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1. Introduction

BASF, over the entire 150 years of its existence which are
celebrated in this issue of Angewandte Chemie, has been
a chemical company which relied heavily on novel develop-
ments in catalysis. The catalyst business of BASF is a center-
piece of the company, both with respect to sales to the market
and to internal use of proprietary catalytic systems. While
BASF has historically been very strong in chemical catalysis,
the acquisition of Engelhard Corporation in 2006 expanded
the catalysis portfolio appreciably in the fields of automotive
exhaust catalysis and refinery catalysis.

Catalysis is also a key research field within BASF, and
many new catalysts have been the result of these research
efforts, as will be discussed in the following. The ammonia
laboratory—named after the biggest and probably most
important process developed there in the early 1900s, the
ammonia synthesis—hosts the major catalysis research activ-
ities.

Crucial to the success of BASF and many other large
chemical companies is not a single entity, such as the
ammonia lab, but the highly integrated structure of both
research and development and the production itself. In
homogeneous catalysis, particularly for small-scale batch
processes, the reactors are often universally useful, and
similar reaction systems can be used for different molecular
catalysts in a generic manner. In heterogeneous catalysis, on
the other hand, the need for close interaction between the
catalyst specialists and the reaction engineers is obvious. If
a highly active catalyst mass has been discovered for a reaction
with a pronounced thermal signature, this discovery is of little
value when no reaction engineering solution can be found to
supply or remove the heat. Moreover, if the shape and the
pore system of the catalyst pellet cannot be adjusted in a way
to optimize mass transfer, high activities of the active mass
may not be fully exploited. For catalytic reaction systems
requiring high pressures for high conversion and acceptable
space-time-yields, suitable high-pressure reactors are needed
to carry out the reactions in a commercially viable fashion.
And—looking at the integration of a single reaction step in

a bigger process scheme—catalysts with excellent selectivity
can substantially reduce separation efforts and costs in
downstream processing. It is thus mandatory not to develop
the catalyst alone, without consideration of the overall
process, but to work on the co-development of the catalyst,
reactor, reaction conditions, and integration into the overall
production scheme.

Figure 1 shows schematically the major interdependencies
between catalysis and reaction engineering. Primarily, these
mutual relationships are rooted in fundamental kinetic laws
such as the reaction kinetics, but also the kinetics of physical
phenomena such as mass, heat, and momentum transport.
Although inherently catalyst independent, thermodynamics
might also set important boundary conditions to process
design, for example, the set of reaction conditions, which in
some cases may reflect back on catalyst selection. In addition,
operational and economic factors can also influence the way
in which catalyst design and reactor/process engineering are
interrelated. As an example, a catalyst with a higher working
temperature window might be preferred to an alternative
catalyst, capable of performing the same reaction at lower
temperatures, if in the latter case heat integration and thereby
the overall economics of the process is compromised by the
impossibility to use the reaction heat to generate steam of the
“thermal quality” required to be employed at a “heat sink”,
somewhere else in the process.

On these grounds, several links between intrinsic proper-
ties of the catalysts and reactor/process design considerations
are established, some of which are indicated in Figure 1. How
active a catalyst is determines, for instance, the temperature
and pressure conditions at which the reaction should be
carried out, and the contact time required to achieve a given
pass conversion. The selectivity achieved with a given catalyst
has direct implications for the design of separation and
purification steps. Selectivity issues can also advise a limited
conversion level per pass, which is in turn determinant for
reactor engineering aspects such as the recycle ratio. More-
over, catalyst stability is an additional key attribute with
profound implications for reactor selection and process
conception. On the one hand, simply the nature of the
catalyst deactivation alone can be decisive. For instance, if
severe carbon build-up takes place in the course of the
reaction, this might bring along a significant volume change in
the solid catalyst, which cannot be handled in fixed-bed
reactor configurations. On the other hand, the deactivation
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kinetics and its reversible or irreversible character determine
how often catalyst regeneration or exchange is needed, with
certain reactor configurations such as fluidized beds allowing
much more frequent catalyst renovation than, for instance,

fixed-bed configurations. In addition, the mechanical proper-
ties and shaping of the catalyst need to be aligned to the
specific fluid–solid hydrodynamics encountered in the reac-
tor. In fixed-bed configurations, the size and shape of the
catalyst bodies are determinant not only for mass transport
phenomena, but also for the pressure drop through the
catalyst bed. In fluidized-bed, trickle-bed or stirred reactors,
on the contrary, attrition resistance is a dominant factor, while
catalyst particle size needs to be reduced to achieve adequate
solid suspensibility.

Both engineers and catalysis researchers have to be fully
aware of these considerations, and especially students in both
disciplines should be acquainted with these correlations and
interdependencies already at an early stage in their studies.
Catalyst and reactor design are complex, multi-variable tasks
which encompass both scale-dependent and scale-indepen-
dent fundamental processes, a challenge of particular rele-
vance when devising process intensification strategies.[1] Much
can be learned concerning the intimate relationship between
catalyst development and reaction engineering by looking at
the development of large technical processes. Interestingly,
the demands and impulses between the fields are not
unidirectional, that is, it is not always an innovation in the
field of catalysis which triggers novel engineering solutions,
but it goes both ways, and often multiple times for the same
process over its development. It could be the new catalyst
which induces new developments in reaction technology, but
it may also be new process options which eventually allow use
of previously rejected catalyst development lines or trigger
the search for new catalysts.

Activity, selectivity, and stability can be considered the
most prominent performance traits of any given catalyst.
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Figure 1. The three-in-one faces of catalytic process development. The figure summarizes some major interdependencies between catalyst
development and reactor/process engineering as well as the underlying fundamental phenomena.
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However, their relative importance depends on several
different considerations and might differ significantly among
different processes. If the target reaction product is also the
thermodynamically most favorable one, catalysts might be
used simply to increase reaction rates or lower reaction onset
temperatures, the catalyst intrinsic activity becoming the most
relevant performance parameter. Processes such as SO2

oxidation (sulfuric acid synthesis) and ammonia synthesis
might serve as good examples. Often, however, catalysis is
needed to direct the reaction towards a product which is not
the most favored from a thermodynamic standpoint. In these
cases, exemplified by the epoxidation of propylene with H2O2,
selectivity becomes the most relevant performance parameter
for catalyst development, especially since other reaction
pathways may even lead to a less desirable situation than no
reaction at all, that is, full combustion. Stability is always
a central catalyst feature when a large-scale process is under
consideration. In specific situations, for example, when
a highly active and selective catalyst has been developed,
stability becomes the major performance target for catalyst
optimization. Current methanol synthesis processes based on
highly optimized copper-based catalysts might serve as
a relevant showcase.

In the following, the interplay between catalysis and
reaction engineering will be discussed for the example of
several large-scale catalytic processes, predominantly for
those in which the contributions from BASF played a major
role.

2. Sulfuric Acid Production

The production of sulfuric acid is one of the oldest
chemical production processes.[2] Although the first patent
had been filed already in 1831,[2] the advent of the heteroge-
neously catalyzed processes came with the introduction of
dyestuff production in the 1870s, when the demand for oleum
increased strongly. Up to that time the production capacities
that could be reached with the old lead chamber process were
sufficient. The first catalysts for sulfuric acid production were
based on platinum, mostly supported on pumice or asbestos;
one of the earliest technical solid catalysts employed in large-
scale chemical production. Platinum catalysts, however, were
very susceptible to poisoning, and thus extensive gas purifi-
cation was required before gases could enter the catalyst bed.
The demands placed on the purification section were highly
dependent on the source of the sulfur dioxide. If the SO2 was
generated by combustion of sulfur, impurity levels were
relatively low. Much more problematic was when SO2 was
generated by roasting of sulfide ores, where the dust contains
metals, such as arsenic, which would poison the platinum
surfaces. Thus, the advent of catalysts based on vanadium
oxide in the 1930s was a major step forward.

In the early days of the development of the contact
process, the fundamental thermodynamics were not well
understood.[3] Clemens Winkler was one of the pioneers in
producing sulfuric acid by the contact process, and he
contributed largely to the development of this technology.
However, he was also at the root of a misconception. Due to

his early publication,[4] the sulfuric acid process was thought
to proceed to highest conversion of sulfur dioxide in
concentrated, stoichiometric gas mixtures which contradicted
the laws of mass action formulated by Guldberg and Waage
eight years earlier, but which was not recognized at that
time.[3] In addition, it was believed that high reaction temper-
atures were needed for good conversion, based on the
observation that the catalysts became most active when they
were heated to high temperatures. The interplay between the
exothermicity of the reaction and the temperature depend-
ence of the equilibrium constant was not fully clear until the
extensive studies and the report of Knietsch and colleagues at
BASF who realized, amongst other important factors, that the
contact vessels required cooling rather than heating.[5] This
was a breakthrough in the process development, and from
that time on, heat management became one of the crucial
issues in sulfuric acid plants, in addition to the gas purification
stage.

Still, the conversion levels reached in a single-bed reactor
were insufficient, and thus, an intermediate SO3 absorption
which was reintroduced decades later as “double absorption
process”—was implemented already at the turn of the
century. By converting the reaction gas mixture almost to
equilibrium in a first bed, conversion could be increased in
a second bed, after the formed SO3 had been removed from
the product gas mixture by absorption in concentrated
sulfuric acid. Moreover, this intermediate absorption also
cooled down the gases so that the full temperature rise could
be used, from onset of the reaction at low temperatures to the
temperature at which equilibrium was reached.

Nevertheless, although these process innovations, that is,
cooling the reactors and intermediate adsorption, made large-
scale industrial synthesis of sulfuric acid possible, the
stringent requirements for inlet gas purification remained to
be a serious problem. This could only be solved with a novel
generation of catalysts, which were based on vanadium oxide.
Early vanadium-based catalysts were already described
around the turn of the 19th century, and a patent on
a supported alkali metal-containing vanadia catalyst was
issued to BASF in 1913.[6] Due to its reduced sensitivity
against poisoning and the substantially reduced costs, this
catalyst replaced the old platinum-based system over the next
10–20 years. Concomitantly, heat management of the process
was improved, and additional intermittent cooling stages
were introduced in order to bring overall conversion close to
the 100 % level. The effect of using several beds (in addition
to an intermediate absorption stage) is illustrated in Figure 2.

The supported, alkali-promoted vanadia catalyst is an
interesting and highly unusual catalyst system in that the
active phase is liquid under reaction conditions.[7] Key for the
catalyst activity and insensitivity against poisoning is the
presence of molten phases, owing to which catalysis is not
a surface process anymore, but in this case proceeds in the
liquid phase, where molten vanadium(V) oxo-sulfate com-
plexes form under reaction conditions.[8] The reaction sets in
at the temperature at which the active phase becomes liquid,
and this pointed to possibilities for improvement of the
catalyst, that is, using additives to lower the melting point.
This was achieved by the replacement of potassium by cesium,
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which reduces the melting point from approximately 410 8C to
about 380 8C. Inspection of Figure 2 reveals that decreasing
the onset of reaction by 30 8C increases the conversion in the
first bed by approximately 5%, eventually allowing overall
substantially lower tail SO2 emissions. Reducing the working
temperature of vanadium-based catalysts further is cumber-
some, since at lower temperatures the activity and stability of
the catalyst become seriously compromised. Whilst a number
of reaction mechanisms have been proposed, involving either
a vanadium redox cycle[9] or only vanadium (V) species,[8] the
deleterious effect of low reaction temperatures is rather
consensually ascribed to the massive reduction of vanadium
species, followed by precipitation of low-valence vanadium
compounds from the melt.[10] If lower temperatures, especially
for the last bed, are targeted at, other active phases need to be
used, such as ruthenium oxide.[11] In modern plants, a well-
balanced interplay between the most advanced catalysts, heat
management and absorption is used. Details of the catalysts
can differ between the different beds. There are installations
in which the first bed is based on the conventional potassium
vanadium catalyst which is topped by a layer of cesium-
promoted catalyst to reduce ignition temperature, while the
fourth and fifth beds in five-stage reactors may consist
completely of the cesium-promoted system to maximize
conversion.[3] In double-absorption units with five beds

(intermediate absorption after the third bed) overall SO2

conversions exceeding 99.8 % can be achieved.
An often underestimated engineering aspect in catalysis is

the shape of the catalyst bodies, and this is also the case in
sulfuric acid production. Initially, various shapes had been
used for sulfuric acid catalysts. Mostly simple cylindrical
extrudates were used. However, nowadays energy savings,
especially of electrical energy for the blowers, have high
priority, so catalyst shapes with reduced pressure drop had
been developed, such as ring-shaped bodies or ribbed rings,
and marketed under different names, for example, “Star
Rings” (BASF)[12] or “Daisy” (Topsoe).[13] In addition to
being beneficial to counter intraparticle mass transport
limitations, these advanced shapes reduce the pressure drop
over the catalyst bed and display a higher tolerance against
dust, slowing down the rate of pressure drop during operation.

In situations where heat management is difficult due to
the high exothermicity of the reaction, the use of fluidized
beds with their excellent heat transfer properties could be
highly advantageous. However, so far catalyst development
could not meet the requirements of the conditions in a fluid-
ized bed.[14] Abrasion is the crucial factor in fluidized-bed
operation, and this problem could not be solved at that time if
other important factors, such as pore volume, pore size, and
particle size were to be kept within acceptable ranges. Two
pilot plants were in operation in the 1970s, but they were both
shut down due to the technical problems encountered.[14]

Since then, no bigger project seems to have been started on
fluidized-bed operation for sulfuric acid production.

Vanadium-based catalysts pose limitations on the process
conditions, primarily the admissible SO2 inlet concentration.
If inlet concentrations are too high, the catalyst loses activity;
moreover, with high inlet concentrations of SO2, the adiabatic
temperature rise in the first bed might lead to temperatures at
the bed exit at which the catalyst deteriorates. However, there
is increasing interest in higher SO2 concentrations. A large
fraction of the SO2 converted to SO3 is so-called “metal-
lurgical SO2”, that is, it stems from roasting of sulfidic ores.
The smelters increasingly use oxygen for the roasting process
instead of air[15] and this can lead to SO2 concentrations
exceeding 50%. This does not allow to adjust the O2/SO2 ratio
to the optimum value of approximately 1.1 required by the
vanadium oxide-based SO2 oxidation catalysts.[16] The current
technical solution is the dilution of the gas to reduce inlet SO2

concentrations to about 8%, which means bigger plant size
and higher energy consumption by blowers and other
aggregates.

If the desirable high SO2 concentrations should be
managed, advances in the catalyst are required. Vanadium-
based systems do not have sufficiently high thermal stability,
platinum is too expensive, and the required gas-cleanup also
entails increased costs. An alternative could be iron-oxide-
based catalysts, which are known for decades to be active for
SO2 oxidation.[2] Since iron oxides are generally stable up to
high temperatures, their used as active phases has been
explored with some success in SO2-rich feeds up to pilot plant
level.[17] However, production scale units have not been built,
yet, since not all properties of the catalyst could be optimized
to a satisfactory level. There is still research on novel catalyst

Figure 2. Reaction profiles and SO2 conversion versus temperature for
4-bed normal contact (single-absorption) and (2 +2) double-absorp-
tion sulfur dioxide oxidation processes (feed containing 8.5 vol%
SO2). a) Double-absorption process equilibrium curve after intermedi-
ate absorption. b) equilibrium curve for normal contact process.
c) Adiabatic reaction in the first bed. c*) Adiabatic reaction in the first
bed, if a catalyst with 30 8C lower onset temperature of activity is used.
d) Adiabatic reaction in the second bed. e) Cooling and intermediate
absorption. f) Cooling. g) Third bed. h) fourth bed. Adapted with
permission from Ref. [2].
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materials and compositions, including studies using high-
throughput methods,[18] but for the time being, variants of the
long-known vanadium-based catalysts remain to be the
workhorses of the industry. If, however, novel catalysts are
found for SO2 oxidation, this could allow completely new
process options in the sulfuric acid industry.

3. Ammonia Synthesis

Ammonia synthesis from the elements is arguably the
most important technical catalytic process ever invented,
since the food production of the global population relies on
nitrogen fertilizers. Ammonia synthesis is a prototypical case
study for the intimate interplay between catalyst development
and reaction engineering, and this could not be better shown
than by the two Nobel Prizes given to the key scientists in this
development, Fritz Haber in 1918 for the Synthesis of
Ammonia from the Elements and Carl Bosch of BASF in
1931 (together with Friedrich Bergius) for their merits in the
discovery and development of chemical high-pressure pro-
cesses (of which the ammonia process was a prominent
example). The technical ammonia process recently celebrated
its 100th birthday (Figure 3), as only a few years after the
initial discoveries by Fritz Haber was the first plant started up
in 1913.

The early development in the synthesis of ammonia
profited heavily from the lessons learned in the oxidation of
sulfur dioxide. Knietsch, who pioneered the development of
sulfuric acid production in BASF, provided the blueprint for
the first ammonia reactors, and was mentioned in Bosch�s
Nobel Prize lecture.[19] Whereas the development of the
sulfuric acid process was to some extent delayed by mis-
conceptions of the thermodynamic basis for the reaction, for
ammonia synthesis, the analysis of the thermodynamics of the
system was at the root of the development and key to Haber�s

groundbreaking work. The seminal publication of Haber and
Le Rossignol[20]—only published three and a half years after
completion of the work due to the commercial implementa-
tion; and one of the most impressive scientific publications
the authors know, covering themodynamics, newly developed
high-pressure technology, recycle, and the kinetics of the
ammonia synthesis over different catalysts, studied with the
limited experimental tools available around 1910—thus
rightfully first discusses the equilibrium of the ammonia
synthesis under different conditions. Based on earlier mea-
surements of Haber and van Oordt,[21] the authors came to the
conclusion that low temperatures and high pressures would be
favorable, and the separation of the ammonia formed and
recycle of the unreacted gases would be necessary in
a technical process.

It was thus clear that an efficient catalyst would be needed
to design a technical process, since a purely thermal process or
one based on a low-activity catalyst would need to proceed at
temperatures where the equilibrium was so unfavorable that
the yield would be unsatisfactory. Haber and especially
Mittasch at BASF then started a very extensive catalyst
screening program in order to provide a catalyst with
sufficient activity to be the basis of the technical process.
Initially, osmium was high on the list for a catalyst material
and used in the early experiments. However, it suffered from
obvious problems, which—in addition to possible formation
of OsO4—are best expressed in a quote from Bosch�s Nobel
Prize lecture: “The two tubes drawn by Mannesmann had
each done service for 80 h, then they burst. If we had charged
them with osmium instead of with our new catalyst, the
world�s supply of this rare metal which we had already bought
up would have vanished”.[19] Such a catalyst material was
clearly not the basis for a globally used technology, which
ammonia synthesis proved to become.

This realization was the reason for the catalyst discovery
program—one may actually call it a high-throughput-pro-
gram—initiated both in Haber�s lab and in BASF by Mittasch,
in whose lab overall around 20 000 experiments were carried
out.[19] In his 1913 publication, Haber described experiments
with catalysts based on cerium, manganese, tungsten, urani-
um, ruthenium and osmium.[20] The crucial discovery of the
iron-based catalyst obtained from the Gallivare magnetite
sample was made by Mittasch, though, who had homed in
actually rapidly on iron compounds after an initial broader
screening. This Gallivare iron oxide already had most of the
crucial features which characterize today’s ammonia cata-
lysts: in addition to iron, it contained potassium, deemed to be
an efficient “electronic promoter”, as well as alkaline earth
elements (Ca) or aluminum compounds in the role of
“structural promoters”. Nowadays the catalyst precursor is
fused from iron oxide, with addition of potassium oxide and
aluminum and/or magnesium oxide, then crushed and
reduced under synthesis conditions. The exact nature of the
ammonia catalyst and the function of the different compo-
nents, the pretreatment, and the activation process have been
the subject of thousands of publications and review arti-
cles[22–25] and hence do not need to be discussed in detail here.
The relevant result for the process development was the
availability of a catalyst which was based on abundant raw

Figure 3. Fully edible “Ammonia molecule on a surface” served at
BASF’s 100 year celebration of ammonia synthesis. The blue ball
represents the nitrogen atom, the bottom three white balls are the
hydrogen atoms and the top white ball is the lone pair.
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materials and principally allowed the synthesis of ammonia
under conditions which appeared at least feasible around
1910, even if they had never before been employed industri-
ally.

This moved the major hurdles to the process development
and the engineering challenges. The first concerned the
quality of the feed gas. In order to protect the catalyst, all
oxygenates, specifically carbon oxides and water, have to be
removed down to a low parts-per-million level, since they act
as inhibitors for the ammonia catalyst,[26, 27] and might, after
prolonged exposure, lead to irreversible catalyst deactiva-
tion.[28] For a short time, the hydrogen had been purified by
low temperature distillation,[19] but soon a catalytic process
was developed in which the synthesis gas obtained by steam
reforming was exposed to a series of treatments, including
water-gas-shift stages and a final methanation step. Procure-
ment of sufficiently pure hydrogen is still a major factor in an
ammonia plant.

The second set of reaction engineering challenges con-
cerned the high-pressure/high-temperature equipment. Here,
many solutions for the details had to be found, such as
sealings, valves, and recycle system. The biggest single
challenge, however, was the right choice of construction
materials for the converter itself, and in searching for the
cause of failures, a whole research field of materials science
was opened up, that is, the phenomenon of hydrogen
embrittlement, which was the reason why the early tubes
burst. These tubes were made from a high-strength steel, the
carbon in which was hydrogenated to methane by high-
pressure hydrogen which led to the embrittlement. The
solution was a thin lining of the pressure-bearing steel tubes
by soft steel. This soft steel did let some of the hydrogen pass
through by diffusion, but it was released through holes in the
pressure bearing tubes. While this solved the problem initially,
the work on hydrogen embrittlement led also to the develop-
ment of novel steel qualities, and as a result, alloys became
available relatively soon which can withstand the conditions

in an ammonia plant, so that the lining is not required
anymore.[29]

In hindsight highly surprisingly, both the challenges with
respect to the catalyst and to the process engineering could be
solved within a matter of only a few years and the first
production plant was commissioned in 1913. Reactors rapidly
increased in size (Figure 4), and already after a decade the
reactors had truly impressive dimensions (Figure 5). Al-
though there has been substantial progress in plant layout
and individual components since the early development, the
overall concept scheme and the catalyst are essentially still
modelled after the first plants in which catalysts and process
were well adapted to each other, and the majority of current
plants use the iron-based catalyst system. Nevertheless,
already in the early days an alternative catalyst material was
identified which performed well, that is, ruthenium-based
systems, for instance Ru/MgO.[20,22] Ruthenium has key
advantages: it is less susceptible against poisoning, and it
allows synthesis at appreciably lower pressures, below
100 bar, as compared to the iron system, which requires
pressures around 150–200 bar.

Work on ruthenium catalysts, however, was dormant for
decades due to the high price of the base metal. It was
rejuvenated in the 1970s by the pioneering work of Aika and
colleagues (covered comprehensively in Refs. [30ab]). The
ruthenium is supported on carbon and promoted with alkali
or alkaline earth-metal oxides. Such catalysts form the basis of
a new ammonia process, the Kellog Advanced Ammonia
Process (KAAP).[31,32] This process operates at pressures
around 90 bar, leading to lower capital costs.[33] The ruthe-
nium catalyst is claimed to be 20 times as active as conven-
tional, iron-based ammonia catalysts, and the lower process
pressure allows use of only a single-stage synthesis gas
compressor. Moreover, pipe and wall thicknesses are lower.
However, this comes at the expense of higher catalyst costs,
with the strongly fluctuating ruthenium price as an additional
uncertainty. Besides, methanation of the carbon support is an

Figure 4. Size development of ammonia synthesis reactors in the early days of the process (from Bosch Nobel Lecture). Reproduced with
permission from Ref. [19].
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issue under the operation conditions of the ammonia syn-
thesis.[34] KAAP ammonia converters consist of four radial
flow beds, with intermediate coolers. The first bed uses
a conventional iron catalyst, while the three other beds are
filled with the ruthenium-based catalyst.[35] The first plants

with ruthenium catalysts began operation in 1998, and by now
seven plants are operating. Research on ruthenium-based
catalysts is continuing, so that further improvements in the
process can be realized. Muhler and colleagues[36] reported
a barium-promoted Ru/MgO catalyst, which—due to the fact
that it does not contain carbon—does not suffer from the
methanation problem. The barium-promotion was suggested
to increase the number of B5 sites which were described as
the active sites for ammonia synthesis.[37] Recently, a highly
interesting ruthenium-based catalyst was reported in which
the ruthenium was supported on an electride (Figure 6).[38]

The electride is a compound which contains electrons trapped
in the cages of the crystal structure. It is a stable compound
with the empirical formula [Ca24Al28O64]4

+[e�]4.
[39] This sup-

port is an excellent electron donor, and can also reversibly
encapsulate hydrogen in the cavities, which reduces the
susceptibility of the ruthenium catalyst against hydrogen
poisoning. As a result, a high-activity ammonia synthesis
catalyst was obtained with a turn-over-frequency a factor of
ten higher than those of catalysts described so far.

Whether such catalysts will be stable and useful under the
conditions of the technical ammonia synthesis remains to be
seen—the discovery of this class of catalysts may trigger new
developments in reaction technology. On the other hand,
challenges for catalyst development can be derived from the
conditions under which an improved overall process could
operate: substantial energy savings (about 1 GJ per ton of
ammonia) could be realized, if the operation pressure could
be reduced to the pressure of the synthesis gas stage. This,
however, would require lower temperatures as well, in order
to achieve sufficiently high conversion.[27] A catalyst enabling
this would need to have an activity about two orders of
magnitude higher than the magnetite-based systems, which
places a significant challenge on catalyst development. Novel
catalyst generations, such as the electride-based system, may
reach this activity. Also theoretical approaches to predict
catalysts with high activity could support such a development,
and first steps have been taken.[40] However, beyond activity,
as outlined in the introduction, many other factors would
decide whether such laboratory results could be transferred to
industrial practice.

Figure 5. Photograph of an ammonia synthesis reactor from 1925, now
exhibited in front of the BASF Gesellschaftshaus.

Figure 6. Electride-supported ruthenium catalyst for ammonia synthesis. a) Schematic model of Ru nanoclusters supported on the surface of
a C12A7:e� electride. b) TEM micrograph of a catalyst with 0.3 wt % ruthenium loading. Reproduced with permission from Ref. [38].
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The ammonia synthesis process allows an interesting
comparison: At the beginning of the 20th century, the
development of the ammonia process from laboratory to
industrial implementation was surprisingly short. The decisive
work of Haber on the ammonia synthesis started around 1906,
he approached BASF in 1908, in 1913 the first plant was
commissioned and started operation. This is an extremely
short time, considering, that initially the thermodynamics
were not known, no catalyst was available, and also the
reaction technology for the process basically had to be
developed from scratch. Nowadays, the implementation of
a completely new process proceeds on time scales easily
exceeding substantially ten years, in spite of all the advances
we have made in understanding of the basic principles of
catalysis, engineering, in-situ spectroscopies, fluid dynamics
simulations, high-throughput experimentation, and other
modern tools. It is interesting to briefly analyze why nowa-
days times from discovery to implementation are substantially
longer. Firstly, it is always easier to innovate in an early phase
of the development of a field, when technological advances
can be leveraged to result in high commercial gains. Nowa-
days, many processes in the chemical industries have reached
a high level of maturity, and even if small improvements may
make a big difference due to the high volumes involved, the
competition a new process has to face is much more severe
than in the early days. For many production routes several
alternative technologies are available. Secondly, for the
chemical product slate produced today there are plants
already running, many of which are fully depreciated, and
thus a new process needs to be much superior to compete with
already established and well-optimized existing routes. Third-
ly, economic differences between different processes are often
relatively small and may crucially depend on feedstock costs.
These become increasingly difficult to forecast; one can just
consider the strongly fluctuating crude oil prices of the last
years. In such an uncertain environment, there is an adversity
against high investments in novel technology—unless the
technology addresses exactly this point—, and this prolongs
the decision making process for investing in new technology.
Fourthly, the legal framework governing chemical production
has become much more complex, and thus the red tape before
starting up a new process has become much longer than in the
early days of the chemical industry. It is this interplay of
different factors which makes the implementation of com-
pletely new processes difficult. In catalysis, often the most
interesting innovations are “drop-in” solutions, where an
improved catalyst can be used in existing plants with just
minor modification of the rest of the plant. Although also this
entails a risk—the catalysts may not function as expected on
the commercial scale—the overall investment and thus the
associated financial risk is much smaller than for the
implementation of a completely new process. Implementation
of new processes can typically be expected if new technology
is vastly superior to existing processes. It is also extremely
helpful, if the market is actually expanding so that the new
technology does not need to push older processes out, but
increasing production capacities for certain products are
required which entails investment in new plants in any case.

4. Methanol Synthesis

Methanol synthesis is another prototype example how
catalyst discovery and reaction engineering went side-by-side
to improve overall process performance. In the case of
methanol synthesis, the drivers were new developments in
process engineering, since the essential active catalyst mate-
rials were already known in the 1920s. Industrial catalytic
methanol synthesis started with the work of Mittasch and Pier
at BASF.[41] Pier used the experimental setup for the ammonia
synthesis, and instead of the ammonia synthesis gas he used
a feed stream consisting of carbon monoxide and hydrogen. In
the original patent, already a number of different possible
catalysts are mentioned, including those based on chromium
oxide and on copper, even a CuZn alloy is described as active.
Again, the reaction is exothermic, proceeds under volume
reduction, and is equilibrium limited. Thus, as it concerns to
thermodynamics, there are many similarities to ammonia
synthesis.

The key for the process development was handling gases
under high pressure, and for methanol synthesis the reaction
engineering preceded the catalyst development. With the
available equipment, different “contact masses” were tested,
and a number of active compounds were identified. As in the
development of the ammonia catalyst, Alwin Mittasch was
a key player.[42] He had already observed methanol synthesis
activity for some compositions in the experiments to develop
the ammonia catalyst. In the case of methanol synthesis, they
were essentially the reaction conditions which eventually
determined the choice of the catalyst for the early methanol
process. The biggest challenge with respect to the catalyst at
that time was the resistance to catalyst poisons. The synthesis
gas was produced from coal or lignite, and thus contained
chlorine and sulfur, which were detrimental to most of the
active masses explored.[43] The best compromise between
activity and poison susceptibility was found with a ZnO/Cr2O3

system which, however, required operation pressures of 250-
350 bar and temperatures of 320–450 8C. Nevertheless, due to
the previous work on high-pressure synthesis by Carl Bosch
and his team at BASF, technology to handle such conditions
was available, and thus processes employing the ZnO/Cr2O3

catalyst were the standard technology for more than 40 years.
This changed, when in the 1960s ICI introduced a new

process which was based on a Cu/ZnO/Al2O3 catalyst.[44]

These catalysts still form the backbone of the methanol
industry today. Numerous studies have been published in
which the different factors contributing to activity and
stability have been elucidated, although there is still con-
troversy with respect to many aspects of the system. It appears
now clear that metallic copper, which typically makes up
more than 50 wt % in technical catalyst formulations, is the
predominant catalytically active species. One function of the
ZnO is to provide good dispersion of the copper. However,
the role of ZnO goes beyond that of a conventional support.
The ZnO is reported to induce strain in the copper particles,
making them more active.[45] Moreover, for high activity, steps
seem to be required on the copper surface, ideally in close
proximity to positively polarized ZnOx species.[46] Al2O3,
present in the commercial catalysts in contents typically
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< 15 wt %, is considered a structural promoter which adds to
catalyst stability under reaction conditions, likely by hamper-
ing the sintering of copper nanoparticles which is considered
to be a primary cause of catalyst deactivation.[47] In addition,
various further additives can influence the activity or stability
of the methanol synthesis catalysts.[48]

The state of the catalyst under reaction conditions may
change in response to changes in the gas-phase composition,
and both by EXAFS[49] and by in situ TEM[50] could this
dynamic catalyst reorganization be observed. Reducing
atmospheres favor mutual wetting phenomena between Cu
and ZnO phases, whereas at highly reducing conditions, brass
is formed. Many protocols have been put forward to prepare
methanol synthesis catalysts, the most generally used being
the co-precipitation of Cu-Zn-Al hydroxycarbonates, the
catalyst precursor, from metal nitrate solutions. The param-
eters during the precipitation of the hydroxycarbonates, as
well as the subsequent aging, calcination and reduction
treatments are all highly influential on the properties of the
final catalysts, and the exact procedures are a well-guarded
trade secret of catalyst manufacturers. Albeit well-optimized
and established, a major shortcoming of this synthesis route is
the generation of significant volumes of nitrate-contaminated
wastewater, and the associated costs of treatment prior to its
disposal, which motivates current research and development
(R&D) efforts to devise alternative synthesis routes aimed at
reducing or eliminating the generation of wastewater while
preserving the nano- and microstructures required in high-
performance catalysts.[51]

In spite of their delayed industrial application, copper-
based catalysts had long been known to be active for
methanol synthesis since the 1920s, as mentioned above.
The major factors leading to their introduction to industrial
practice were not so much the novel catalyst formulations—
although the addition of the alumina or other refractory
oxides contributed to retard deactivation and therefore
extend catalysts lifetime—but the change of the feedstock
to natural gas and advances in the purification technology,
which reduced sulfur and chlorine concentrations in the
synthesis gas feed to very low levels (H2S< 100 ppb).[52] Sulfur
compounds are removed from natural gas typically via the
Claus process. The sulfur concentration is further reduced in
the water-gas-shift step or via scrubbing operations, such as
the Rectisol wash which uses methanol washing to reduce
sulfur concentrations to the 100 parts-per-billion level. Nowa-
days many different synthesis gas purifications processes are
available, each of them tuned towards specific application
fields.[53] In addition, the ZnO component of the catalyst itself
has some self-protecting properties, since it reacts with sulfur
impurities to form ZnS. Chlorine compounds lead to accel-
erated catalysts deactivation, since both zinc and copper form
chlorides with low melting points and enhanced mobility,
which lead to an accelerated copper sintering and thereby loss
of active surface area.[54] However, in modern gas purification
units, also chlorine levels are reduced to acceptable concen-
trations, so that nowadays copper–zinc-based methanol
catalysts—both due to improvements in the catalyst manu-
facturing and the process conditions—have a lifetime be-
tween two and four years.[43]

Since the formation of methanol is an equilibrium-limited
reaction, many process designs use multiple catalyst beds just
as in sulfur dioxide oxidation, either with external cooling
between beds or internal cooling by injection of cold
syngas.[53] However, there are also liquid-phase processes,
such as the LPMEOH developed by Air Products.[43] Here,
the conventional copper-based catalyst is suspended in
powdered form in a high-boiling-point liquid, so that no
new catalyst development was required. The advantage of the
liquid-phase process is the improved heat transfer, which
enables higher pass conversions and allows the recycle ratio to
be kept lower than in conventional gas-phase processes.
Moreover, liquid-phase processing is compatible with the use
of copper nanoparticles as catalysts, which would not be
suitable for gas-phase operations. For suspended copper
nanoparticles, methanol synthesis activity has been reported
at temperatures as low as 170 8C.[55, 56] Currently the stability
of such colloidal catalysts is certainly insufficient. However,
due to the favorable equilibrium at lower temperatures,
liquid-phase processes may become more interesting in the
future, if catalysts with higher activity at temperatures lower
than those used in the gas phase processes (around 240 8C)
can be developed.

4.1. Excursion: Catalysts and Reaction Engineering in High-
Throughput Experimentation[57]

Methanol synthesis catalysts are one example, in which
high-throughput experimentation (HTE) has been used in
heterogeneous catalysis.[58] A high-pressure/high-throughput
channel reactor was used in that study to explore the synthesis
field for Cu/ZnO/Al2O3 catalysts. Figure 7 illustrates the
correlations between precipitation conditions of the catalyst
precursors and activity, BET surface area and copper surface
area. The reactor used to evaluate the catalyst performance
closely resembled conventional plug-flow reactors, it basically
consisted of a common feed tube, a passive gas distribution
system, 49 parallel channels, and a multiport valve for fast
sequential analysis.

Similarly to industrial practice, in high-throughput lab-
scale experimentation,[59] catalyst synthesis and conformation
are intimately linked to the reactor design. Initially, in HTE
two different concepts were pursued. One line of develop-
ment relied on the use of highly parallelized synthesis and
evaluation systems, where the synthesis format was deter-
mined by the requirements of the catalytic testing. Following
this approach, catalysts are typically prepared in minute
amounts on flat substrates, as demanded for a massively
parallelized readout of catalytic activity. Examples for it are
the thermographic imaging techniques, where small solid
samples were typically prepared by sol–gel techniques on
slate plates,[60] or scanning mass spectrometry techniques,
where the inlet gas was fed through moveable capillaries to
the catalyst spot on the substrate, and the product gases were
passed to a mass spectrometer.[61] Alternatively, also the
substrate plate with the catalysts could be moved in front of
a fixed capillary.[62] Such techniques allowed very rapid
assessment of the catalytic properties of the solids on the
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substrate. However, problems such as mass transfer limita-
tions, deviations from isothermicity or scalability of the
catalyst synthesis hampered the transfer of the results to
technical catalysis.

Thus, almost simultaneously, a second development line
of catalysis HTE was followed, where the requirements of
technical processes were reflected in the synthesis of the
catalyst material and the technologies applied for catalytic
performance screening.[58, 63–65] The reactors were parallel
tubular reactors with approximately the dimensions of
laboratory reactors, that is, inner diameters of several
millimeters and bed length of several centimeters. Several
tens of such channels could be integrated in a common reactor
block, with common gas inlets (Figure 8). The outlet streams
coming from the parallel reactors were typically fed in
a sequential fashion, via multiport valves, into fast analytical
instruments. In some cases, parallel analytics was used, such as
IR focal-plane array detectors with multi-channel cuvettes[66]

or photoacoustic detection devices.[67] However, conventional
analytical techniques are more versatile, and thus nowadays
IR-spectroscopic methods or (micro) gas chromatography
techniques are customarily employed in industrial labs.[68, 69] In
order to maximize the reliability of the results, great care has
to be taken, for instance, during catalyst loading to the
miniaturized reactors. Catalysts are normally pressed and
ground to a sieve fraction to achieve proper fluid dynamics,
and homogeneity of the packing of the catalyst both within
one bed and between different beds is of utmost importance.
The same holds true for the integration of catalyst and inert
dilutants in reactions with a strong thermal signature.
Compared to the massively parallelized approaches described
above, these methods have the disadvantage of a lower
throughput, but the results are more immediately relevant for
industrial catalysis. In industrial projects, data quality corre-
sponding to that obtained in pilot plant reactors has been
achieved.

The preceding discussion demonstrates that in HTE,
reactor technology, analytical systems, and catalyst are
intimately connected. If a maximum degree of parallelization
is desired, one has to adapt the reactor technology to the
needs of the massively parallelized analytical system, and
consequently, also the synthesis format of the catalyst is

typically far away from conventional catalyst preparation. If,
on the other hand, one would like to stay close to industrial-
type reactors and their engineering solutions, conventional
catalyst types can be employed, but the degree of paralleliza-
tion is limited—although several ten parallel reactors are
routine in industrial laboratories. About 15 years after the
first publications on the use of HTE technologies in hetero-
geneous catalysis, it seems that the market has decided on the
second approach, which was first employed commercially by

Figure 7. a) Activity, b) copper surface area, and c) BET surface area of a set of Cu/ZnO/Al2O3 methanol synthesis catalysts for which the
precursors were synthesized by co-precipitation at different pH and temperature. The catalytic activity is normalized to a commercial methanol
synthesis catalyst as benchmark. Adapted with permission from
Ref. [58].

Figure 8. High-throughput experimentation (HTE) reactors. a) Photo-
graphs of different HTE reactors developed at the Max-Planck-Institut
f�r Kohlenforschung and hte AG. b) Schematic drawing of a HTE
reactor for high-pressure reactions corresponding to the lower left
photograph in panel (a). Reproduced with permission from Ref. [59].
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hte Aktiengesellschaft, Heidelberg. Hence, currently most
industrial HTE projects rely on the use of catalyst morphol-
ogies and reactor configurations (e.g. fixed-bed reactors)
which resemble more closely what is customary in industrial
practice. This way, transferability and upscaling of HTE
results are facilitated, though at the expenses of paralleliza-
tion. BASF was one of the early supporters of and investors in
hte Aktiengesellschaft, and since 2012, hte—now as a limited
company—was fully acquired by BASF and is now a 100 %
BASF subsidiary, serving the needs of BASF with respect to
HTE technology, but also running projects with external
partners.

5. Fluid Catalytic Cracking

The process of catalytic cracking is at the core of the
refinery industry, where it has been playing a central role as
the primary conversion process for 80 years.[70] Modern
fluidized catalytic cracking (FCC) processes are operated in
over 400 refinery sites worldwide and process millions of
cubic meters of hydrocarbon feedstocks daily. In addition, the
historical evolution of this process represents both the prime
example of the impact of heterogeneous catalysis in the oil
industry as well as a seminal lesson in chemical reactor
engineering, being the origin of several reactor concepts
which remain in use in various catalytic processes.

In the early 1910s the introduction of the Burton oil
thermal cracking process signified a notable advancement
with respect to previous technologies adapted from coal tar
cracking. It enabled improving the yields to gasoline products,
which started to be increasingly demanded as transportation
fuels. Despite earlier attempts to apply AlCl3 homogeneous
catalysts in petroleum cracking, oil catalytic cracking is
considered to commence with the introduction of the Houdry
process in the 1930s. Testing commercial samples supplied by
Filtrol, a company at that time dedicated to the decolorization
of lubricant oils, Eugene Houdry first discovered the out-
standing properties of acid-leached clays as solid cracking
catalysts to increase the yield and quality of the gasoline
product fraction obtained from oil processing. In 1936,
Socony-Vacuum revamped a thermal cracking unit in Pauls-
boro (New Jersey, US) to apply the Houdry process, in what
can be considered the first commercial catalytic cracking unit.
Ever since, the process has been the niche for noteworthy
innovations in the fields of heterogeneous catalysis and
reactor engineering, which have had implications also for the
development of a number of other catalytic processes.

Cracking catalysts have evolved dramatically since the
first implementation of the Houdry process. Shortly after the
first application of acid-treated clays as solid catalysts,
synthetic amorphous silica-alumina catalysts were developed
as a means to gain additional control over structural and
catalytic features.[71] Initially, silica-alumina materials were
developed with alumina contents up to about 15 wt %. Later
on, in the mid-1950s, American Cyanamid introduced mate-
rials with a higher alumina content, up to 25%, which
displayed wider pores and higher mass-specific catalytic
activity than their low-Al counterparts. The advent of fluid-

ized-bed reactors, in the early 1950s, required the catalysts to
be shaped as attrition-resistant microspheres. This introduced
spray-drying technologies, which were applied to conform
catalysts based on an amorphous silica-alumina material as
the main active component, along with a clay (typically
kaolin) matrix and binder additives.

The most revolutionary advancement in catalytic crack-
ing, and one of the key milestones in the history of catalysis,
was the introduction by Mobil of the first zeolite-based
catalysts in the early 1960s. The initially selected zeolite X was
shortly after replaced by zeolite Y, which has hitherto
remained unrivaled as the main active component in cracking
catalysts. Work of Rosinski and Plank at Mobil[72] led to the
introduction of rare-earth-exchanged zeolites, which im-
proved the catalytic activity and stability of the zeolite
component under the steaming conditions encountered dur-
ing catalyst regeneration. Only four years after the first
zeolite-based FCC catalysts came to market, they were
already used in about 85 % of the existing units, a remarkably
fast adaptation for a traditionally prudent industry.

By the early 1980s the FCC technology was widespread
and catalyst market amounted to over $130 million per year,
dominated by suppliers such as Grace, Filtrol, and Engelhard.
Catalyst manufacturing methodologies operated at Grace and
Filtrol involved the spray-drying of a suspension containing
the rare-earth-exchanged zeolite that was crystallized in
advance, treated clay, and binder components. The resulting
microspheres were subjected to “finishing” thermal treat-
ments to improve their mechanical properties. (Figure 9). The

synthesis strategy developed by Engelhard was fundamentally
different. In this case, kaolin clay was first spray-dried
followed by calcination treatments to obtain mechanically
robust and porous kaolin microspheres. In a subsequent step,
silicon and aluminum nutrients were introduced and the
zeolite was hydrothermally crystallized in situ on the pore
walls of the clay particles (Figure 9). Ion exchange and
thermal treatments led to the final FCC catalyst. These
remain the two main synthesis approaches for commercial
FCC catalysts.

The development of solid catalysts displaying increasingly
higher activities and different selectivities to various product

Figure 9. Illustrative schemes of common synthesis routes to manu-
facture industrial FCC catalysts. a) Spray-drying conformation of multi-
component FCC particles. b) The Engelhard in situ zeolite crystalliza-
tion approach.
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slates has mandated a synergetic evolution of cracking reactor
designs over time. Owing to the particularly fast catalyst
deactivation encountered in cracking operations, reactor
conception has been largely determined by the competition
between the cracking and coking reactions and the heat
integration between these endo- and exothermic reactions.
The original Houdry process operated a fixed-bed multi-
tubular reactor, filled with millimeter-sized catalyst pellets. A
molten-salt heat-exchange system provided heat integration,
whilst a swing reactor unit allowed switches between oper-
ation and catalyst regeneration within minutes, a time frame
which was compatible with the deactivation rate of clay
catalysts. However, major concerns of this design included
variations in the effective contact time as catalyst deactivation
proceeded and a non-uniform distribution of the temperature
during the regenerative combustion cycle. In response to
these issues, moving-bed reactors were implemented in the
so-called Thermofor catalytic cracking (TCC) process. With
this technology, a rather constant reactant-catalyst residence
time could be achieved. Nonetheless, as for the previous
fixed-bed configuration, catalyst particles were in the milli-
meter size range, which continued to introduce heat and mass
transfer limitations during coke burning, setting limits to the
regeneration temperature, increasing the size of the regener-
ator, and thereby the catalyst holdup.[73] Albeit not so
important at that time as it is nowadays, a large catalyst
inventory reduced notably the flexibility of the TCC process
to respond to fluctuations in the nature of the feedstock or the
product market scenarios.

In part as a means to develop a process that would neither
pay royalties nor infringe the patents on the fixed-bed and
moving-bed Houdry processes, a consortium of American
companies came up with the idea of devising a reactor
technology using a powdered catalyst.[71] As a result, the first
fluidized-bed reactors were introduced in the mid-1940s,
giving name to the FCC process as we know it today
(Figure 10). This reactor design employs spherical catalyst
microparticles, typically in the 10–150 mm range, which are
fluidized in contact with the hydrocarbon feed. Solid catalyst
circulation rates can be improved with respect to the moving-

bed predecessor design, whereas the micrometer-sized cata-
lyst particles allow faster regeneration due to enhanced mass
and heat transfer kinetics. Moreover, the excellent heat
transfer properties of fluidized solid beds enable a closer-to-
isothermal operation, at higher reaction temperatures—and
shorter contact times—while ensuring efficient heating of the
feed by the catalyst particles leaving the regenerator. As
a result, the FCC technology soon started to replace the
previous technologies. An additional thrust was the substitu-
tion of amorphous silica-alumina-based catalysts by zeolite-
based catalysts. The superior activity of zeolites and their
faster deactivation rate made it desirable to operate with
shorter residence times and fast reaction-regeneration cy-
cling, the features offered by the fluidized-bed reactors.
Further, continuous improvements in the catalyst activity
resulted in the cracking reaction being eventually completed
in the riser transfer line which connected the regenerator and
the reactor vessels. Again, this brought about reactor
engineering solutions, with the design of riser-cracker fluid-
ized-bed reactors, in which the riser is elongated and the
original reactor chamber simply houses cyclones and stripper
subunits through which the spent catalyst circulates towards
the regenerator (Figure 10). With this new design, which is
widely operated in modern FCC facilities, contact times
smaller than 5 seconds are customary, that is, orders of
magnitude shorter than with the initial fixed-bed reactor
configurations. This provides yet another example for the
catalyst–reactor co-evolution necessary to develop and opti-
mize industrial catalytic processes.

At present, the FCC process is a mature technology,
although continuous innovations in various engineering
aspects still continue, primarily driven by advancements in
modeling and simulation capabilities. Besides, adaptations to
the evolution of feedstocks and product demands require
reactor engineering activities to accompany catalyst innova-
tions. As a prime example, light olefins, most notably
propylene, are increasingly demanded nowadays as petro-
chemical feedstocks. This has translated into a growing
number of refiners which target higher short-olefin products
from their FCC units to maximize revenues. While catalyst
manufacturers offer new high-propylene-yield formulations,
for example, incorporating higher contents of olefination co-
catalysts such as ZSM-5 zeolite, higher yields to the C4

hydrocarbon cut require also new designs (or alterations)
for several subunits of the FCC reactor to capture the
incremental propylene yield.[74] In addition to reactor re-
designs, downstream units might also require adaptations to
cope with increased flow rates of light olefin products and
thereby debottleneck the overall process.

The adaptations of the FCC process driven by changes in
feedstock availability and product markets are also motivat-
ing activities in the field of catalyst development. In 2011, the
market volume of FCC catalysts amounted to about 32 % of
the refinery sector and circa 10% of the entire catalysts
market, with annual revenues of around $2 billion and
a projected growth rate of about 3% in the present decade.[75]

After acquisition of Engelhard Corporation in 2006, BASF
entered the list of the top three suppliers of FCC catalysts in
the world. Presently, the company continues to strengthen its

Figure 10. a) Photograph of one of the first FCC units installed in US
in the 1940s. b) Schematic representation of a modern, riser-reactor
FCC unit.
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position in the strategic FCC sector and to introduce new
catalyst technologies. Illustrative of these activities are the
start-up of a FCC testing and research laboratory at the
facilities of hte Aktiengessellschaft in Heidelberg (Germany)
and the strategic alliance signed with Shell in 2013 to supply
FCC catalysts for the global refining activities of the Anglo-
Dutch oil company.[76]

Important lines of catalyst development target the design
of novel catalysts able to maximize the yield to propylene or
having lower lanthanide contents, in response to the insta-
bility of the rare-earth markets.[77] In addition, research efforts
are also devoted to develop new strategies to improve control
over secondary mesoporosity in the zeolitic active phases,
which allows more efficient processing of heavier feedstocks.
These approaches are not limited to steaming and demetalla-
tion strategies, which are intuitively more suitable for large-
scale production. Recently, researchers at Rive Technology,
a spin-off company of the Massachussets Institute of Tech-
nology (US), reported the successful up-scaling, in coopera-
tion with Grace, of a catalyst production procedure based on
mesoporous zeolite Y obtained by a surfactant-templating
route.[78] Another important goal of current R&D activities is
to gain improved control over the spatial distribution of
different components within the catalyst microspheres. Albe-
marle, another prime FCC catalyst supplier, in partnership
with the Weckhuysen group at Utrecht University are
currently actively developing strategies based on (correlative)
microspectroscopic methods to visualize the spatial distribu-
tion of the various catalyst components as well as to identify
preferential poison deposition sites within FCC particles.[79]

Along similar lines, one of the latest innovations incorporated
to the BASF�s FCC catalyst portfolio includes the so-called
multi-stage reaction catalysts (MSRC). This manufacturing
technology is claimed to enable the incorporation of several
functionalities in a spatially controlled manner within the
catalyst particles. Such catalyst engineering can offer control
over the order in which consecutive cracking reactions take
place or result in a more effective protection of active
components from metal poisons.[80]

6. Direct Epoxidation of Propylene with Hydrogen
Peroxide

Essentially all the propylene produced for chemical
purposes is consumed as an intermediate in other chemical
manufacturing processes. Propylene oxide (PO), which is
produced by propylene epoxidation, is among the most
demanded organic chemicals, with a current worldwide
market capacity exceeding 7 Mt per year. PO is a reactive
and versatile compound which serves as feedstock for the
production of polyether polyols for urethanes, propylene
glycols, and glycol ethers, subsequently used as starting
building blocks for the production of a wide array of
chemicals and polymers.

Processes of propylene epoxidation to propylene oxide
have been operated at an industrial scale for more than
a century and their historical evolution represents another
prototypical case of how advancements in heterogeneous

catalysis have contributed to improve the efficiency and
reduce the environmental footprint of the chemical indus-
try.[81] The earliest propylene epoxidation industrial process,
which remains operated today, is based on the non-catalytic
dehydrochlorination of chlorohydrines in the liquid phase. A
major concern of this route is the co-production of a large
amount of chlorine salts brine, the disposal of which requires
extensive treatments. In the early 1970s, new chemical
processes based on the use of oxygen as oxidant and organic
hydroperoxides as intermediate oxygen “couriers” came into
commercial operation. In these processes, organic hydro-
peroxides are synthesized in a first stage, by partial oxidation
of, for example, isobutene or ethylbenzene, and subsequently
employed as propylene epoxidation reagents on either
soluble metal complexes or solid catalysts. Despite the
catalytic nature of the second stage, overall, stoichiometric
amounts of either tert-butanol or 1-phenylethanol, which can
be subsequently dehydrated to styrene, are obtained as side-
products. To eliminate by-products, Sumitomo developed
a process in the early 2000s, based on the same concept,
although applying cumene hydroperoxide as intermediate. In
this process, the by-product of the propylene epoxidation step
is cumyl alcohol, which can be conveniently dehydrated and
hydrogenated back to cumene and recycled to the process
inlet. PO is the only product overall, whereas only small
cumene losses need to be compensated with a makeup feed
stream.

Solid catalysts employed at the propylene epoxidation
step in processes based on organic hydroperoxides typically
consist of amorphous, mesoporous titanosilicates.[82] These
catalysts are generally passivated by surface silylation treat-
ments in order to create a hydrophobic environment in the
vicinity of the active titanium sites, which improves the
selectivity to PO by favoring its rapid desorption and
preventing secondary reactions, particularly ring-opening to
propylene glycol, which can be catalyzed by surface acidic
groups.

Despite the successful operation of organic hydroperox-
ide technologies for decades, the direct use of hydrogen
peroxide (H2O2) as epoxidation reagent is highly desired from
both economic and environmental standpoints. In recent
years, commercial-scale processes for the direct epoxidation
of propylene with H2O2, generally referred to as HPPO
processes, have become a reality thanks to quantum-leap
innovations in heterogeneous catalysis accompanied by
reactor engineering and process conception efforts.

In the early 1980s researchers at Eni first reported the
synthesis of titanium silicalite-1 (TS-1),[83] a crystalline tita-
nosilicate with MFI-type zeolitic structure. TS-1 was found to
be an efficient solid catalyst for the epoxidation of propylene
with H2O2, allowing the reaction to proceed in liquid media at
mild temperatures (< 60 8C) with, in principle, water as the
only by-product (Figure 11). This discovery supposed an
important incentive to develop a commercial HPPO process.
However, owing to the peculiarities introduced by both the
novel zeolitic catalyst and the use of H2O2 as oxidation
reagent with respect to existing epoxidation technologies,
significant and parallel catalyst, reactor, and process engi-
neering efforts have been necessary to translate the break-
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through discovery by Eni researchers into a large-scale
chemical process.

The structure of TS-1 is built from SiO4 and TiO4

tetrahedra, which define a three-dimensional microporous
system with straight channels (0.53 � � 0.56 �) intersecting
sinusoidal channels (0.51 � � 0.55 �).[85] Even though the
actual reaction mechanism remains debated, a general con-
sensus exists that the epoxidation functionality is owed to
tetrahedrally coordinated TiIV atoms incorporated into the
zeolite framework (Figure 11). Under standard synthesis
conditions, the maximum content of such framework Ti
species is typically limited to about two to three Ti atoms per
unit cell, whereas any surplus of Ti tends to segregate as extra-
framework TiOx species and TiO2 precipitates, species which
were deemed detrimental for the catalytic performance. In
addition, the fully coordinated silicate framework of the
zeolite creates a confined, hydrophobic environment in the
neighborhood of the active sites which, in analogy to surface
silylation in the amorphous, mesoporous solid catalysts used
in conventional epoxidation processes, plays a central role in
enhancing the selectivity to PO.[85] On the contrary, zeolite
framework defects are unwanted, as their slightly acidic
character promotes secondary reactions which lower the PO
yield and contribute to catalyst deactivation. Moreover,
owing to the likelihood of encountering diffusional con-
straints in liquid-phase catalysis, the zeolite crystallite size
and/or the presence of secondary mesoporosity have been
long considered catalytically relevant structural features.
Such a multivariable landscape prompted extensive R&D
efforts to optimize the structure of TS-1 catalysts for
propylene epoxidation, alongside developing synthesis pro-
cedures compatible with industrial-scale production.

The standard synthesis procedure for TS-1 involves the
hydrothermal treatment of pre-hydrolyzed Ti and Si precur-
sors in the presence of tetrapropyl ammonium hydroxide
(TPAOH) as structure-directing agent. Despite Si and Ti

alkoxides represent ideal precursors in such a sol–gel syn-
thesis route, research has been focused towards their sub-
stitution by alternative, less costly compounds such as TiOCl3

or even rutile (for Ti) and fumed or colloidal SiO2 (for Si).[86]

On the same grounds, researchers at Evonik developed
a synthesis route based on spray pyrolysis of volatile TiCl4 and
SiCl4 precusors, followed by a hydrothermal treatment of the
resulting mixed oxide in the presence of TPAOH.[87] As for
the crystallization of other zeolites incorporating heteroatoms
in lattice positions, the absence of alkali cations in the
synthesis gel was reported essential.[86] This also poses
a challenge for the industrial-scale production of TS-1, due
to the high costs of alkali-free TPAOH solutions. An
alternative approach was developed by the group of Ullrich
M�ller at BASF,[88] which employed tetrapropyl ammonium
bromide (TPABr), less expensive to be obtained as an alkali-
free reagent than TPAOH, as structure-directing agent. In this
case, the synthesis gel requires significant amounts of NH4OH
as alkalinizing agent.

As a means to improve accessibility to the framework Ti
sites, synthesis methologies have been developed to reduce
the zeolite crystal size, down to the submicron range. For
example, the group of Tatsumi (Tokio) achieved TS-1 nano-
crystals through control over the crystallization kinetics;[89]

Serrano et al.[90] used silanization of zeolitic seeds to limit
crystal growth; researchers at BASF have patented the
application of spheroidal dispersions of polyacrylates to
achieve uniform TS-1 nanocrystals;[91] while Ryoo and co-
workers[92] synthesized TS-1 nanosheets using a modulated
structure directing agent with long alkyl chains. Routes to
introduce mesoporosity through either templating or deme-
tallizing strategies have also been put forward.[86] The
ultimate catalytic performance in propylene epoxidation
was, nonetheless, deemed to result from an interplay between
accessibility of the active Ti framework sites and the hydro-
phobicity of the zeolite, which is undesirably decreased upon

Figure 11. a) Structural model of the TS-1 propylene epoxidation catalyst, adapted with permission from Geoffrey Price.[84] b) Schematic
representation of a proposed reaction mechanism on framework Ti atoms, adapted with permission from Ref. [97].
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decreasing the crystal size or introducing mesoporosity as
these approaches usually result in a higher density of lattice
defects and surface silanol groups. For industrial application,
the TS-1 active component must be conformed into macro-
scopic bodies incorporating also a binder material. Acidity
needs to be also avoided in the binder material to prevent
secondary acid-catalyzed reactions which lower the selectivity
to PO.[93]

In the course towards industrial operation, catalyst
development has gone hand-in-hand with reactor and process
engineering. In 2002, EniChem, today Polimeri Europa, set
up a prototype plant in Italy to explore the application of TS-
1 catalysts in a prospective commercial process. Soon there-
after, Evonik (formerly Degussa) in partnership with the
engineering company Uhde, as well as Dow Chemicals and
BASF, first independently and in joint venture after 2003,
initiated R&D programs towards the conception and imple-
mentation of an industrial HPPO process. The new process
introduces significant variations with respect to the existing
technologies, which extend from catalyst structure and
functionality to the nature of the oxidation reactant, and
which needed to be thoroughly addressed during process
conception. Solvent selection and optimization of solvent-to-
reactants ratio in the feed stream have been claimed essential
to achieve single-liquid-phase operation and prevent segre-
gation of the hydrophobic propylene and the hydrophilic
H2O2 reactants.[94]

Propylene epoxidation is a remarkably exothermic reac-
tion (DHr

0��213 kJ mol�1). Hence, heat-transfer consider-
ations are of utmost importance for reactor design. While this
is a common characteristic of all epoxidation processes, it
becomes accentuated in the HPPO process. Unlike organic
hydroperoxides employed as oxidants in classical PO manu-
facturing processes, which are relatively stable thermally—
they are synthesized through partial oxidation reactions at
temperatures up to 150–200 8C[81]—H2O2 decomposition oc-
curs readily at moderate temperatures. The apparent activa-
tion energy for H2O2 decomposition on (Ti)SiO2 oxides
(about 40 kJmol�1 [95]) is higher than that for the propylene
epoxidation reaction (about 26 kJmol�1 [96]), indicating that an
increase in the reaction temperature benefits the undesired
reactant decomposition. Additionally, higher temperatures
promote ring-opening side-reactions which have a negative
impact on the selectivity to PO. The reaction is therefore
performed at mild temperatures (reportedly lower than 60–
80 8C), while it is critical to prevent higher temperatures in the
reactor and particularly the creation of hot-spots.[97]

These considerations have required dedicated reactor
conception and engineering for the HPPO process. While
stirred-tank reactors were applied in the stages of catalyst
development and optimization of reaction conditions,
packed-bed, trickle-bed or heat-exchanger reactor configu-
rations are preferred for large-scale, continuous operation.
Using jacketed multi-tubular reactors, like those often
described for propylene epoxidation processes based on
organic hydroperoxides, researchers at Degussa reported on
the need for adequate dilution of the TS-1 catalyst with inert
material to prevent hot-spots during operation.[98] Along
similar guidelines, Dow and BASF developed jointly several

reactor configurations, based on integration of reaction with
plate-type heat exchangers, designed to achieve isothermal
operation in the HPPO process.[99] With the same goal of
improved heat transfer, researchers at BASF have patented
procedures for the direct crystallization of the TS-1 zeolite
catalyst on the surface of thermally conductive, metallic
gauzes.[100] Applying a two-step reactor concept with inter-
mediate heat-exchange and PO separation stages (Figure 12),
the HPPO process jointly developed by Dow and BASF has

been claimed to reach nearly quantitative H2O2 conversion
with > 94% selectivity to PO.[94] Moreover, the microporus
structure of TS-1 catalysts is expected to be more prone to
deactivation than mesoporous TiOx/SiO2 catalysts used in
conventional processes of PO production.[101] Secondary
reactions such as the hydrolysis of PO may result in the
formation of (poly)glycols or 2-methoxypropanol. Side-reac-
tions of the methanol solvent might also produce methyl-
formate. Some of these products are likely to remain retained
within the narrow zeolite channels, leading to pore blockage
and catalyst deactivation. Consequently, in connection to
reactor conception, suitable regeneration processes have
been developed. In this respect, Evonik claimed reflux with

Figure 12. a) Flow chart of the HPPO process developed by Dow and
BASF, adapted from.[94] The two-reactor core of the process is framed
in red. b) Overview photograph of the BASF complex in Antwerp
(Belgium).
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H2O2 to allow full recovery of the original catalytic activity.[102]

Alternatively, patents filed by BASF disclose methods
involving controlled oxidation of organic residues in a stream
of diluted O2 or alternative oxidants such as O3 or nitrogen
oxides.[103] It should be noted that the above discussions on
catalyst and reactor design are based on published scientific
and patent literature, whilst the final commercialized process
and proprietary catalysts might differ from what is in public
domain.

Several years of advancements in catalyst, reactor, and
process engineering have taken the HPPO process to a fully
commercial scale. Since 2008, the Korean company SKC has
produced more than 100 Mt per year PO in Ulsan (South
Korea) using the HPPO technology developed by Degussa-
Evonik and Uhde. Shortly after, Dow and BASF inaugurated
a HPPO facility in Antwerp (Belgium). The site includes
a world-scale unit which produces 230 kt per year of H2O2

using the Solvay anthraquinone process and has a nominal PO
capacity of 300 Mt per year.[94] In 2011, an even larger facility
operating the same technology was commissioned in Map Ta
Phut (Thailand), whereas an additional HPPO plant is
currently under construction in the Jubail industrial city
(Saudi Arabia).

With respect to classical PO processes, modern HPPO
technologies avoid the need to co-process a side-product and
simplify separation and product purification stages owing to
the high selectivity of the reaction step, which lowers equip-
ment requirements and represents savings in capital invest-
ments. Reductions of 70–80% in the production of waste-
water have also been claimed,[94] which further contribute to
reduce installation footprint and capital costs. Besides, the
production of water as the only side-product eliminates the
need for additional, stable markets to commercialize other
by-products. Currently, over 1 million tons per year propylene
oxide is produced using the HPPO technology, and this
process is expected to constitute an increasingly higher share
of the worldwide PO production in the coming years, at the
expense of technologies leading to by-products and partic-
ularly the classical chlorohydrines-based process (Figure 13).

Beyond the HPPO technology, a highly sought-after
target remains the development of efficient propylene
epoxidation processes based on either the (in situ) synthesis

of H2O2 from H2 and O2 followed by propylene epoxidation,
or the direct epoxidation of propylene with O2, in analogy to
the existing process for ethylene. Significant R&D efforts are
currently committed to this goal, and innovations in the field
of solid catalysts, for example, based on advanced control
over sub-nanometer metallic clusters[105] or nanoscale spatial
compartmentalization of different catalytic functionalities,[106]

continuously provide moderate steps forward which, never-
theless, have not yet sufficed to justify commercial interest. In
the event that a future breakthrough in heterogeneous
catalysis would bring such processes within reach, reactor
engineering will undoubtedly play a pivotal role towards
commercial realization, which includes providing safe ap-
proaches for reactions such as the direct oxidation of H2 or
propylene with O2.

7. Concluding Remarks

Large-scale industrial processes never have a single root.
They can be realized because different disciplines join forces
to achieve success. In the development of catalytic processes,
catalysis research and reaction engineering are two indispen-
sable elements which have to come together before an
industrial process is implemented. Often a new catalyst opens
new process options, such as TS-1 which started the develop-
ment of the HPPO processes, but the situation can also be
reversed. The high-pressure catalytic processes implemented
in the early decades of the 20th century all relied on the high-
pressure technology developed for the ammonia synthesis,
and only due to the availability of the tools and techniques to
handle these conditions could novel catalysts enter commer-
cial exploitation. This Yin and Yang of catalytic process
development is an integral and integrating element of the
chemical industries, where science and engineering join
hands, and the earlier the interaction between the disciplines
starts, the easier will the process development be in the later
stages. Research and development at BASF is a prime
example for the fruitfulness of this approach, and what has
been beneficial to the company for 150 years will not lose its
value also in the decades to come.
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