to inhabit the world of advertising

cliché. In 1835 Berzelius recognised that “catalytic power

actually means that substances are able, by their mere presen-

ce, to waken affinities which are asleep at this temperature”.
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Fig. 5 - CATIVA process mechanism Fig. 6 - De-pilling with cellulase



Before 1900, papers in

Nature used the term

“catalyst”. By 1950

(according to the Oxford

English Dictionary) the

word was being used in

literary circles to descri-

be a cause of sudden

change of view or

mood. Google “catalyst”

and you will find the

name applied to a host

of products and organi-

sations that have adop-

ted the name to per-

suade potential custo-

mers of their ability to

induce positive chan-

ges. Lots of manage-

ment consultancies and training companies, replete with logos;

bars, especially in college towns; a perfume; a rather good blen-

ded red wine from California; and a company selling sailing holi-

days in the Caribbean. No-one, at least to the author’s knowled-

ge, has yet suggested that a catalyst can cause a sea-change.

Other cultural allusion to the catalytic phenomenon, however,

stand out as most apt metaphors for the development of catalysis

in the 21st century. The first is the role of super-hero, as in the Dark

Horse comic illustrated in Fig. 7. The transformation of the world

energy, transport, and manufacturing systems from dependence

on fossils to a sustainable basis cannot be accomplished without

the help of new and clever catalytic technologies. The list of goals

has been rehearsed frequently, and is given without comment.

The generic technology challenges are fearsome, and only a few

are mentioned here. Not only is there a need for 100% selectivity,

catalysts will need to be more specific, to select preferred reac-

tants from complex mixtures. resistance to poisoning and deac-

tivation will be at a premium. There will be a demand for reliable

miniature devices capable of working reproducibly for long

periods. And many of the metals used in catalysis may well be in

short supply, not least platinum.

Fortunately catalytic technologists will have an impressive range

of research tools for their work. In situ measurement is more or

less possible on distances from atoms in a lattice to a large reac-

tor in a chemical plant: the gaps can be filled in by computation,

increasingly used to verify experimental results. Process model-

ling also covers similar scales. The development of nanotechno-

logy provides new ways for assembling catalytic bodies, and of

microreactors new ways of engineering reactions.

There will also be new paradigms for how catalysis research is

done. It is at present hypothesis driven: the researcher uses

experience to envisage candidate catalysts, which are then

tested, investigated, and optimised, including the use of high

throughput and library technologies. However, during the next

few years sufficient understanding will be gained and collated

about key parts of the catalytic operation that design from first

principles may become possible. Such a rational approach to

design of catalytic technologies is at present only feasible in a

few isolated cases (Fig. 8).

Success in catalysis research requires an interdisciplinary

approach. It is necessary to secure collaboration between the

makers and users of catalysts, and the various scientific and

engineering disciplines that contribute to the creation of succes-

sful technology. Catalysis research will of necessity become more

international, as cooperation increases between the world’s lea-

ding scientific nations, for example through the ACENET ERAnet

[5]. In this we see exemplified that last cultural allusion of

“catalyst”, the Chinese characters for which also mean “marria-

ge broke”, emphasising the role of a catalyst in bringing together

different partners to create a fruitful union.
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Fig. 7 – Catalysts as agents of change (by
permission of Dark Horse Comics)

Fig. 8 - Catalyst as “Marriage Broker” in Chinese characters
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