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FOREWORD

The phenomenon of catalysis is found in many homogeneous and heterogeneous
systems undergoing chemical change, where it effects the rates of approach to the
equilibrium state in processes as diverse as those found in the stars, the earth’s
mantle, living organisms, and the various chemistries utilized by industry. The
economies and the living standards of both developed and developing countries
depend to varying degrees upon the efficacy of their chemical industries. Con-
sequently, this century has seen a wide exploration and expansion of catalytic
chemistry together with an intensive investigation of specific, essential processes
like those contributing to life-supporting agricultures. Prime among the latter must
surely be the “fixation” of atmospheric nitrogen by catalytic hydrogenation to
anhydrous ammonia, still the preferred synthetic precursor of the nitrogenous
components of fertilizers. In each decade contemporary concepts and techniques
have been used to further the understanding, as yet incomplete, of the catalyst,
the adsorbates, the surface reactions, and the technology of large-scale operation.
The contributors to the present volume review the state of the art, the science, and
the technology; they reveal existing lacunae, and suggest ways forward.

Around the turn of the century, Sabatier’s school was extending the descriptive
catalytic chemistry of hydrogenation by metals to include almost all types of
multiple bond. The triple bond of dinitrogen, which continued to be more resistant
than the somewhat similar bonds in carbon monoxide and ethyne, defied their
efforts. During the following decade, Haber and Bosch developed their process
for the large-scale production of ammonia by the hydrogenolysis of atmospheric
nitrogen over promoted and stabilized, iron-based contacts: it was an epoch-making
advance. The work assured not only adequate world food-production, but also
gave impetus to the science of catalysis by solids and the associated chemical
engineering. Exploding populations could now be properly provisioned with vic-
tuals or otherwise provided with munitions, while most of the essential empirical
features of catalyst activity were revealed.

Professor Tamaru, prominent among catalytic chemists even as a babe-in-arms
(photo page 5), tells something of the formidable minds and institutions which
drove the research forward in a style now classic and probably unparalleled outside
the German chemical industry. This paradigm of major invention possessed a
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clearly defined objective, presented by an emergent universal need and a massive
potential market. The objective was judged to be attainable by knowledgeable
scientists despite uncertain data, and had champions among the most able contem-
porary industrial managers. The cognate sciences and technologies were pushed
ahead by cooperating chemists and engineers, notably by men of broad and deep
understanding. The science of both Haber and Bosch had an industrial background,
making their story timely reading now that the so-called *“relevance” issue intrudes
increasingly upon the research within academic institutions, and as the higher
management of industry becomes ever more remote from its scientific bases.

The magnitude of the achievements in the more quantitative, physical science
of the Haber-Bosch program has tended to outshine the contributions from both
the associated exploratory catalytic chemistry and the concepts derived therefrom.
The work of Mittasch was absolutely vital and led ultimately to the development
of the more effective catalysts which had commercial potential and to improved
gas purification. As pointed out in this volume, some of those ideas have had to
be abandoned, but it is inescapable that the notion of multifunctionality, implying
jumpover, spillover, or switchover of intermediates, was contained therein, albeit
formalized much later by Weiss and others. Indeed, phenomena at interfaces
between solids remained unapproachable until the application of the latest physical
techniques (Chapters 2-5).

The best testimony to the pioneers’ accomplishments, beyond the award of
two Nobel prizes, must be the fact that, after almost eighty years of research and
development, the modern iron-based catalysts are hardly more than tidied-up
versions of the originals. Subsequent improvements to the process have derived
in the main from the generation of purer synthesis gases, the optimization of the
preparation of the catalysts and their induction procedures, the determination of
better kinetics (Chapter 6) with the consequent advance in the chemical engineering
applications (Chapters 6 and 7). All of these improvements were directed to the
lowering of reaction pressures and temperatures, and ultimately of capital costs.

To place the recent contributions on ammonia synthesis in context, the broad
historical background on the one hand, and the sheer complexity of the operating
process on the other must be considered. Prior to the advent of modern surface
physics there existed a modest consensus among practitioners; the views were
common but not universal, reasonable but equivocal, and often implicit rather
than explicit. By the late fifties it had been accepted that the essential active
phase is body-centered cubic metallic iron, that the likely most active crystal face
is (111), that the refractory oxide components serve primarily to hinder sintering,
and that one function of the alkali promoter is to lower, somehow, the work
function of the iron. Already some believed that alkali metal, formed in situ by
reduction under pressure as dilute adsorbed atoms, facilitated the transfer of
electrons from the Fermi level of iron to the antibonding #-orbitals of physisorbed
dinitrogen, and that a chemisorbed, “side-on” state of dinitrogen was possible (by
analogy with contemporary hypotheses involving adsorbed ethene and ethyne as
m-complexes on metals such as palladium). The anionic dinitrogen intermediate
was not, however, perceived to be an adsorbate of measurable lifetime, although
the existence of precursor states had just been signalled.
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The second feature to be noted is the complicacy of the working industrial
catalyst as compared with its models, which have often been devised as alkali
metal-atom doped specific faces, planar or stepped, of massive single crystals of
the purest iron, prepared with all the resources of high-vacuum technology. In
contrast, real catalysts are porous aggregates of small particles, more or less
crystalline, usually containing, beside iron and potassium, two or more refractory
oxides of different acid-base properties. They are always prepared by hydrogen
reduction of a somewhat inhomogeneous but intimate mixture of binary and ternary
oxides of sufficient purity, thus inducing contingent, interdependent solid-gas and
solid-solid, nucleated reactions, necessarily under finite partial pressures of water
having catalytic or anticatalytic effects (Chapters 2,3,5, and 9). An adequate
reproducibility of designed activity and life can be obtained only by rigid adherence
to a set of procedures, scientifically based but established empirically; it usually
involves some minor, intrinsic variability due to the exigencies of process control
and the intrusion of hidden variables (e.g., dissimilar motivations among process
operators and catalyst designers!). Oldsters would say that activity depends upon
the “prehistory” of the catalyst; alteration of a component or a parameter entails
a change of activity having downstream consequences in kinetics, incongruent
reactor design, and costs, for which no algorithm yet exists.

Schlogl’s article shows why. He tells of the application of old and new
techniques to the characterization of the processes, phases, and interfaces occurring
in the evolution of the working catalyst from its oxide precursors. He arrives at
conclusions which are quite similar to those derived from chemical priuciples,
while finding further complexities. It is in this area that surface physics demonstrates
its greatest value to applied catalysts.

The electropositive-electronegative (basic-acidic, etc.) counterpoint runs
through all catalysis, so that the various correlates of the promotor’s polarity are
no doubt to be detected at all stages of the genesis and maintenance of the active
interface, and of its accessibility.

The desired holistic solution remains remote but is foreshadowed in the reports
by Ertl, Somorjai, and Strongin on the interactions at the atomic level between
adsoptives, surface geometries, promotors, and stabilizers in model catalysts. Ertl
demonstrates the central role of a precursor state [the inclined a-state, metal*-N3,
on Fe(111), not unlike the “side-on” adsorbate suggested earlier] in the dissociative
chemisorption, and its additional stabilization by potassium adatoms. He, and in
a subsequent chapter Geus and Waugh, use the data to derive potential energy
diagrams for the reaction chain, and from which they calculate overall reaction
rates. Although there are some differences of opinion between the two groups, the
fact that such methods give results of the right magnitude affirms the advance of
the last decade.

Somorjai and Strongin extend the theme, narrowing the gap between the
models and the real catalyst, especially to discern mutual effects in the Fe-Al-K-O-
N-H system. As in the work described by Schlogl, some expected chemistry is
found but it is illuminated by the discovery of unpredicted surface reconstructions
in the presence of alumina and water. The presence of potassium adatoms, as such
in situ, is discounted in favor of a KO, adsorbate which retains the alkali while
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yet stabilizing Ertl’s precursor and also loosening the bound ammonia. In normal
practice alkali compounds are not found downstream of industrial reactors, and
one is reminded of the old observations on the photoelectric emission of complex
surfaces which showed that alkali adatoms adjacent to oxygen adatoms (W-Cs-0)
are not only more strongly bound but induce dramatic decreases in the work
function. A clear definition of the role(s) of the alkali promotor, electronic,
geometric, or both seems near, and although rather late in the history of ammonia
synthesis must remain a major objective in view of the ubiquity of such effects in
catalysis (Fischer-Tropsch, higher alcohols, etc.).

Impure feedstocks add other dimensions to the matrix; reactive contaminants
usually behave as permanent or temporary poisons according to whether they are
strongly or weakly bound to active sites under reaction conditions. Nielsen (Chapter
8) describes the principal types, e.g., inhibitors yielding strongly electronegative
adsorbates (halogens, oxygenated, and sulfuretted species) or the rarer polyvalent
adatoms (phosphorus, arsenic). He mentions the empirically determined tolerable
concentrations and gives some quantitative analysis of the relationship with active
area. The effects of chlorine on the alkali promotor provide a nice illustration of
the acid-base counterpoint, and the acceleration of sintering by steam is an
important example of a less well-known effect of steam, additional to poisoning.
Some corresponding chemisorptions and solid reactions are included by Geus and
Waugh (Chapter 5).

Nowhere is the reacting catalyst system at true equilibrium. Furthermore,
much academic experimentation is done far from equilibrium, but the industrial
reactor is designed to approach that state at its exit. In Chapter 6, Gramatica and
Pernicone show how useful, essentially empirical, kinetic equations have been put
together on the basis of the earlier classical adsorption isotherms associated with
the names of Langmuir, Tempkin, and others. Kinetics which describe accurately
the degree of advancement of the reaction with time, over a range of pressures,
temperatures, and contents of common impurities, are vital to reactor and process
design, and the authors give an outline of the procedures which have led to the
evolution of the modern plant systems of Hooper’s Chapter 7. It will be appreciated
that the cost of the research and development leading to such kinetic equations,
and their importance to competitive design, makes them a valuable commercial
property.

However, the large investments in established processes and plants naturally
impose an enormous inertia, among producers and contractors alike, toward all
radical change. It is therefore exciting to escape from the claustrophobia of the
iron-based Haber-Bosch system into the wider regions of the Periodic Table, and
the “‘greener,” more exploratory areas of homogeneous and enzyme catalysis, in
the reviews by Tennison (Chapter 9) and by Leigh (Chapter 10). Anhydrous
ammonia will continue to be the commodity in demand for the foreseeable future;
dilute ammonia, commonly aqueous, incurs large cost penalties for transport and
concentration unless made to suit local circumstances. So the first approach to
novelty is by way of a radically new catalyst tailored to fit the existing type of
plant, while any enzyme-like reaction must involve hydrogenated dinitrogen only
as an intermediate en route to more complex compounds.
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Tennison explores the patterns of behavior, in absorption, adsorption, and
activity, among the transitional elements of the long periods, with timely emphasis
upon the more precious metals and the alloys of iron with its base-metal congeners
of group 8. The relatively high activity of the Fe-Ru-Os triad has long been known
and, in the early days of the rigid-band theory of metals, was correlated with the
presence of three “holes” in their d-bands. Japanese research in the last twenty
years has restressed the possible potential of ruthenium as an alternative to iron
and it is of great interest to see that its exploitation has become a distinct possibility.
Currently, the preferred support appears to be carbon, a material whose properties
can be so irreproducible that its use was once generally avoided, unless essential
as in dispersing precious metals in hydrogenation catalysts for the fine-chemical
and pharmaceutical industries. Alkali promotors are again necessary, and their
function in the new catalysts is investigated in detail but with conclusions similar
to those reached by the other authors. The ubiquity of the effect would seem to
support a general electronic influence rather than sets of related geometries.

It is a cause for wonder that the elements iron and molybdenum should be
so prominent in catalysts as diverse as the metalloenzymes of nitrogen-fixing
bacteria and the Haber-Bosch contacts. Perhaps the link may lie in some similarity
between the proposed active K-Fe-O surface complex and the organo-Fe(Mo)-S
organo-Fe(Mo)-S complexes wherein the sulfur ligands maintain the metals in
low valency states. Leigh surveys succinctly the enzyme field and the related models
among the dinitrogen-carrying complexes which have raised many false hopes
since the middle isixties and the isolation of the first such molecules; photo- and
electrochemical inputs have been used but commercial applications are not yet
feasible.

The implications of Leigh’s view of future developments in nitrogen fixation
apply equally to all catalysis: we are unlikely to find more targets as ‘“‘simple’” and
profitable as ammonia synthesis. Even before interdisciplinary projects such as
the forementioned photoheterogeneous catalysis, the coming years should see the
coupling of heterogeneous with homogeneous catalysis as in the present pursuit
of routes from methane to higher hydrocarbons using radicals generated at oxide
surfaces. It is known already, for instance, that oxygen can be hydrogenated to
yield aqueous hydrogen peroxide, which with Fenton’s reagent forms hydroxyl
radicals and thence phenol from benzene continuously. Similarly, nitric oxide gives
hydroxylamine and amidogen radicals. The core of the problem is to target a
valuable product other than ammonia (an amino acid or a nitrogen heterocycle,
say) and then to devise means for its economic extraction. The field is not at the
present time sufficiently developed to allow this to be done, in either its chemistry
or its chemical engineering.

D. A. Dowden
Stockton-on-Tees



PREFACE TO THE SERIES

Catalysis is important academically and industrially. It plays an essential role in
the manufacture of a wide range of products, from gasoline and plastics to fertilizers
and herbicides, which would otherwise be unobtainable or prohibitively expensive.
There are few chemical- or oil-based material items in modern society that do not
depend in some way on a catalytic stage in their manufacture. Apart from manufac-
turing processes catalysis is finding other important and ever increasing uses; for
example, successful applications of catalysis in the control of pollution and its use
in environmental control are certain to increase in the future.

The commercial importance of catalysis and the diverse intellectual challenges
of catalytic phenomena have stimulated study by a broad spectrum of scientists,
including chemists, physicists, chemical engineers, and materials scientists. Increas-
ing research activity over the years has brought deeper levels of understanding,
and these have been associated with a continually growing amount of published
material. As recently as sixty years ago, Rideal and Taylor could still treat the
subject comprehensively in a single volume, but by the 1950s Emmett required six
volumes, and now no conventional multivolume text can cover the whole of
catalysis in any depth. In view of this situation, we felt there was a need for a
collection of monographs, each one of which would deal at an advanced level
with a selected topic so as to build a catalysis reference library. This is the aim of
the present series, Fundamental and Applied Catalysis.

These books in the series will deal with particular techniques used in the study
of catalysts and catalysis; these will cover the scientific basis of the technique, details
of its practical applications, and examples of its usefulness. The volumes concerned
with an industrial process or a class of catalysts will provide information on the
Jundamental science of the topic, the use of the process or catalysts, and engineering
aspects. For example, the inaugural volume, Principles of Catalyst Development,
looks at the science behind the manufacture of heterogeneous catalysts and provides
practical information on their characterization and their industrial uses. Similarly,
an upcoming volume on ammonia synthesis will extend from the surface science
of single iron crystals to the design of reactors for the special duty of ammonia
manufacture. It is hoped that this approach will give a series of books that will
be of value to both academic and industrial workers.

xiii



xiv PREFACE TO THE SERIES

The series will deal with both heterogeneous and homogeneous catalysis, and
will include processes in the heavy chemicals and oil refining industries, the
smaller-scale manufacture of pharmaceuticals, and various aspects of pollution
control. The series editors would welcome any comments on the series and sugges-
tions of topics for future volumes.

Martyn Twigg
Michael Spencer

Billingham and Cardiff



PREFACE

The story of the catalytic synthesis of ammonia from its elements ranks as a classic
in the development of the chemical industry during the twentieth century. The
enabling research work began at a time when it was not even known whether the
required reaction between hydrogen and nitrogen was thermodynamically feasible.
Nevertheless, several leads from different research groups were followed and this
culminated eventually in the demonstration by Fritz Haber of the catalytic synthesis
of ammonia at elevated pressures. The major new technologies of catalyst promo-
tion and high-pressure chemical engineering were born and new challenges associ-
ated with stress corrosion were presented to the metallurgists. That these problems
were solved is now history, due to the efforts of Alwyn Mittasch, Carl Bosch, and
many others. The lead in high-pressure technology gained by BASF also resulted
in the development of the first process for the production of synthetic methanol
by the hydrogenation of carbon monoxide. So successful were the team from BASF
in their development of the ammonia synthesis reaction that, after the initial
breakthrough, most of the subsequent major developments have been in the
generation and purification of synthesis gas.

Scientific studies on the precursor and the active catalyst followed rapidly
and the adsorption studies of Emmett and his colleagues set the principles which
are still used in the development and understanding of most new catalysts, even
today. A high level of understanding of the catalyst was gained in the early studies,
but it was the development of ultrahigh vacuum (UHV) techniques and electron
spectroscopy which led to the advances in the seventies and eighties. Fascinating
differences in the reactivity and properties of iron crystals, according to which the
crystallographic plane was examined, have emerged. Furthermore, some correlation
between UHV data and kinetic measurements under process conditions can now
be made.

Amid the excitement of this “UHYV era” substantial progress was being made
on the process itself. Operating pressures and temperatures have gradually been
reduced in the quest for maximum efficiency in the use of energy, and new
low-pressure processes are available in the market for license. The possibility
remains that with further catalyst development, including perhaps the use of
precious metal catalysts, the severity of the process conditions may be reduced
further still.

XV



xvi PREFACE

All of the authors who have contributed to this volume are true experts in
their chosen field of study and have a wealth of experience in the science and
technology of ammonia synthesis. Both academia and industry are well represented
and this leads to a fine balance between the science and the technology. Further-
more, in keeping with the international nature of the ammonia business, the range
of authors also represents a wide geographical spread. The book begins with a
history of the early developments of ammonia synthesis leading to four chapters
devoted essentially to fundamental scientific investigations of the catalyst and its
promoters. Three chapters on technological aspects of ammonia synthesis follow:
kinetics, commercial operation, and catalyst deactivation. The book then concludes
with chapters on novel alternatives to the conventional promoted iron catalyst and
some thoughts as to how the ammonia synthesis industry might develop in future
years.

We have endeavored to present a complete but balanced view of ammonia
synthesis at a time when both the science and process are relatively mature. It is,
however, a sobering thought that despite all the high-quality studies on this simplest
of reactions, some questions still remain to occupy the minds of scientists in the
years ahead.

All of the people concerned with this book were saddened by the death of
Giorgio Gramatica while the volume was in press, and we regret he was unable
to see his chapter, coauthored with Nicola Pernicone, in its final published form.

J. R. Jennings
Middlesborough
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THE HISTORY OF THE
DEVELOPMENT OF AMMONIA
SYNTHESIS

Kenzi Tamaru

1.1. INTRODUCTION

The synthesis of ammonia from its elements ranks as one of the most important
discoveries in the history of the science of catalysis, not only because of its industrial
application in which synthetic fertilizers have contributed enormously to the
survival of mankind, but also from the viewpoint of fundamental science. Even
today, some eighty years after the first demonstration of ammonia synthesis, many
original scientific papers on the mechanism of the catalytic synthesis of ammonia
are still published. Every time a new method, technique, or concept has appeared
in the field of heterogeneous catalysis, it has been applied to this reaction. Specific
examples of these applications over the years include the concepts of gas equili-
brium,‘? activated adsorption,® structure sensitivity,”® stoichiometric number and
kinetic studies,” nonuniform surfaces,”” the measurements of surface area,’®
surface composition and promoter distributions,”” and the use of isotopic and
spectroscopic techniques.®® In particular, various surface science techniques have
been applied successfully to this reaction system over well-defined single crystal
surfaces in recent years. In this way the effect of promoters on the iron catalyst
has been elucidated.” Accordingly, the history of ammonia synthesis parallels not
only that of industrial catalysis, but also the development of the science of catalysis.

Review articles on each of the topics relevant to ammonia synthesis follow
in this book. This chapter contains the history of ammonia synthesis, with particular
emphasis on the story of how ammonia has come to be manufactured on the

Kenzi Tamaru ® Department of Chemistry, Faculty of Science, Science University of Tokyo,
Shinjuku-ku, Tokyo 162, Japan.
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industrial scale, after many heated disputes between such great pioneers of modern
science as, for instance, Ostwald, Haber, and Nernst.

Social Requirement of Fixed Nitrogen toward the End of the
19th Century

Many of the great discoveries made in the past were in response to a social
or economic need of the time. T. R. Malthus proposed his famous principle of
population in 1798 saying that, in the absence of any external constraints, the
world population always increases in a geometric progression, while the production
of food increases in an arithmetic progression. According to this principle, mankind
at some time in the future must inevitably suffer from a shortage of food which
will in turn lead to serious social and political difficulties of various kinds. In
practice, the real situation regarding social problems of this kind is not so simple.
Major developments in agricultural technology to produce more food have been
effective in alleviating many of the difficulties. However, it is quite clear that
without synthetic fertilizer, the developments in agricultural technology would
scarcely have been possible.

In 1840 Justus von Leibig"? studied plant nutrition, with particular emphasis
on those elements essential for the healthy growth of plants. He concluded that
one of the three most important components of a fertilizer is “fixed” nitrogen. In
the last century, nitrogen-containing fertilizer was obtained as ammonium sulfate,
a by-product from the destructive distillation of coal to produce coke and town
gas. The total amount was, however, insufficient for the needs of the time. Another
source of nitrogenous fertilizer was from Chile in South America. This consisted
mainly of sodium nitrate, and was exported in increasing amounts to European
countries. However, since sodium nitrate is readily soluble in water, the Chilean
nitrate could only accumulate in limited areas with low rainfall, such as the Atacama
Desert. Although this nitrate deposit was considered to be of vast commercial
importance, the total amount was nevertheless limited, and would certainly become
exhausted in the fullness of time.

The available natural reserves of fixed nitrogen were also used at that time
for other miscellaneous purposes, such as for dyestuffs and explosives required
by the military and the mining and construction industries. Alfred Nobel, for
instance, discovered dynamite in 1866 and, with the large amount of wealth
obtained from it, was able in 1901 to establish the Nobel Foundation, which awards
the Nobel Prizes. It is clear that large and ever-increasing amounts of nitrate were
being consumed by the explosives industry, in addition to the growing requirement
for fertilizers.

Under these circumstances, toward the end of the last century, there were
serious concerns that the nitrate reserves in nature would become exhausted, and
that mankind would be confronted with devastating food shortages in the future.

In September 1898, Sir William Crookes'” made a famous speech in his
presidential address to the British Association for the Advancement of Science,
warning that the supply of fixed nitrogen for agricultural use was rapidly reaching
a point where it was insufficient to support an ever-increasing population. In his
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address, he said: “England and all civilized nations stand in deadly peril of not
having enough to eat,” and indicated the solution to the problem as follows: “It
is the chemist who must come to the rescue of the threatened communities. It is
through the laboratory that starvation may ultimately be turned into plenty. Before
we are in the grip of actual dearth, the chemist will step in and postpone the day
of famine to so distant a period that we and our sons and grandsons may legitimately
live without undue solicitude for the future” and also that “the fixation of atmos-
pheric nitrogen is one of the great discoveries awaiting the ingenuity of chemists.”
William Ostwald'? of Leipzig University also discussed the fixation of atmospheric
nitrogen in 1900. Atmospheric nitrogen was seen as an inexhaustible supply if
mankind had the ingenuity to devise a fixation process.

1.2. FIXATION OF ATMOSPHERIC NITROGEN

In 1895 Frank and Caro discovered a process to fix atmospheric nitrogen
using barium or calcium carbide at high temperatures, as follows:

CaC,+ N, =CaCN,+C (1.1)

It was recognized that the calcium cyanamide thus formed could be used directly
as a fertilizer. Caro obtained a patent in 1900 for the generation of ammonia from
the cyanamide by hydrolysis.

Although the formation of calcium carbide from calcium oxide and carbon
requires temperatures as high as 2300 K, the overall power necessary for this
fixation process was only one quarter of that required by the arc process. The
reasons for the observation are described below.

A few years before this discovery, Crookes himself and also Lord Rayleigh
had studied the fixation of atmospheric nitrogen in an electric discharge between
the terminals of an induction coil to give nitrous and nitric acids. Similar effects
of a discharge in air had also already been studied by Cavendish toward the end
of the 18th century. The method of fixing atmospheric nitrogen by means of an
electric arc was developed commercially by Birkeland and Eyde, after whom the
process is now named.

The thermodynamic equilibrium concentration of nitric oxide is very low at
normal temperatures, and in order to obtain an appreciable amount of nitric oxide
it is necessary to heat up the air to temperatures above 3000 K. This was only
possible at that time by the use of an electric arc and, even then, a very large
quantity of electric energy was necessary.

The concentration of nitric oxide in the effluent gas produced by this process
was only 2%. The energy consumption was enormous and, consequently, the
process could only be viable in countries where cheap electric power was available.
This is the reason why the first plant was operated in Notodden, Norway, in 1904,
using hydroelectricity.

The process was developed further by other groups, such as Badische Anilin
und Soda Fabrik (BASF) of Germany, later in collaboration with Haber. It was
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through this process that Haber had his first connections with BASF. Haber had
studied the oxidation of nitrogen in an electric arc and had proposed a mechanism
for the reaction. Since the nitric oxide content in the stationary state is greater
than the thermal equilibrium amount and the excess amount decomposes on the
removal of the electric field, to approach its equilibrium value, high yields of nitric
oxide could be obtained by using low temperature which avoided the thermal
decomposition of nitric oxide.

The fixation of atmospheric nitrogen through both the electric arc and calcium
cyanamide routes were thus put into commercial practice. Both processes suffered
from large requirements of electrical energy for the synthesis and were replaced
before long by the direct synthesis of ammonia from its elements, which has become
known as the Haber-Bosch process. Since Ostwald had developed a method for
the oxidation of ammonia to produce nitric acid at the beginning of the century
(1902), synthetic ammonia provided the basis for an industrial route to nitric acid.

At the beginning of this century, there were heated debates as to whether or
not the synthesis of ammonia from its elements was actually possible. The first
problem of critical importance was to determine the equilibrium point of the
synthesis reaction. If the equilibrium lies too far on the side of the elements at
reaction temperatures, the conversion will be low and the synthesis will not be
viable for industrial application. The combination of nitrogen and hydrogen is an
exothermic reaction, in which the total number of reacting molecules decreases to
half. Therefore the synthesis should be operated at temperatures as low as possible,
under pressures as high as possible. Consequently, the feasibility of direct synthesis
is also dependent upon various technological innovations, required to overcome
the difficulties in the development of good catalysts which would be able to activate
molecular nitrogen at low temperatures, and also reactor systems which are capable
of operation under high pressures at the reaction temperature.

1.3. THE PEOPLE WHO CONTRIBUTED TO THE DEVELOPMENT
OF THE “HABER-BOSCH PROCESS” FOR
AMMONIA SYNTHESIS

Major scientific discoveries and technical innovations are frequently accom-
plished by prominent scientists and engineers. It is therefore interesting to describe
briefly the careers of the two principal people who contributed to the success of
the Haber-Bosch process, with a further paragraph on BASF.

1.3.1. Fritz Haber

Haber*>!'¥ was born on December 9, 1868 in Breslau, Germany. His father
was a rich chemical and dye merchant. During his school years, the young Haber
became interested in chemistry through the influence of his father’s business, and
he practiced chemistry at home. He later studied at the Universities of Berlin and
Heidelberg (when Bunsen was a professor) and at the Technische Hochschule of
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Charlottenburg, where he carried out research in the field of organic chemistry
under Professor Liebermann.

After graduation, he fulfilled his father’s hopes by working in the chemical
industry and his father’s business for a period of time. However, he was unable
to satisfy his personal ambitions in industry and he finally decided to seek academic
freedom by working in a university. His first position was at the University of Jena
under Professor Knorr. He then joined the Technische Hochschule in Karlsruhe
at the age of twenty-five as a research assistant, in the Department of Chemical
and Fuel Technology working on the thermal decomposition of hydrocarbons.

He must have gained valuable experience working not only in industry, but
also in a department which had close connections with industry. Although he was
deeply involved in pure science in his later life, he never forgot his industrial
training which stood him in good stead to help overcome the various difficulties
encountered in converting the significance of his thermodynamic measurements
into an industrial process.

His approach toward research was to penetrate to the roots of the problem,
with “thoroughness and intolerance of vagueness and superficiality.” For instance,
the author was told by his father,"'> who incidentally worked with Haber for more
than six years, that Haber spent many hours in the preparation of manuscripts,
almost as long as the time spent obtaining the actual experimental data. He paid
much attention to detail in order to avoid any misunderstanding, and developed
his own style using rhyme.

F. Haber visiting the author’s home in Kamakura, Japan in 1924. Professor and Mrs. F. Haber,
the author’s parents and brother. The author is in the arms of his mother.
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Haber then moved into the newly developing field of fundamental physical
chemistry, which had attracted the interests of such pioneers as, for instance, van’t
Hoff, Arrhenius, and Ostwald. His interest, however, shifted from organic chemistry
(in which he started his academic career) to physical chemistry, with particular
emphasis on thermodynamics and electrochemistry. Although self-taught, he made
significant contributions toward establishing the modern science of these fields.
His accomplishment in these fields may be judged by the two books he published,
Foundation of Technical Electrochemistry on a Theoretical Basis in 1898 and also
Thermodynamics of Technical Gas Reactions in 1905, both of which were milestones
in these fields, written as a “model of accuracy and critical insight.”” His interests
had therefore shifted from organic chemistry via the fuel gas industry, to elec-
trochemistry and physical chemistry, and finally to physics where he later become
president of the Physical Society of Germany. His achievements are all the more
impressive since he was largely self-taught.

1.3.2. Carl Bosch

Bosch!'*'® was born on August 27, 1874. His family owned a business dealing
in piping materials for the supply of gas and water. He was keenly interested in
natural sciences, in particular chemistry, and as a teenager he conducted chemical
experiments at home. Bosch worked for a year at an iron and steel works following
his father’s advice. He became familiar with mechanics through this experience
and entered the Technische Hochschule at Charlottenburg in 1894 to study foundry
technology and mechanics. This Technische Hochschule is the same establishment
where Haber had been fascinated by organic chemistry while studying under
Professor Liebermann some years previously. In Charlottenburg, Bosch also atten-
ded lectures in chemistry and mineralogy as well as those in his major subjects.
In 1896 he entered the University of Leipzig to gain further training in organic
chemistry. He received his doctorate and became a research assistant in 1898 before
joining Badische Anilin und Soda Fabrik (BASF) in April 1899. During his career
he always worked diligently and was interested in a wide range of science and
technology. He was most capable in every respect, and exhibited a remarkable
ability in the design and construction of apparatus for the laboratory.

When he entered BASF his manager was Dr. R. Knietch, who is now famous
for his successful development of the oxidation of sulfur dioxide over a platinum
catalyst. Dr. Knietch asked Bosch to follow up the results of ammonia synthesis
generated by Ostwald. Ostwald"? at that time was interested in the fixation of
molecular nitrogen to form ammonia. It was known in those days that ammonia
could be decomposed to hydrogen and nitrogen over an iron catalyst. Since a
catalyst does not change the chemical equilibrium but only changes the rate at
which the equilibrium is attained, any catalyst which accelerates the decomposition
of ammonia may also be a good catalyst for the reverse reaction. Ostwald investi-
gated the reverse reaction in the attempted synthesis of ammonia over an iron
catalyst, since no one knew in those days whether or not ammonia synthesis from
its elements was even possible. He successfully obtained high concentration (6%)
of ammonia by the activation of nitrogen over iron catalysts. Instead of publishing
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his results, he immediately entered into negotiations with industry (BASF, Hoechst)
and took out a patent on ammonia synthesis. Bosch repeated Ostwald’s experiments
and finally concluded that the high concentration of ammonia obtained by Ostwald
came from an impure iron catalyst which still contained considerable amounts of
residual ammonia and nitride. Bosch was destined in this manner to participate
in ammonia synthesis from the very beginning of his career in BASF.

1.3.3. Badische Anilin und Soda Fabrik

In the latter half of the 19th century and at the beginning of the 20th century,
the industrial application of organic chemistry enjoyed one of the most prosperous
and fruitful periods in German history, especially in the synthesis of dyestuffs. In
particular, BASF was successful in the synthesis of indigo in the year 1897, after
a costly research program spread over a long period of time, but at last they could
finally enjoy the profits deserved from this great success. Such a pioneering spirit
must have stimulated the young, capable scientists and engineers such as Bosch
and Mittasch who joined the company around the turn of the century.

In those days German scientists contributed enormously to the “enabling”
studies in the fields of basic sciences, led by prominent scientists especially in
chemistry and physics, such as Roentgen, Fisher, Arrhenius from Sweden, Ostwald,
Laue, Willstatter, Haber, Planck, Nernst, and Einstein. Those pioneers were indeed
prolific during the golden age of science in Germany, both in numbers and output.

1.4. FUNDAMENTAL RESEARCH ON THE THERMODYNAMICS
OF DIRECT AMMONIA SYNTHESIS FROM ITS ELEMENTS

Haber began his work on the thermodynamic equilibria between ammonia,
hydrogen, and nitrogen in 1904. In the opening paragraph of his paper entitled
“Uber die Bildung von Ammoniak aus den Elementen,” in 1905, he wrote as
follows"'”: “Die Herren Dr. O. and Dr. R. Margulies warfen die Frage auf, ob es
aussichtsvoll sei, nach einem Metal zu suchen, dessen abwechselnde Uberfiihrung
in Nitrid und Hydrur mit Stickstoff und Wasserstoff zur Ammoniakdarstellung
verwendet werden konne.” By repeating the process of hydrogenation of the
nitride and its formation under steady-state conditions, ammonia may be formed
catalytically over a metal. His interest in this problem covered not only the
thermodynamics (equilibria) of this reaction, but also the rate at which the equili-
brium composition from nitrogen and hydrogen is approached. Since a catalyst
does not change the equilibrium composition and the maximum yield from the
synthesis reaction is therefore determined by that equilibrium, his first concern
was to measure the composition of the gas mixture at equilibrium.

By the time Haber had initiated his measurements on the nitrogen/hydro-
gen/ammonia equilibrium point, many attempts had been made to study the
synthesis and decomposition of ammonia. Some of them had been successful to
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a limited extent, but none had converted more than a small amount of nitrogen.
In 1823, Dobereiner® had reported the direct combination of nitrogen and
hydrogen to form ammonia for the first time. According to his report, ammonia
was formed during the combustion of hydrogen with a deficiency of air in the
presence of a platinum catalyst. The presence of ammonia may have been due to
the formation of a small amount of nitric oxide at the high temperatures generated
during the combustion of hydrogen, with subsequent reduction of the nitric oxide
by hydrogen to ammonia over the platinum catalyst. In 1839, Kuhimann® obtained
ammonia by passing a mixture of nitric oxide and hydrogen over a platinum
sponge. Ammonia was not formed from a mixture of nitrogen and hydrogen under
similar conditions. Accordingly, he proposed his ‘“‘status nascendi” theory which
said that only “nascent” nitrogen could combine with hydrogen to form ammonia.
Tessie du Motay obtained a patent for ammonia synthesis, which was effected by
passing hydrogen and nitrogen alternatively over heated titanium nitride. Reduction
of the nitrides, Ti;N, and TiN, with molecular hydrogen led to the production of
TisN;. The TisN; was converted to Ti;N, and TiN by molecular nitrogen. In a
British patent, Charles Tellier reported that a considerable amount of nitrogen
was absorbed by spongy iron, which could be reduced by hydrogen to form
ammonia. On repetition of such a process, namely, by passing nitrogen and
hydrogen over the iron sponge alternately, ammonia could be produced via the
intermediate formation of iron nitride.

It was reported by Ramsay and Young®® in 1884 that while the decomposition
of ammonia took place over iron and porcelain catalysts at 800 °C, the decomposi-
tion never went to completion. It was also claimed in an Austrian patent that
ammonia could be synthesized by passing a mixture of hydrogen and nitrogen
over a catalyst comprising titanium or titaniferous compounds in admixture with
platinum supported on porous materials. Later, in 1901, Henri Louis Le Chatelier,
who is still famous for his general principle of equilibrium, obtained a patent for
the direct combination of molecular hydrogen and nitrogen to form ammonia. He
also claimed that higher pressures, up to 100 bar, would facilitate the reaction.
However, he was obliged to stop his high-pressure experiments because of an
accidental explosion in which one of his assistants was killed.

It was already generally accepted that molecular nitrogen was too inert to
react directly with hydrogen at moderate temperatures. Unfortunately, at high
temperatures where reaction with hydrogen becomes possible, the decomposition
of ammonia also takes place, hence the need for a catalyst to allow synthesis at
the reaction temperature. Perman‘" used iron as a catalyst in 1904 and studied
the formation of ammonia from its elements, but, unfortunately for him, in the
presence of moisture which we now know retards the reaction. Haber immediately
realized that the equilibrium concentration of ammonia should not be influenced
by the presence of moisture.

Haber started his work on measurement of the equilibrium point using iron
as a catalyst at temperatures around 1300 K, and at atmospheric pressure. He
knew, of course, that higher pressures would give higher concentrations of
ammonia, but the measurements at atmospheric pressure could be carried out
much more simply and easily. He placed two reaction tubes in series and measured
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the equilibrium composition by approaching the equilibrium from both sides,
namely, synthesis from the elements and decomposition of ammonia using both
nickel on silica catalysts and, subsequently, iron on asbestos. The composition of
the catalyst surface may be quite different under reaction conditions far from
equilibrium, but, as the equilibrium point is approached, the catalyst should
stabilize and give the true equilibrium value. The equilibrium value thus obtained
should lie somewhere between the two values obtained by approaching the equili-
brium from opposite directions.

The values obtained by Haber and van Oordt for the concentration of ammonia
at equilibrium from a stoichiometric mixture of hydrogen and nitrogen, at 1020 °C
under atmospheric pressure, are as follows®?:

°C 27 327 627 927 1020
% NH; 98.51 8.72 0.21 0.024 0.012

The values at lower temperatures were derived using the van’t Hoff equation,
dIn K/dT = Q/RT?, where K, Q, and T are the equilibrium constant, heat of
reaction, and temperature, respectively. These were the first reported measurements
of the equilibrium between ammonia, hydrogen, and nitrogen.

The total amount of ammonia which Haber obtained at equilibrium was quite
small, and he estimated that the reaction temperature necessary for commercial
success of the synthesis at atmospheric pressure would need to be lower than
300 °C, a temperature considerably below the minimum for which he could hope.
Although the accuracy of the estimated compositions at equilibrium at room
temperature was not high, it was of great importance to learn that the major
proportion of a nitrogen and hydrogen mixture could convert to ammonia at room
temperature. It was a significant step forward to discover that it was not necessary
for the synthesis of ammonia from its elements to depend upon the generation of
“nascent” nitrogen. Furthermore, the possibility for the synthesis of ammonia from
the elements, at room temperature, was proposed for the first time provided that
a suitable catalyst could be discovered. Haber himself, however, thought at that
time that the manufacture of ammonia from its elements was not feasible on the
industrial scale and he preferred to study the arc method in more detail.

1.4.1. Dispute between Haber and Nernst

The values obtained by Haber were considerably higher than those calculated
by Nernst, using his heat theorem. Nernst therefore redetermined the equilibrium
values at higher pressures (30-75 atm at 700-1000 °C) using an autoclave, since
higher partial pressures of ammonia would lead to the generation of more accurate
data. In practice, this constituted the first high-pressure experiment on ammonia
synthesis. The values of the equilibrium constants thus obtained can be derived
from the following equation®:

log K = 24,000/4.571T +3.5log T+ 2.6 (1.2)
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This suggests that the concentration of ammonia at atmospheric pressure is 0.012%
at 893 K. In contrast, Haber’s group reported that temperatures of 1293 K were
required to maintain this concentration at equilibrium. Nernst’s results were again
in reasonable agreement with his theorem, but such a large discrepancy in the
values of the equilibrium concentration estimated by the two eminent professors
created a major dispute. ,

Haber and Le Rossignol®? carried out further experiments to redetermine
the equilibrium value using their same method at atmospheric pressure, but with
various refinements. The principal reason why they carried out their measurements
at atmospheric pressure was because they considered that their analytical methods
were good enough. Furthermore, their experiment had the advantage of being able
to approach the equilibrium state more easily from both sides, namely, synthesis
and decomposition. They obtained a new value for the concentration of ammonia,
0.0048% at 1000 °C, which is close to the lower value (0.005%) of their former
estimate. The reproducibility of their results was much better than that of Nernst.
They were convinced that their results represented the true equilibrium positions
more accurately than those of Nernst, since Nernst had not studied the decomposi-
tion of ammonia to complement the work on direct synthesis.

The meeting of the Deutsche Bunsen Gesellschaft in 1907 was an important
meeting in the history of ammonia synthesis. Nernst presented his results obtained
at high pressure which, as stated earlier, were in good agreement with his theorem,
but which had been calculated using an assumed value of the specific heat of
ammonia, which had never been measured accurately at high temperatures.
Although Haber was quite sure of his new values, Nernst would not accept Haber’s
values unless Haber first measured the equilibrium concentrations at high pressures
so that increased concentrations of ammonia by two orders of magnitudes would
result. To quote from Nernst’s closing remark: “Dann darf ich vielleicht nur noch
eine Tatsache konstatieren, die von allgemeinem technischen Interesse ist. Es ist
sehr bedauerlich dass das Gleichgewicht nach der Seite der viel geringeren Bildung
mehr verschoben ist als man nach den stark unrichtigen Zahalen Habers bisher
angenommen hat, denn man hatte wirklich daran denken konnen Ammoniak
synthetisch herzustellen aus Wasserstoff und Stickstoff. Aber jetzt liegen die Ver-
haltnisse sehr viel ungunstiger, die Auseuten sind ungefahr dreimal kleiner als zu
erwalten war.” He considered that the problem of the measurement of the true
equilibrium position had been resolved and that the ammonia content which Haber
had measured was incorrect. He also thought that the industrial synthesis of
ammonia was not feasible, since their new results suggested a much smaller yield
of ammonia than one would expect from Haber’s previous measurements. It is
said that he reached this conclusion after discussions, as to whether or not industrial
ammonia synthesis would be feasible on the basis of his results, with one of his
friends who worked in industry, and who gave a negative response.

Nevertheless, Nernst contacted Chemische Fabrik Griesheim-Elektron in 1906
on the subject of ammonia synthesis and received some support. This was discon-
tinued soon after because it was concluded that the construction of equipment to
work under high pressure and temperature conditions would constitute an imposs-
ible task.
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Nernst’'s comments at the meeting were somewhat overstated to emphasize
his victory in the dispute. The outcome, however, was that most of the audience
were convinced that ammonia synthesis from the elements was not a feasible
process for practical operation. On the other hand, the tone of his speech showed
quite decisively his negative attitude toward the future of such a process.

Haber and his group were, of course, far from happy about Nernst’s comments,
although they shared with Nernst doubts about the feasibility of ammonia synthesis
on the industrial scale. They began to determine the equilibrium concentrations
again, but this time they measured the equilibria at pressures as high as 30 bar,
in addition to atmospheric pressure. The results obtained using iron and manganese
catalysts were in good agreement with those obtained at one atmospheric pressure
and they were able to publish their new data in 1908.2%

Even these results, however, did not enhance the prospects for the industrial
synthesis of ammonia because, according to their measurements, the equilibrium
concentration of ammonia was only about 8% at 600 °C and 200 bar pressure.
Pressures of this order at such a high reaction temperature were far from attainable
on a large-scale operation in the chemical industry of the day. Furthermore, the
reaction temperature at which the catalytic production of ammonia proceeded at
a reasonable rate with the catalysts available at that time was higher than 700 °C.
It was apparent to all that the next challenges for the industrial synthesis of
ammonia were either to discover new catalysts with much higher activity which
could consequently operate at much lower reaction temperatures, or to develop
the process engineering so that the reaction could be operated on a large scale at
much higher pressures.

1.5. THE SUCCESSFUL SYNTHESIS OF AMMONIA FROM
ATMOSPHERIC NITROGEN®®

It is not difficult to understand the reason why Nernst believed that the
synthesis of ammonia would be formidably difficult to achieve on the basis of his
estimate of the concentration of ammonia in the equilibrium mixture. However,
Haber was brave enough to challenge this problem and fortunate in having such
wonderful collaborating experts as Le Rossignol in his laboratory to assist in his
challenge. As a result of great efforts made during their depressed period, they
finally succeeded in the operation of a steel autoclave as a reactor at pressures of
up to 200 atmospheres, which were the highest pressures obtainable in Karlsruhe.
They also succeeded in discovering that osmium, and later uranium, were much
better catalysts which gave usable rates of reaction at temperatures as low as 550 °C.

A great breakthrough in the synthesis of ammonia was achieved in this manner.
However, this basic process was extended further by Haber and his group, who
adopted a clever method of ammonia synthesis using a closed circulating system,
as shown in Fig. 1.1. The system consisted of a synthesis reactor, and a heat
exchanger to heat the reaction gas using the heat evolved by the exothermic
reaction. Using such a circulating system, liquid ammonia was obtained con-
tinuously, with low overall energy consumption, by feeding a stoichiometric mixture
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Figure 1.1. A schematic design of the circulation system used to obtain ammonia continuously
from the stoichiometric mixture of hydrogen and nitrogen: (A) is the compressor, (B) the reactor,
(C) the separator, and (D) the circulation pump.

of hydrogen and nitrogen to the system. This convincing demonstration in
Karlsruhe provided the clear evidence that the synthesis of ammonia was indeed
feasible on the industrial scale.

The success in the story so far owes much to the great challenging, unyielding,
and farseeing spirit of Haber, combined with the experimental skill of the support
group in his laboratory. However, the leading and still growing potential of both
industry and the academic society in Germany at that time should not be over-
looked, since they provided the background against which this great achievement
was finally made.

BASF, as suggested above, was an ambitious and successful company with
considerable interest in ammonia synthesis. They sent two young, capable
engineers, Bosch and Mittasch, to visit Haber’s laboratory in Karlsruhe on July
2, 1909 to see a demonstration of his process. The experiment was carried out
using 98 g osmium as catalyst at a pressure of 175 bar. Ammonia was obtained
at the rate of 80 g every hour. Bosch and Mittasch, who had had extensive scientific
training in their early careers, were both deeply impressed by the epoch-making
discoveries and dedicated themselves thereafter to the development of the process.
It is important to point out that this was truly a historical day not only for Haber
and his group, but also for both engineers. Bosch, later, established high-pressure
technology in the chemical industry while Mittasch contributed enormously to the
development and understanding of commercial catalysts. Haber was awarded the
Nobel Prize in 1919 for his studies on ammonia synthesis. Bosch also received the
Nobel Prize in 1931 for his achievement in high-pressure technology, jointly with
Bergius who also worked with Haber’s group in Karlsruhe, which had become a
center of excellence in the field of high-pressure technology.
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The successful demonstration of ammonia synthesis was reported in March,
1910 at a meeting in Karlsruhe.®? It generated a sensational response as the new
process to obtain “bread from the air.”

Industrial Development by BASF

The industrial development of ammonia synthesis was started in BASF
immediately after that day in Karlsruhe, and Bosch was made responsible for the
whole project. Despite the success of the feasibility study in Karlsruhe there were
still many problems to be solved before a large-scale manufacturing process could
be designed and built.

In the first instance, substantially better catalysts were required for the synthesis
stage. As mentioned above, active and stable catalysts allow the synthesis reaction
to take place at lower pressures and temperatures. It was, accordingly, of funda-
mental importance to discover good catalysts which were cheaper and more stable
than osmium and uranium, since both were difficult to obtain and presented
handling problems.

Another serious problem was the construction of large-scale, high-pressure
reactors for operation at high reaction temperatures. At that time, the highest
pressure attainable in the chemical industry was 200 bar, which was used in the
liquefaction of air at ambient temperature. In addition to these two major problems,
the preparation of pure nitrogen and hydrogen mixtures on the large scale also
presented difficulties, particularly since the reactant gases must not only be cheap,
but also highly pure to minimize deactivation of the catalyst in the continuous
process.

Solutions to all these problems presented considerable difficulties. Bosch and
his co-workers had to overcome these hurdles, one at a time, in the embryo period
of these emerging technologies. However, they worked as a powerful team, showing
a great problem-solving capability. To solve the catalyst problem, they first turned
to iron. This was known to be an effective catalyst for the decomposition of
ammonia and Ostwald, Nernst, and Haber had all used iron as the catalyst in their
early experiments. Mittasch and his co-workers noted in their experiments that
the activity of iron catalysts was markedly influenced by the presence of a small
amount of impurities in it. Consequently, they started to study multicomponent
catalysts, by addition of other compounds to pure iron catalysts.?®

They prepared a range of iron catalysts which contained various additives,
such as chlorides, sulfates, and the oxides of the alkali and alkaline earth metals.
The original idea was to promote the information of iron nitrides, which were
considered to be the reaction intermediates in the reaction between nitrogen and
hydrogen. Various additives were incorporated into the catalyst formulation using
differing techniques, such as fusion of the required components or by coprecipita-
tion of the mixed metal nitrates. Through extensive, thorough, and systematic
research, Mittasch and his co-workers determined the general effects that additives
have on the catalytic behavior of metals. Some improve the catalytic activity, some
have little effect, but others are positively detrimental and poison the catalysts.
After a painstaking search, it was finally discovered that alumina and magnesia
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behave as promoters, and also that the combination of iron with small amounts
of alumina and potash, as occurring naturally in some varieties of Swedish mag-
netite, generates a high and stable activity, which is suitable for the large-scale
synthesis of ammonia. It is said that during this work, more than 2500 kinds of
catalysts were tested during 6500 experiments before the now-accepted, promoted
iron catalyst was finally found.

This was a remarkable example of systematic research into the preparation
of good catalysts. The extensive information generated in this work contributed
enormously to the later technology of catalyst preparation. The synthesis catalyst,
based on iron, promoted by alumina and potash is still widely used in the industry
today, and is prepared with only minor modifications in terms of additives and
preparation methods. It is surprising to note that such a high quality catalyst could
be discovered in just eighteen months after the project was started by BASF. Taking
into account the limited amount of knowledge on catalysis available at the begin-
ning of the project and the availability of high-pressure test equipment, we cannnot
but admire the great achievements they accomplished in this field.

On the laboratory scale, a few grams of catalyst may be sufficient for test
purposes, but with large-scale reactors, a few kilograms of catalyst are needed.
For example, the tubular steel reactor employed at the beginning of 1910 was 1.8 m
in length with a diameter of 14.6 cm progressing to a larger reaction 8 m long with
45 m diameter, by 1913 used in essentially the same system as that used by Haber.
The reactor was housed in an explosion-proof, concrete bunker where the dangers
associated with the self-ignition of high-pressure hydrogen had been taken well
into account. The reaction was operated at 870 K and a pressure of 100 bar using
the Swedish magnetite catalyst, but after operation for some eight hours, the tube
was found to have swollen, and burst. The inner wall had completely lost its tensile
strength, the failure apparently being due to chemical attack by hydrogen. The
carbon-containing steel had been reduced by hydrogen to form methane and
dissolution of hydrogen into the iron had also taken place. Even using the most
active catalysts available, operating at a temperature of 700 K, the life of the vessel
was only a few days. Ammonia synthesis on the commercial scale could never be
successful until problems of this kind had been solved.

As mentioned above, Bosch was born into a family which dealt in piping
materials. Furthermore, he studied not only foundry and mechanics, but also
chemistry at the Technische Hochschule. With his inherent ability, and such a
broad technical background, Bosch was the ideal man to tackle these difficult
problems. He investigated the damaged reactor materials in detail, and discovered
decarbonization and embrittlement of the steel reactor by hydrogen, and also by
methane occluded within the steel under pressure. Even when various metals other
than steel were tried, he was unable to achieve better results and the solution to
the problem seemed to be impossible. He even attempted to use a steel tube, lined
on the inside by silver, to avoid the attack of hydrogen, but since the coefficients
of thermal expansion of the two metals were so different, even this method did
not work well. He finally reached the solution by the use of soft iron for the
catalyst-containing vessel, protected by an external vessel of steel. Since soft iron
contains only a small amount of carbon, there are no problems which arise through
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decarbonization. Although it does become brittle as a result of hydrogen dissol-
ution, this is not a problem since it is protected by a pressure-resistant shell from
outside. Later, Bosch further advanced his idea by the use of an external tube with
small holes that did not affect its mechanical strength. The hydrogen, which passed
through the inner soft iron lining by diffusion, could escape through these holes
at pressures low enough to avoid attack on the outer tube. Without such technical
innovations in the chemical engineering, ammonia could not have been manufac-
tured on the industrial scale. The double tube reactor was successfully operated
for the first time in March 1911.

The first ammonia plant was built at Oppau, and was capable of producing
30 tons of ammonia per day. Hydrogen was obtained initially from water gas, but
this was soon replaced by the catalytic reaction between water gas and steam, the
water gas shift reaction, over iron oxide:

CO+H,0 =CO,+H, (1.3)

The carbon dioxide thus formed was removed by scrubbing with water, and on
recovery could be used subsequently for the production of fertilizers.

Nitrogen was obtained initially by the liquefaction of air, but this, too, was
soon replaced by the reaction of air with red hot coke to produce “producer gas”
(60% N, and 40% CO), which was reacted subsequently with water gas to form
carbon dioxide and hydrogen by the shift reaction mentioned above. The carbon
dioxide in the gaseous product was removed by passing through water as before,
while the residual carbon monoxide was removed by dissolution in ammoniacal
copper liquors.

The commercial synthesis vessels were 30 cm in diameter, containing some
300 kg catalyst, and they produced 3-5 tons of ammonia each day. The factory
was expanded rapidly and, by April 1915, 20 tons of ammonia were manufactured
every day. This had increased to 230 tons per day by December 1917.

The most important details in the technology of ammonia synthesis were kept
confidential until the factory in Oppau was opened publicly, thus allowing out-
siders to visit. The British Nitrogen Products Committee had estimated that the
cost of ammonia synthesized from its elements would be about 50% more expensive
than that from calcium cyanamide. This is why calcium cyanamide factories were
built during, and even after, the First World War.

It was, however, inevitable that such an epoch-making innovation would be
applied increasingly, not only in Germany, but also in many other countries. After
the initial developments of Haber and Bosch, the synthetic ammonia industry
expanded rapidly throughout the world, and was applied on larger and larger scales.

At the beginning of this century, the traditional chemical processes such as
dyestuffs production was always operated at pressures below 50 bar, in the tem-
perature range below 250 °C, and on a scale of less than a few tons production
per day in batch systems. The manufacture of ammonia changed that situation
completely.?® The process operated continuously at much higher temperatures,
and at much higher pressures. Innovations of this type lead inevitably to the
development of various new techniques, such as the preparation of synthesis gases,
the development of long-lived catalysts, accurate flowmeters, better compressors,
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corrosion-resistant reactors which can work at high temperature under high press-
ure, and so on. This is true, not only for the new style of operation and equipment,
but also in establishing the connection between the chemical industry and other
fields such as agriculture and process engineering. It was therefore a major step
forward in the modernization of the chemical industry, and was quickly followed
in 1923 by another high-pressure process, the synthesis of methanol.

In the late 1950s a further major breakthrough was achieved with the tech-
nology to build very large ammonia plants capable of manufacturing more than
1000 tons per day, using a simplified design with greatly reduced investment and
operating costs. In the 1960s, the whole manufacturing system was further modified
to improve the efficiency and effectiveness of each part of the system with resultant
savings in energy and operating costs. This became possible because the synthesis
gas was prepared more cheaply from light naphtha or natural gas rather than coal,
and better catalysts, compressors, and processes to remove carbon dioxide were
available. The cost of fixation of nitrogen also changed remarkably with time; for
example, the energy-intensive electric arc process required a colossal 6800 therms
for every ton of nitrogen fixed. The cyanamide process needed approximately 1700
therms, while with the modified Haber-Bosch process of the 1950s it had come
down to 600 therms. The use of hydrocarbon feedstocks in the 1960s brought about
a further reduction, down to half this value. This remarkable advancement of
technology has been evident.!'*? As a result of these innovations, the cost of
ammonia has been markedly reduced, and this has contributed to the supply of
cheap fertilizer to many parts of the world, thus reducing the impact of famine.

1.6. EPILOGUE

Toward the end of the 19th century, mankind was confronted with a serious
problem of long-term survival due to a shortage of nitrate resources for use in
fertilizers, and the production of other nitrogen-containing chemicals. In the history
of nitrogen fixation we can recognize the contributions of many famous scientists
who worked in this field, such as Cavendish, Ramsay, Le Chatelier, Ostwald,
Nernst, and Haber. Many of those distinguished scientists were interested in solving
the problem by the synthesis of ammonia from its elements and some of them,
like Nernst, were almost successful in synthesizing ammonia at high pressures.
They had, however, too many barriers to overcome. Although the process itself
appeared simple, even Haber himself was not always optimistic about his success.
He had to extricate himself repeatedly from the valley of disappointment. After
overcoming many barriers he finally discovered reasonably active catalysts and
successfully carried out his prototype synthesis reactions under high pressures.
His deep understanding of thermodynamics and his ever-increasing efforts led to
the solutions of many problems on the way. It was fortunate for Haber that he
had the collaboration of genuine, excellent experts (such as Le Rossignol) in the
experimentation. Bosch and Mittasch also made vital contributions to the develop-
ment of high-pressure technology and search for effective catalysts respectively.
Without the collaboration of these brilliant engineers from BASF, nitrogen fixation
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could not have been realized so rapidly. The real lesson to learn from this extremely
interesting story is that purely basic science provided the key to both this new
breakthrough in the chemical industry and especially to the survival of mankind
by obtaining “bread from the air.”

At the end of this century, or perhaps at the beginning of the next, we may
again be faced with another potential crisis. The natural hydrocarbon reserves to
which we owe so much in our daily lives will increasingly become depleted. The
problems associated with achieving the most effective use of our energy and natural
resources must be resolved by the efforts of chemists and chemical engineers
together.
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PREPARATION AND ACTIVATION
OF THE TECHNICAL AMMONIA
SYNTHESIS CATALYST

Robert Schlogl

2.1. INTRODUCTION

This chapter may be opened by two statements from the scientific literature.

“The active catalyst for the ammonia synthesis is alpha iron with small amounts of
oxidic additives. ... The quality of the final catalyst is crucially influenced by the
activation process which is the reduction of magnetite to metallic iron. It is important
to minimise the concentration of the reaction product water which is a catalyst
poison.”™®

*“...shows how the pore size distribution of the KM 1 catalyst varies with reduction
temperature. ... The peak of small pores represents a pore system formed by the
reduction of magnetite, while the system of larger pores is formed by the reduction
of wustite . . . the surface area of the catalyst reduced at higher temperature is smaller
than of that reduced at a lower temperature.”®

Just these two statements are sufficient to emphasize the complexity of the process
of activation of the technical ammonia synthesis catalyst. This process is essentially
the reduction of iron oxides to iron metal using synthesis gas mixtures. Each
catalyst is delivered to the customer with detailed descriptions of the reduction
parameters. These describe a temperature program ranging from room temperature
to ca 790 K which extends typically over 50-120 hours and they further contain a
set of specified boundary conditions such as space velocity, pressure, and exit
water content. In order to simplify the start-up of a fresh catalyst the reduction
process may now be split into a prereduction at the catalyst factory, followed by
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a short, final activation in the ammonia converter. The prereduced catalyst is
protected with a thin oxide layer generated by controlled oxidation at ca 400 K.

These sets of parameters appear to be rather arbitrary and may have been
established by empirical methods.® It is the purpose of this chapter to describe
some of the underlying solid state chemical principles which will allow us to
systematize the complex phenomena of activation. A description of the resulting
micromorphology will be followed by an analysis of the activated surfaces. The
properties of the resulting gas-solid interface, as described by elemental and
structural compositions and their changes with time, determine the usefulness of
the activated catalyst. Finally, an empirical model of the active catalyst surface is
presented which provides the basis for the discussion of the process of ammonia
synthesis in terms of a comparison between the technical catalyst and model
surfaces based on single crystals of iron. ‘

The strategy adopted in this chapter is to describe the type of information
which can be obtained from a variety of analytical techniques. These techniques
have been applied to a set of different industrial catalyst samples. The discussion
will focus on only the qualitative results which were common for all samples. It
is beyond the scope of this chapter to make a detailed analysis of the significant
quantitive discrepancies found with different catalysts. It should be stressed that
although such differences between the catalysts were large for bulk-sensitive proper-
ties, they were generally less pronounced in the properties of the outer (geometric)
surfaces which are probed by surface-sensitive analytical methods, e.g., electron
spectroscopy.

2.2. THE CATALYST SYSTEM
2.2.1. Choice of the Material

The present, doubly promoted iron catalyst emerged from extensive explora-
tory research that was guided by the need to choose the material which is most
active for the forward reaction of nitrogen hydrogeneation, least active for the
reverse reaction of ammonia decomposition, and which would be reasonably
resistant toward poisoning.”** The term “doubly promoted” designates an iron-
based material which contains textural or “‘structural” promoters such as oxides
of aluminum, calcium, and silicon as well as electronic promoters such as
potassium-oxygen compounds. The textural promoters are characterized by their
ability to form substitutional spinel-type ternary oxides within the inverse spinel
structure of the host precursor magnetite (Fe,0,).”> The potassium cation, K*,
has an ionic radius of 133 pm, which is comparable to the radius of the oxygen
anion. Hence, substitution within the spinel structure is excluded, with the result
that preferred segregation of this promoter as a binary compound occurs on the
surface of the catalyst. It is concluded that solid solubility and segregation during
activation or operation of the catalyst are important factors determining the effects
of textural promoters in the catalyst system.

A typical chemical analysis of the catalyst precursor yields the following
values: Fe;0,, 94.3 wt%; K,0, 0.8 wt%; Al,O,, 2.3 wt%; CaO, 1.7 wt%; MgO,
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0.5 wt%; Si0,, 0.4 wt%.* The relative amounts of the additives have been optimized
according to their apparent effectiveness. The textural promoters increase the
specific surface area of the activated catalyst, which varies from a few m*g™" for
unpromoted oxide up to ca 18 m* g™! for a promoter concentration of ca 2.5 wt%.®
Aluminum oxide is the most efficient promoter oxide, followed by the oxides of
magnesium, calcium, and silicon.”’ Larger amounts of textural promoters tend to
decrease the surface area.®® The maximum solubility of aluminum in solid solution
in Fe;0, is approximately 3% and this has been shown to be due to segregation
of aluminum oxide.® The addition of potassium oxide increases the specific activity
of the catalyst. The enhancement passes through a sharp maximum for amounts
greater than ca 0.8 wt%. This has been ascribed to excess coverage of the surface
with more than a monolayer of the potassium component and implies blocking of
the active iron sites."">'" These results indicate that the mode of operation of the
textural promoters is determined by their presence in the bulk of the material,
where they help to form or stabilize both the pore and grain structures of the
reduced material. Thus, activation needs to preserve the location of these oxides
where they have been placed during the fusion step in the formation of the
precursor. The small amount of the potassium compound and its slightly negative
effect on the pore structure point to a different mechanism of promoting the
ammonia synthesis activity, which indeed requires its presence as a surface com-
pound. Activation needs to facilitate a high dispersion of the potassium on the
reduced surface. The lateral distribution of the various promoters will be discussed
in more detail in section 4.

2.2.2. How Important Are the Promoter Additives?

This section aims to answer the question whether it is necessary to include
the promoters in any discussion dealing with the understanding of the complex
reduction process of iron oxide to iron metal, or whether it is sufficient to treat
their presence as no more than a side effect. This includes, of course, the question
of the possible action of the promoters during the reduction process i.e., the
promoters may promote the formation of active sites, rather than the rate of each
turnover of a nitrogen molecule into product ammonia. As mentioned in the
introduction, the structural promoters Al, Ca, and Mg generate and stabilize the
pore structure, leading to a large, free iron surface in the final catalyst.*® This
effect requires modification of the topochemistry of the reduction process. Sub-
sequent to activation, the active surface area of magnetite promoted with 2.5%
alumina is about 20 times larger than that of pure magnetite. It is therefore clear
that the mode of action of the structural promoter must be included in the discussion
of the activation chemistry.

On the other hand, the effect of the electronic promoter, potassium, has been
shown to be related to the kinetics of ammonia formation. Addition of 0.5%
potassium oxide to the Fe-alumina catalyst resulted in a decrease in the free iron
surface from 40% to ca 35% and an increase in the ammonia yield at 613 K from
0.2mol% to 0.34 mol%. The surface fractional coverage was determined by
chemisorption methods to be ca 25%.“® This leads to the conclusion that potassium
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exhibits no significant effect on the activation process itself provided it is present
only as a surface compound which does not block the pore structure.

A most important result of the presence of promoters is the dramatic increase
in long-term stability of catalytic activity, which is of fundamental as well as
obvious practical importance. All attempts to determine the intrinsic catalytic
activity of pure elemental iron under high-pressure conditions in a flow reactor
are severely hampered by the pronounced sensitivity of pure iron towards con-
tamination, and this prevents reliable steady-state measurements. Promoted iron
is, on the other hand, stable in its catalytic activity for up to several years on stream.

This effect is illustrated in Fig. 2.1. The catalytic activity, normalized to the
free iron surface as determined by chemisorption of carbon monoxide, is compared
for different catalysts under identical testing conditions. The spread in maximum
activity was large for the pure iron samples but very small for the commercial
catalyst (see error bars in the figure). The rapid deactivation of unpromoted iron
is evident. Activation of the commercial prereduced oxide catalyst precursor under
the chosen operational conditions is far slower than under optimized conditions,
but it leads to steady-state operation of the catalyst. A pulse of oxygen gas, which
is an efficient temporary poison for the commercial catalyst, initially boosts the
activity of the pure iron by increasing its surface area through oxidative etching.
In the longer term this enlarged surface is, however, rendered more susceptible to
deactivation.

In summary, the description of the activation process needs specifically to
include the effects of the structural promoters on the evolution of the bulk structure
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Figure 2.1. Ammonia synthesis over pure iron filings characterized by XRD and XPS and over
a prereduced industrial catalyst. The activity is normalized to an equal free iron surface determined
by CO adsorption. The error bars denote the spread in reproducibility. The oxygen pulse was
applied for 1 min.
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and surface texture of the reduced catalyst. Their presence is not merely a side
effect of only technical importance but it is also of fundamental relevance.!'? The
presence of the potassium promoter will be taken into account in the description
of the surface chemical properties of the product of activation.

2.3. THE PRECURSOR OXIDE MIXTURE
2.3.1. Structure of the Catalyst Precursor

The catalyst components are mixtures of oxides which have been fused in an
electric arc furnace at temperatures of ca 2000 K. The resulting large blocks of
black hard material are broken into lumps of usually ca 1 cm diameter. The visual
homogeneity of these lumps is, in general, a good indicator for the quality of the
final activated catalyst. Poor catalysts exhibit white spots of segregated promoter
oxides and bubble holes caused by evaporation of impurities during the fusion
process. Primary sources of iron can be iron ores, scrap metal, or iron oxides
(oxyhydrates) from other industrial processes. Potassium is added as potassium
carbonate, nitrate, or potassium hydroxide, aluminum as alumina and calcium as
oxide or carbonate.

Regardless of the experimental technique or the level of resolution, investiga-
tion of these catalyst lumps shows the heterogeneous nature of the material. While
chemical and structural heterogeneity down to a level of several hundred microns
is undesirable, microheterogeneity is a genuine feature of this unsupported catalyst
material. Macroheterogeneity serves as reservoir for contamination and leads to
mechanical disintegration of the catalyst which disturbs the gas flow pattern, thus
reducing the total conversion in a reactor. This phenomenon is also observed in
microreactor studies. Furthermore, when studying the bulk properties of the
catalyst, using techniques such as X-ray diffraction, chemical analysis, or kinetic
experiments on the reduction process, sampling methods require great care. The
data presented here were obtained using particles from 5 g samples of visually
homogeneous material which had been crushed in a hydraulic press and sieved
to yield a fraction of 0.75 to 1.0 mm particles. From the sieve fraction only particles
of the same shape were manually selected. The refined particles were then crushed
in a mortar to yield less than 2 g of particles of the desirbed final grain size (usually
50 microns).

In the following discussion the X-ray diffraction (XRD) patterns of a series
of six industrial catalysts are compared. High-resolution scans were obtained with
monochromated Co radiation on a transmission Guinier diffractometer. Phase
analyses were carried out on an automated Phillips APD 10 powder diffractometer
using postmonochromated Cu radiation. In Fig. 2.2, relevant sections of the
diffraction patterns of catalysts from three industrial sources are displayed. The
observed reflections can be assigned to magnetite and wustite as the main com-
ponents of the catalysts. The catalysts differ markedly in their content of crystalline
wustite. It should be stressed here that XRD is not a suitable method for quantitative
determination of the wustite content, since it depends on the crystallinity of the
phase analyzed. The nonstoichiometric nature of wustite and its close structural



u ROBERT SCHLOGL

Cat.No,1

Fey0, (311)

Fey0, (220)
Fey0, 6511

Fey0, W40 Fey0y 22

Fe30, (600

70 80 50 %0
28
Cat.No. 2 Fey0, 1311
Fe30y (k)
Fe304(220)
Fe30,(5M)
Fe30, 1600)
Fe30y, 1622
Cat.No.5 Fe30y 131)
Fe,0, 12201
FeyOy (440
Fe-’U‘BIII
fe30y, (e22) Fe30,1400)
70 60 50 %0

28

Figure 2.2. Guinier transmission diffraction patterns of industrial catalyst precursors using
monochromated Co K a-radiation.
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relationship to the magnetite host lattice may result in the presence of large amounts
of X-ray amorphous wustite, which can only be determined by Mdssbauer spectros-
copy.'*!¥ The presence of X-ray amorphous material in large amounts in samples
1 and 2 and in small amounts in sample 5 can be seen from the weak broad
structures in the background of the diffraction patterns. The magnetite patterns
are modified in terms of the relative intensities of some of the bands by the texture
of the material [compare, for example, the intensity ratio of the reflections (440)
to (311) which, in sample 5, is close to the expected ratio for random orientation].
The texture is not a sample preparation artefact but was found to be characteristic
of each of the different batches of industrial catalysts.

The fine structure on some of the magnetite reflections, together with the
deviations in the lattice constants derived from the different patterns, point to the
presence of a solid solution of iron aluminum spinel hercynite (FeAl,O,), which
has also been noted in previous X-ray studies.""*'” The presence of aluminum
within the magnetite lattice has also been shown by Mossbauer spectroscopy; the
B-site magnetic subspectrum of magnetite is significantly broadened and asym-
metrically deformed.** The stability of the alumina in solid solution in magnetite
depends on the preparation and subsequent treatment of the catalyst. Thus, different
catalysts show different degrees of decomposition (exsolution) which can be
monitored by X-ray diffraction. The primary homogeneous solid solution with an
overall stoichiometry given by the chemical analysis decomposes into pure mag-
netite, which has the largest lattice constant in the binary system magnetite—
hercynite, of a = 840.4 pm. Other products include crystals with a larger aluminum
content than the average composition which have successively smaller lattice
constants (in hercynite a = 813.5 pm). These exsoluted phases give rise to structures
at higher 20 values than expected for pure magnetite. In Fig. 2.3, a collection of
high-resolution scans of “magnetite” reflections of different catalysts is shown,
which underline the strongly varying degree of exsolution and thus micro-
heterogeneity in different precursor materials.

The dependence of the lattice parameter on the stoichiometry of the spinel
phase can be used to determine the integral content of alumina within the magnetite
lattice, and this is demonstrated for the present samples in the graph of Fig. 2.3.
Also included are some reference data® which correspond to magnetite (M)
singly promoted with 1%, 2%, and 3% of alumina. Unfortunately, this method is
not unambiguous with multiply promoted samples, since calcium tends to enlarge
the lattice constant in almost the same way as alumina reduces it. The reason for
this difference is the different charge-to-radius ratio for the two cations, which
leads to a net lattice expansion for the incorporation of the large calcium atom
into the octahedral sites and to a net contraction for the presence of the smalil
aluminum atom, also in the octahedral sites. The small values for the lattice
contraction found for the industrial catalysts is consequently not a sign of minor
incorporation of alumina into the magnetite lattice of the doubly promoted indus-
trial catalysts in comparison with the singly promoted laboratory samples [a value
between M1 and M2 (singly promoted magnetite with alumina; see the figure
caption) is expected for all technical samples 1 to 5]. Alternatively, it reflects the
simultaneous presence of calcium and aluminum in almost equivalent amounts in
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Figure 2.3. High-resolution scans over characteristic spinel reflections of some catalyst precursors
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sample catalysts 2, 3 and calcium in somewhat smaller amounts than aluminum
in catalysts 1, 4, 5. Sample 6, which nominally contains only potassium as promoter,
exhibits a larger lattice constant than that of pure magnetite that indicates the
presence of calcium as impurity. This was later established in an EDX analysis of
activated samples. The precise determination of the lattice constant is useful
because it is sensitive to the effective amount of structural promoter incorporated
in the lattice, while chemical analysis cannot discriminate between effective ternary
componends and the ineffective binary oxides.

Singly promoted catalysts, i.e., samples of magnetite, alumina, or magnetite
potassium oxide, were used to elucidate the effects of textural and electronic
promotion, respectively. In Fig. 2.4, the phase composition and the crystallinity
of a doubly promoted sample (catalyst 3) are compared with a sample singly
promoted by alumina (catalyst 7) and a second sample, singly promoted by
potassium (catalyst 6). All samples were prepared from the same iron oxide
precursor and synthesized under identical conditions according to the specifications
of the manufacturer. The sample, catalyst 7 (2.2% Al), consists of almost equal
amounts of well-ordered magnetite and less well crystallized wustite and exhibits
effects due to the texture [compare intensities of the (511) and (440) reflections].
Promotion by potassium alone (catalyst 6, 0.7% K) did not lead to the formation
of large amounts of wustite but caused the crystallinity of the magnetite to decrease.
The intensity ratios of the magnetite reflections are considerably different from
those of the aluminum promoted sample indicating again texture effects with a
preferred orientation similar to that seen in catalyst 1. The doubly promoted sample
exhibits a magnetite diffraction pattern which is not, however, a simple superposi-
tion of patterns from the two singly promoted samples. The texture is the same as
in the pattern of the alumina promoted sample. It is beyond the scope of this
chapter to discuss the quantitative differences. It is demonstrated, however, that
XRD can pick up structural differences of catalyst precursors made from the same
iron source under nominally identical conditions. If such samples were activated
under the same reaction conditions, it would be difficult to compare their catalytic
performance in terms of direct promoter influence only, since these samples
may yield catalysts with entirely different textures as well as different surface
species.

If the phase analysis by XRD is carried out with much better counting statistics,
a large number of additional weak reflections are observed and can be assigned
to a variety of ternary oxides, such as hercynite or CaFe;O5, and to binary
compounds such as CaO. Frequently, the presence of potassium bicarbonate, the
decomposition product of all potassium compounds in the system after prolonged
exposure to air, can also be detected. The diffraction pattern of catalyst 3 shown
in Fig. 2.5 was obtained after 110 hours of data accumulation from a prereduced
sample. It accounts for the presence of free a-iron. It is pointed out that in this
prereduced sample, a significant amount of crystalline wustite is still present. The
importance of the coexistence of magnetite, wustite, and a-iron within a single
sample will become apparent in the discussion of the reduction mechanism. The
wustite must be present in the precursor or have been formed in the prereduction
process, since reoxidation of iron leads directly to the formation of magnetite. The
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Figure 2.4. Guinier transmission scans (Co K a-radiation) of a set of differently promoted catalysts
prepared from the same iron oxide. Catalyst 3 is nominally doubly promoted, containing extra
calcium and silicon, catalyst 6 is singly potassium promoted, and catalyst 7 is singly alumina
promoted. Both single promoted samples contain also calcium impurities.
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Figure 2.5. Phase analysis of a prereduced sample of catalyst 3 using postmonochromated Cu K
a-radiation and a standard reflection geometry.

assignment is not unambiguous since textural effects and nonstoichiometry render
a straight comparison with JCPDS reference data difficult. Different catalyst
samples and even different lumps within the same catalyst batch exhibit marked
differences in these weak lines, as would be expected from the heterogeneity
mentioned previously.

The description of the structure of the catalyst precursor would be incomplete
without mentioning the presence of noncrystalline material. Using optical micro-
scopy with polarized light, amorphous patches can be detected in polished catalyst
samples. EDX showed that such areas are rich in promoter oxides and represent
inclusions of unreacted starting materials or of promoter material segregated during
the initial high-temperature processing of the precursor. The phase may further
contain some wustite which is strongly disordered, due to its metastable nature.

It should be pointed out here that areas of amorphous or “glassy” material
can also be found in reduced catalysts (see later in Section 2.6). This material,
which is also rich in promoter oxides, remains therefore unreduced in the activation
process but is, in contrast to the large inclusions in the catalyst precursor, very
finely divided between the iron crystallites. Using selected area electron diffraction,
it can be identified as a mixture of a highly defective spinel phase with a truly
amorphous (ring pattern) phase. The nature of this material, which seems to be a
common ingredient in all types of iron catalyst, is difficult to assess because of
the notorious analytical difficulties presented by amorphous minor phases. It may,
however, play an important role for the operation of the catalyst in acting as an
inert spacer material between active iron particles. This role will be further discussed
in the final section of the chapter.
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In summary, we see that the catalyst precursor consists of the dominant phases,
magnetite and wustite, within small amounts of various ternary iron oxides and
binary promoter additives. The crystallinity and texture of the samples differ widely.
It is concluded that the initial solid state for the reduction process catalyst of
activation is inhomogeneous for a given catalyst. It is further concluded that it is
difficult to derive characteristic differences for a set of catalysts from XRD alone
and also that very accurate quantitative chemical analyses are of limited value
only, since they will not necessarily be representative for the catalyst charge as a
whole.

2.3.2. The Morphology of the Precursor Catalysts

Surface areas of the precursor oxides by the BET method are usually low,
with characteristic values of 0.15-0.7 m*>g™' found for the samples used in the
present work. These values exclude any pores in the meso- or microrange, and
only compact particles with some large intergranular voids as the characteristic
texture are expected. This is in line with earlier porosimetry studies® which revealed
only pores of several microns to be present.

The morphology of unreduced catalysts has been studied using both the SEM
technique'? and with TEM.®!® All data show that unreduced catalysts exhibit
dense surfaces having no pore structure within a single granule. The shapes of the
granules differ for different catalysts. Those which exhibit texture effects by XRD
also show texture in their behavior toward fracture. They consist of platelets—like
granules of approximately micron size, which are frequently covered with segregates
of ternary oxides appearing as bunches of needles of ca 500 nm size."V Catalysts
with little texture effects, such as sample catalyst 2, fracture more isotropically
and exhibit spherical granules with a microstructure of small and very thin platelets.
The microheterogeneity in all samples is expressed by the variety of small ternary
oxide particles (as shown by EDX analysis) and is also reflected in the lateral
distribution of elements at the surface, which is strongly enriched in promoter
elements'"'* (see Section 2.7).

In summary, morphological investigations show that the precursor oxides
consist of dense granules of iron oxides with some of the promoter oxides enclosed.
Their surfaces are enriched with promoter oxides in both binary and ternary forms.
This enrichment can be detected at the level of a few monolayers with
inhomogeneous lateral dispersion, as well as the agglomeration of crystallites of
ternary oxides. This suggests that the promoter oxides are enriched, at least in
part, at the boundaries of the individual granules as exsoluted crystals from the
initial bulk solid solution. The shape of the granules is different for different degrees
of anisotropy of the oxide matrix, as is evident from the texture effects observed
in the XRD data. All catalysts exhibit as their ultimate microstructure stacks of
platelets, with typical lateral dimensions of 150 nm and a typical thickness of 15 nm.

24. SOME UNDERLYING PRINCIPLES OF ACTIVATION

Catalyst activation is a complex sequence of gas-solid reactions of
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inhomogeneous mixtures of magnetite and wustite with ternary oxides formed by
reaction with the additives. In the following section the structural chemistry of the
various oxides is described briefly, together with the iron-oxygen phase diagram
and the mechanism of magnetite reduction as established by metallurgists for the
model reduction of magnetite ores with hydrogen.

2.4.1. The Structural Chemistry of the Precursor Oxides

Magnetite is a ferromagnetic and electrically conducting iron oxide with the
composition 72.4 wt% Fe and 27.6 wt% O. It crystallizes in a cubic structure of the
inverse spinel type. The structure is described on the basis of the crystallographic
unit cell illustrated in Fig. 2.6. The formula of the unit cell is FegFe s05,. The
spinel structure is built from three elements: a large face-centered cube of Fe-8
ions containing in its equally divided volume four smaller cubes of 4 Fe-16 and
4 O together with four tetrahedra of Fe-8 and 4 O. The unusual transport properties
of this oxide arise from a fast valence fluctuation of the Fe-16 iron atoms, which
exchange their valency between Fe*™ and Fe**. The Fe-8 ions are trivalent. The
valence fluctuation of the Fe-16 ions, which is energetically favored by a significant
ligand field stabilization energy of Fe*" in octahedral sites (d-6 system), explains
why the Mdssbauer spectrum at 300 K"'» of magnetite shows only two species
(Fe-8 and Fe-16) rather than the expected three, which can only be observed below
120 K where a phase transition freezes the electron hopping process.

Figure 2.6. Crystal structure of magnetite. The spinel structure is shown in a representation
describing the crystallographic unit cell (large cube). The iron and oxygen atoms are shown in
their relative sizes.
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Waustite is a nonstoichiometric microheterogeneous solid. Its idealized struc-
ture is rather similar to the magnetite structure. Both lattices are built from a cubic,
close packed, oxygen lattice with the iron ions located only in octahedral voids
for wustite, and in both octahedral and tetrahedral voids for magnetite. Wustite
is thermodynamically metastable below 833 K but can be easily supercooled to
room temperature. The composition of the material is variable and always deficient
in iron: Fe, O with x varying from 4.5% to 11%. Electroneutrality is preserved
by the presence of Fe** ions. These ions and the holes in the iron sublattice are
not statistically distributed throughout the material but form a variety of clusters
centered around the ferric ions placed in tetrahedral interstitial sites.?%2"

Hercynite, FeAl,O,, is an example of the normal spinel structure which is
also built around a cubic, close packed, oxygen sublattice. The cation distribution
within the magnetite model is as follows: Fe-8 ions form the large cube and occupy
the four tetrahedra and Al-16 ions occupy the four cubes. This coordination, which
forces Fe?* ions in tetrahedral positions, is caused by the large charge-to-radius
ratio of the strongly polarizing Al** ion, which gives rise to a large lattice energy
contribution to the octahedrally coordinated aluminum ions.

The other ternary oxides also occur as spinel superstructures such as CaFe,0,
(ferrite) or potassium iron oxides which contain the spinel structure as a building
block. These complex structures of the beta alumina type consist of the formal
composition (K,0 x 11 Fe,0;) and can be described as a layer structure with unit
cells of spinel linked by layers of potassium ions octahedrally coordinated to the
(4 + 4) oxygen ions of two adjacent spinel units.

In summary, it is seen that the crystal structures of all compounds relevant
to the catalyst precursors have the same anion sublattice and are closely related
to one another. This is the reason for the miscibility of all the compounds, where
little internal stress is introduced into the whole structure and explains the relative
stability against segregation. This concept is illustrated by the complete solubility
range of alumina in magnetite giving rise to a relationship of the Vegard law type
between the lattice constants of magnetite and hercynite (see Fig. 2.3). The structural
complexity and microheterogeneity of the precursor oxides can be regarded as
arising from the flexibility of the spinel structure to accommodate different cation
distributions as well as superlattices and ordered defect structures.

24.2. The Iron-Oxygen Phase Diagram

A section of the iron-oxygen phase diagram is shown in Fig. 2.7. The dashed
line represents a typical path for the manufacture and activation of an ammonia
synthesis catalyst. All effects due to the promoter are omitted.

Manufacture of the catalyst starts from a hematite-based material (h) which
is fused in the electric arc furnace above the solidus maximum of 1597 °C. Hematite
does not form congruent melts but decomposes into a solid solution of magnetite
(m) and oxygen. Some of this oxygen is lost from the melt into the atmosphere
above the liquid. The process is sufficiently controlled to reach a composition
which, after cooling to below 1400 °C, falls into the region for the coexistence of
both magnetite and wustite (w). Rapid quenching to below the disproportionation
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Figure 2.7. Section of the iron-oxygen phase diagram: ““m’ denotes magnetite, ““h” hematite, and
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w” wustite; @ and vy stand for these modifications of iron metal. The dashed line describes the
path of synthesis of the ammonia catalyst in the phase diagram.

temperature of 570 °C leads to the precursor oxide mixture, which is a supercooled
solid solution of wustite in magnetite. At the temperatures employed for the
reductive activation of the oxide, wustite is unstable with respect to a disproportion-
ation reaction leading to another solid solution of a-iron («) in magnetite. The
activation process reduces the oxygen content by chemical means (formation of
water with hydrogen) to such an extent that the final product is essentially pure
a-iron.

The phase diagram shows some further relevant details. The solubility of
oxygen in iron is very low (about 0.03 wt% up to 600 °C) which is a consequence
of the high affinity of iron for oxygen to form oxides. Furthermore, we see in the
whole range of compositions between the precursor oxides and the final catalyst,
complete stability in all mixtures of metal and the oxide, magnetite. An intermediate
phase with a composition between that of iron metal and wustite is thermodynami-
cally unstable, from which it is concluded that an activation process under equili-
brium conditions would involve a direct transition of magnetite into iron metal.
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The metastable wustite can decompose at any temperature between room
temperature and 570 °C into iron and magnetite according to the equation

4FeO — Fe + Fe 0,

without the evolution of oxygen. This means that simple annealing of the precursor
mixture under any atmosphere can generate iron metal nuclei from finely divided
wustite inclusions. Pure wustite is not stable under the conditions of ammonia
synthesis or activation of ammonia synthesis catalyst precursor. This is reflected
in the poor crystallinity of the wustite (quenching) seen in the XRD analysis. Solid
solutions of hematite and magnetite or of y-iron (y) and wustite are of little
relevance for technical ammonia synthesis catalysts or technical precursors. The
unusual shape of the region which covers the conditions required for the existence
of wustite is due to the temperature-dependent nonstoichiometry which has been
described in the literature.®>*" This is of relevance, since the details of the cooling
process of the precursor melt determine the nonstoichiometry of the wustite
inclusions. The stability of wustite is strongly dependent on its nonstoichiometry,
and is reflected in the variation of its heat of formation from 265.44 kJ mol™" for
Feg.0470 t0 319.87 kJ mol ™" for FeO, ,,.%? This stability determines the temperature
required for the decomposition process and hence the conditions of formation of
a-iron nucleii from wustite.

Finally, it should be kept in mind that the application of the phase diagram
for prediction of phase composition is only valid for equilibrium conditions. The
precursor oxide mixture is, however, metastable and, furthermore, contains
impurities (promoters) which may affect activation, so that the process is not
always carried out under equilibrium conditions. This makes it possible for solid
solutions of a-iron, wustite, and magnetite to exist as metastable forms of the
catalyst. The phase boundary from pure iron to such a solid solution is so sharp,
and the region for the existence of pure iron so small, that very precise methods
of analysis of the final catalyst will be required to determine whether the active
form of the catalyst is pure iron or any of the contributing solid solutions.

2.4.3. The Mechanism of the Reduction of Magnetite

The mechanism of the gas-solid reaction between magnetite and hydrogen
has been studied in great detail. The summary given here is based upon four
studies'®?® employing rate measurements, microscopy, and X-ray diffraction as
the experimental techniques on both single crystals and powder briquets.

A common feature of all gas-solid reactions is that they are determined by
several fundamental processes. The overall chemical reaction

Fe;,0, + 4H, — 3Fe + 4H,0

does not describe the reaction scheme and has no mechanistic relevance. The
mechanism of magnetite reduction has been found to involve the formation of
wustite as an intermediate product for each of the different precursors and reduction
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conditions studied. Furthermore, it is now clearly established that the reaction is
controlled by nucleation. This involves nucleation of wustite within the magnetite
framework in addition to nucleation of alpha iron within the wustite intermediate
phase. The nucleation process is entirely heterogeneous and consequently is highly
sensitive to the structural perfection and the texture of the embedding matrix. In
the case of the ammonia synthesis catalyst, three types of defects determine the
nucleation process; (a) point defects in the oxides, (b) grain boundaries, and (c)
related mechanical defects with inclusions of the promoters and iron (see below).

On the atomic scale, the reduction has been found to be controlled by two
different processes. Metallic iron from wustite is formed through the direct chemical
reaction:

FeO + H, — Fe+ H,0

The kinetics of this thermally activated process (activation energy ca 65 kJ mol ™)
is governed in the initial phase by the chemical reaction rate and in the final stages
of reduction by diffusion processes of hydrogen and water at the reaction interface.

The chemical reaction generates a gradient of ferrous ion concentration
throughout the solid. This gradient leads to a rapid diffusion of ferrous ions from
magnetite, through wustite, to the chemical reaction interface where they are
reduced and precipitated as iron nuclei. This becomes an efficient process, due to
the structural peculiarities of the spinel lattice described above, provided a certain
number of defects is present. These defects are provided by the nonstoichiometry
of the wustite. The precipitation of wustite nuclei at the reaction interface mag-
netite-wustite is now also believed to be caused by ion/electron diffusion processes
rather than by direct contact of magnetite with hydrogen*”:

0O*>" +H, — H,O0 + 2 electrons
Fe,O, + Fe** + 2 electrons — 4FeO

This mechanism involving ion diffusion separates spatially the two processes of
the generation of reducing electrons (reaction of hydrogen and oxygen), and the
subsequent transfer of these electrons onto the species to be reduced (the iron
ions). Such a complication of a simple chemical reaction is a result of the rigidity
and density of the solid reactant, magnetite, which prevents direct access of the
gaseous reactant hydrogen to the solid-solid reaction interface.

Turning to the macroscopic aspects of the reduction process, it has been noted
that the porosity of the oxide, as defined by the percent of voids within a unit
volume of magnetite, is a crucial parameter for the reducibility of an oxide.
Reducibility may be defined as the time required to reduce a unit volume of iron
oxide by 90% under standard conditions of temperature and gas flow. It is shown
in Fig. 2.8a that the reducibility can vary over almost an order of magnitude with
experimentally attainable variations in porosity. The shape of the curve suggests
that two different reaction mechanisms for the extremes in porosity can exist. The
catalyst precursors used in this study exhibit porosities below 5% when analyzed
atroom temperature. Thus, the following discussion concentrates on the mechanism
appropriate to the low porosity extreme.
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Figure 2.8. The mechanism of magnetite reduction: (a) describes the reducibility of a magnetite
brick under standard conditions as a function of its porosity. In the range of poor reducibility
the reaction is topotactic and leads to a core and shell structure visible in an optical microscope
and shown schematically in (b). Section (c) describes the situation at the wustite-magnetite
interface as can be seen in an electron microscope.

Of all iron oxides, the dense magnetite is the most difficult one to reduce. In
the pyrometallurgical extraction of iron, such ores are therefore preoxidized to
hematite before reduction. The conversion of hematite back to magnetite results
in a 15% increase in volume due to the change from a hexagonal, close-packed
lattice (hematite) into cubic close-packing (magnetite and wustite). This increases
the fraction of voids improves the reducibility by ca a factor of two. The discrepancy
between these facts and the low-temperature process for the activation of the dense
magnetite catalyst precursors is apparent; we will return to it later.

From a large body of microscopic examinations of partially reduced dense
grains of magnetite a topotactic reaction model has been derived, and is presented
schematically for different levels of resolution in Figs. 2.8b, c. The term ““topotactic”
designates a reaction mechanism in which the spatial arrangement of the reaction
interfaces is not random or defect-controlled, but is strongly related to the macro-
scopic edges of the reacting solid. The underlying principle is that topotactic
reactions proceed by a lattice plane manner from the surface into the bulk, with
reaction rates characteristic of the crystallographic orientation of the respective
lattice planes.

The so-called core and shell model (Fig. 2.8b) suggests that a reacting magnetite
grain consists of a core of dense unreduced magnetite, surrounded by a dense
layer of the reaction intermediate wustite, which itself is surrounded by a porous
layer of the final product iron. This layer forms the gas-solid interface for reactant
hydrogen and product water. The product water 'is an efficient poison for the
reaction since it reacts vigorously with the metallic iron interface to regenerate
iron oxyhydroxides or magnetite, according to the temperature of the interface.
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Water must therefore be removed from the reaction interface as quickly as possible
to ensure net progress of the reduction process.

The magnetite-wustite interface is sharp even when observed at high resol-
ution. The wustite-iron interface, however, is diffuse at higher resolution as illus-
trated in Fig. 2.8c. Close examination reveals that iron formation occurs through
precipitation of iron metal nuclei, resulting from diffusion of hydrogen into the
pores of the interface region followed by a slow growth of the nuclei. The lower
rate of chemical reaction compared to the faster rate of the gaseous diffusion
process causes the finite thickness of the diffuse interface.

If the reduction process is carried out at temperatures at which the new surface
adjacent to the iron nuclei precipitated in the early stages of reduction can grow
into large iron particles at the expense of nuclei precipitated later (Ostwald
ripening), the remaining core of wustite becomes difficult to reduce. This is because
access of hydrogen is prevented and the high degree of crystallinity of the iron
slows down ion diffusion. Hence, the final stage of reduction is significantly slowed
and total reduction may even be prevented. The temperature regime in which this
unwanted Ostwald ripening occurs before the complete reduction of the wustite
lies between 900 K and 1000 K. The phenomenon is called “recrystallization™ in
metallurgy and “‘sintering” in catalysis. Metallurgical reductions are therefore
carried out above 1000 K (fast reduction, well-crystallized iron), while the catalyst
activation process proceeds in a slow reaction, below the recrystallization tem-
perature, in order to maintain small iron particles.

The situation described so far and the label “topotactic” is valid only if the
starting magnetite grain is a single crystal. The pores shown in Fig. 2.8¢c are formed
as a consequence of nucleation, together with the growth of many wustite and
iron particles. The volume of the single crystal after reduction is typically 5% less
than the starting material.

A catalyst particle is, however, a polycrystalline, sintered solid made up from
oxide particles of ca 100 nm size, in which the following sequence of events will
occur. It is pointed out that at low spatial resolution such a polycrystalline solid
will show the same core and shell pattern, i.e., a partially reduced and cross-
sectioned particle exhibits a layer of iron around a core of oxide.®® The interface
is, however, diffuse and ca 0.1 micron wide. In the initial phase, the ion diffusion
mechanism will result in precipitation of a few nuclei at the most reactive sites of
the solid, which are located predominantly at the grain boundaries of the magnetite
single crystals. These nuclei will grow, and layers of wustite surround the magnetite
crystals to mark, like a mosaic, the locations of the former magnetite grain
boundaries. At this stage further growth is almost inhibited, and any new nuclei
within the magnetite cores will be formed by the ion diffusion mechanism. Also,
the initial hydrogen molecules can penetrate into the newly formed pores between
the wustite crystals. Ion diffusion is hindered by the large number of grain boun-
daries formed and the material has a much smaller average particle size than the
starting oxide.

Reduction of the wustite by hydrogen will also start at the most reactive sites,
which are the small nuclei in the interior of the parent magnetite crystals. The first
iron metal nuclei grow in the center of the magnetite crystals and the large wustite
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crystals at the initial grain boundaries are the last part of the solid to be converted
to iron. In the very final stage of reduction, iron crystals of about the same size
and grain structure as the starting magnetite are seen, with small remnants of
wustite and, ultimately, segregated impurities which decorate the initial framework.

Finally, the apparent contradictions on the direct application of the kinetic
and mechanistic results from metallurgical studies to the case of catalyst activation
will be discussed. The main points are: (1) the poor reducibility of dense magnetite
vs the low activation temperature (kinetic) and (2) the clear reduction of the
average particle size of the activated catalyst compared to the precursor oxide
(mechanistic). This should not occur according to the multiparticle mechanism
sketched above.

These discrepancies can be resolved by taking into account the fact that
catalyst precursors are quite unlike the metallurgical test specimen. They do not
consist of pure magnetite but contain metastable wustite and textural promoter
oxides. The consequences arising from the different starting composition are
illustrated in Fig. 2.9. The structural framework of magnetite is stable up to the
reduction temperature of above 800 K. The catalyst oxide, however, contains
wustite and ternary oxides precipitated at the grain boundaries. Upon slow heating
the metastable solid solution is annealed, allowing the system to equilibrate. Thus,
the wustite disproportionates into elemental iron nuclei and magnetite. If hydrogen
is present at the wustite locations, one of the disproportionation products, mag-
netite, is chemically reduced to metallic iron using the other disproportionation
product, iron, as nuclei. The fact that these nuclei are available at lower tem-
peratures (ca 550 K) than those at which the bulk reduction of magnetite occurs,
allows some shrinkage of part of the volume of the oxide, and thus enhances the
formation of voids at the annealing temperature. This is illustrated in the bottom
part of Fig. 2.9. The presence of wustite thus transforms the bulk magnetite, which

| __—promotor
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Figure 2.9. The textural difference between magnetite and the catalyst precursor. The prereduction
of wustite opens up voids and provides nucleation centers for the main reduction, which starts
at ca 550 K. The promoter oxides prevent the crystallites of iron oxide from growing into large
homogeneous and thus unreactive crystals.
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is dense at room temperature, into a porous magnetite at a temperature lower than
that at which the bulk reduction process commences. It can be seen from Fig. 2.8a
that even a comparatively small increase in porosity will greatly facilitate the
reduction.

Increasing amounts of wustite in the precursor are therefore favorable, owing
to their porosity-enhancing effect. Above an optimum concentration, however, any
further increase in the amount of wustite will be detrimental. This is because a
pore system which is too large will separate the individual crystallites of magnetite
to such an extent that the fast ion diffusion mechanism is blocked. This, in turn,
prevents the formation of intermediate wustite nuclei, resulting in an increase in
the activation energy of the bulk reduction.

The second contradiction mentioned above, namely, the particle-size effect,
can be attributed to the presence of textural promoters. We have seen from the
X-ray analyses that textural promoters are present, with a wide range of particle
sizes and compositions. The larger particles will be located between the magnetite
crystals, as shown in Fig. 2.9, where their effect is to prevent aggregation of the
magnetite crystals during annealing. They act as spacers which prevent any crystal
growth during the removal of wustite. Alumina dissolved in the magnetite has to
come out of solution during the formation of the intermediate wustite. As described
above, this process reduces the average particle size, since several wustite nuclei
grow within one magnetite crystal. The “nascent” alumina will thus precipitate,
either as hercynite or as binary aluminum oxide, depending on the ion diffusion
kinetics in the newly formed grain boundaries between the intermediate wustite
crystallites, where it has the same spacer function as between the large magnetite
grains. It therefore acts as a fixation agent for the fine textural framework which
results as a consequence of the growth of intermediate solids in the reduction
process. This redistribution may well benefit from the presence of water, which
could help to segregate alumina chemically and which also slows the final chemical
reduction.

2.5. THE ACTIVATION PROCESS
2.5.1. Some Typical Activation Experiments

The most obvious feature of the activation process is the evolution of water
produced during the reduction of the iron oxide. The progress of activation can
thus be studied by following the evolution of water during activation. In Fig. 2.10,
two typical water evolution curves obtained from two different catalysts during
activation in a test reactor for measuring reduction kinetics are shown. The
activation was carried out with a hydrogen/helium mixture instead of the usual
hydrogen/nitrogen mixture so as not to interfere with electrochemical detection
of water by the product ammonia. The left-hand panel shows the temperature
programs applied in accordance with the manufacturer’s specifications. These
specifications differ significantly for different catalysts. During our studies, it was
found to be of crucial importance to follow these specifications in order to obtain
a catalyst with a high, stable activity.
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Figure 2.10. Activation of industrial catalysts. The left panel describes the temperature programs
used, the right figure shows the evolution of the reaction product water with increasing temperature.
The amount of catalyst was in all cases 0.6000 g.

Different water evolution profiles are characteristic for different catalyst types.
A common feature is the loss of adsorbed water at ca 150 °C. The amount of water
held at the surface of the oxide grains was also found to be characteristic for
different catalysts. No correlation was found, however, between the BET surface
of the precursor and the amount of desorbed water (catalyst 2 exhibited 0.5 m* g™
while catalyst 1 exhibited only 0.15 m? g™"'). The water evolution profile of catalyst
1 contains a sharp feature at 270 °C which is absent in the profile of catalyst 2.
This feature is ascribed to the reduction of wustite that occurs before the bulk
magnetite is attacked. From comparison of the temperatures at which reduction
begins, it can be deduced that catalyst 2 contains almost no wustite. This is in
good agreement with the XRD patterns shown in Fig. 2.2. The initial reduction
of wustite has also been shown by Mdssbauer studies of catalyst activation.®® In
this study of the activation of an industrial catalyst, the authors were able to derive
activation energies for both wustite reduction (67-79 kJmol™') and magnetite
reduction (113-146 kJ mol™"). Both increase monotonically with increasing extent
of activation.

The main reduction process occurs at different temperatures for the two
catalysts. The formation of voids and of iron nuclei by reduction of wustite is
beneficial for the main reduction process, which is an expected consequence of
the mechanistic model described above. Hence, the final annealing temperature is
lower for catalyst 1 than for catalyst 2. These annealing periods are important for
the generation of stability in the catalyst performance. If the temperature is dropped
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immediately after reaching the maximum of the temperature ramp, it is difficult
to sustain subsequent steady-state conversion.

Another way of following the activation kinetics is to monitor the weight loss
of the sample, which for complete reduction would be 27.3 wt% in the case of
pure magnetite. The experiments need to be carried out with great care since the
gas flow pattern, which is a crucial parameter in the kinetics of a gas-solid reaction,
will be different for a catalyst placed in a fixed bed reactor and a catalyst suspended
on a weighing pan. Much of the kinetic data available on activation, and which
will be discussed below, were obtained by monitoring the weight loss.

This technique can also be used to study activation in a qualitative way and
to obtain information as to why it is necessary to raise the temperature so slowly
during the activation process. In Fig. 2.11, weight loss curves for different catalysts
and different heating rates are shown. The data were obtained using a microbalance.
The most striking feature is the strong dependence on heating rate of both the
temperature at which reaction begins and the overall kinetics. At high heating rates
the reaction always starts at ca 570 °C, which is the temperature at which the phase
separation between magnetite and wustite occurs (see Fig. 2.7). This onset is
independent of sample size, flow rate, and variation in heating rate. If the heating
rate is greatly reduced, however, a second regime of reactivity is reached and is
characterized by the onset of reaction at ca 400 °C. Further lowering of the heating
rate to the range used by industry produces a further reduction in the onset
temperature. The step in the weight loss curve for catalyst 1 is assigned to initial
reduction of wustite and is reminiscent of the extra water evolution peak seen in
Fig. 2.10. This process is so slow that it does not appear as a distinct event at high
rates of heating. At these rates, the beneficial effect of voids and iron nuclei is also
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Figure 2.11. Weight loss curves of catalyst 1 and catalyst 2 in pure hydrogen for different heating
rates. The dashed line indicates the theoretical weight loss for complete reduction.
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lost, leading to a direct chemical attack of the whole material with little spatial
selectivity. The decomposition of wustite occurs only in part as an initial reduction
associated with weight loss (the step in Fig. 2.11 corresponds to ca 10% wustite
while the XRD suggests more than 35% wustite) because a large amount of wustite
disproportionates into iron and magnetite without any loss of weight. Comparison
of the curves for catalysts 1 and 2, obtained under the same conditions with exactly
the same sample sizes, shows the beneficial effect of wustite on the reduction
kinetics. This is shown in the different weight loss slopes and hence in the different
temperatures at which further reduction ceases.

None of these activation experiments led to complete reduction of the catalyst.
The dashed line in Fig. 2.11 indicates the level required for complete reduction
assuming the sample to be pure magnetite (wustite gives rise to an only marginally
smaller weight loss of ca 25.5 wt%). A degree of reduction lying between 93% and
95% was always observed, independent of the catalyst type and of the activation
conditions. This could be traced back to the presence of the structural promoters,
since a catalyst singly promoted with potassium gave a degree of reduction of 99%.

Reaction rates, as a function of temperature, for different heating rates were
obtained by differentiation of the weight loss curves and are displayed in Fig. 2.12.
The two-stage reaction encountered during slow activation can now be recognized
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very clearly. The two rate profiles exhibit different line shapes and hence different
reaction kinetics. The beneficial effect from the initial reduction of wustite (see
the valley between the two peaks) is illustrated by the increased slope of the main
peak, which corresponds to the magnetite reaction. If the kinetic information is
to be interpreted further, it is necessary to separate the solid state reaction kinetics
from the transport kinetics of the reaction gases. The curve derived from a heating
rate of 600 K h™! exemplifies the superposition of the two influences. Reduction
commences rapidly due to the high absolute temperature of 570 K but the rate
slows down again due to the low rate of gaseous diffusion into the catalyst, and
this is reflected by the bending of the curve at ca —50 K of relative temperature.

The characteristics of this kinetic superposition are strongly dependent on
experimental parameters and will be different for both fixed bed reactors and the
microbalance configuration. Any further interpretation of the data of Fig. 2.12 is
therefore omitted. It is known, however, that under all circumstances the activation
process will be controlled by a complicated interaction of kinetic influences and
we should regard the curves shown in Fig. 2.12 only as a qualitative example. It
is noted that line shapes, as shown in Fig. 2.12 for a heating rate of 60 K h™', have
also been obtained as characteristic curves in model calculations of TPR profiles
for three-dimensional phase boundary controlled reactions (topotactic reaction).®®

Another property of the catalyst which changes during activation is its surface
area, increasing from ca 0.5m?g™! to ca 18 m? g™'. In an early report,®? a linear
increase in surface area with the progress of activation (expressed as degree of
reduction) was found. Those experiments were carried out at a fixed temperature
of 350 °C, i.e., close to the temperature of maximum reduction rate (see Fig. 2.10).
This result is consistent with the proposed core and shell reaction mechanism,
bearing in mind that the surface area is a macroscopic property and assuming that
the growth rate of the porous shell of a catalyst particle is linear.

Moreover, during activation the pore structure changes and this controls the
reduction kinetics (see above). In an early report,®? it was found that the pores
had an average diameter of 33 nm and increased in number linearly with the
progress of reduction. The average pore diameter was found to increase to 37 nm
only at the end of reduction. More recently, the evolution of the pore structure
was studied by mercury porosimetry employing a sample transfer technique which
avoided reoxidation of the activated samples.®® The results confirmed the existence
of the 33 nm diameter pores, but also revealed that a second class of narrower
pores of ca 10 nm diameter exists. During activation the wide pores develop first.
At ca 20% reduction, the evolution of the narrow pores starts and, at high degrees
of reduction, the increase in porosity is due only to the increasing number of small
pores. These observations are consistent with the mechanism whereby the initial
reduction of wustite opens up the dense magnetite structure as the first step in the
overall procedure of activation.

The evolution of surface area as a function of activation temperature was
followed by heating catalyst samples in synthesis gas at ambient pressure according
to the manufacturers specification up to the required temperature, which was then
held for 41 to 91 hours. Subsequently, the sample was transferred to the BET
apparatus and finally to the Guinier powder X-ray diffractometer. Care had to be
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taken to avoid oxidation of the samples, which would lead to a significant reduction
in the surface area. The surface areas were found to be dependent on the flow rate
of the reducing gas. The space velocity of 9000 h™' was the lower limit for the
generation of the expected surface areas after full activation.

The results are shown in Fig. 2.13 for the surface area evolution and in Figs.
2.14 and 2.15 for the XRD results. Evolution of the surface area starts above
350 °C, i.e., the temperature of maximum evolution of water (see Fig. 2.10). The
increase in surface area occurs over a very small temperature interval, which is
covered in the heating profile of the technical activation in just 3% of the total
duration of the activation. From the shape of the curves, which are similar for
different catalysts, it might be concluded that it is the rapid growth of iron nuclei
that is related to the increase in surface area. The lower inflection of the curve
falls in the temperature interval where the initial reduction of wustite was observed.
As suggested by several authors,***% the initial reduction of wustite forms voids
(large pores®**®) and promotes the onset of the main reduction process.

This view is supported by the XRD results. In Fig. 2.14, wide scans of samples
from catalyst 2 are shown which were taken (a) before the increase of surface area
(350 °C reduction temperature), (b) at the lower inflection of the surface evolution
curve (385°C), (c) at the upper inflection of this curve (400 °C), and (d) at the
point at which changes in both surface area and bulk crystal structure have ceased
(423 °C). It emerges clearly that the early increase in surface area is related to the
growth of iron metal as particles large enough to give Bragg reflections. The increase
in surface area is terminated when all the iron oxide has been converted into
a-iron. It is noteworthy that the small reflections not annotated in Fig. 2.14 that
arise from ternary promoter phases have also disappeared, indicating an increased
dispersion of these phases.
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Figure 2.13. Evolution of the specific BET surface area with the activation temperature. The
samples were either handled under argon or reduced in situ. No effect was found due to the
method of treatment on the surface area.
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Figure 2.15. High-resolution Guinier
diffraction scans over the principal
iron line of partly activated samples.
We note the intensity between the two
clear peaks in both diffraction patterns
which indicate the presence of an addi-
tional phase during activation.
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In Fig. 2.15, high-resolution scans over the Fe (110) region are displayed for
catalyst samples in the early stages of activation (bottom) and in the final stages
of iron formation (top). The traces show that magnetite and iron coexist during
reduction; this is in agreement with the phase diagram. Between the two indicated
reflections, there is a tiny peak which is related to the process of reduction; it is
absent before alpha iron is formed and disappears when all magnetite has been
converted. This behavior is consistent with that expected from the intermediate
wustite phase. However, the d-value of the reflection is smaller than expected for
the standard FeO (200) reflection. It is known,®" however, that the lattice parameter
of wustite varies with composition from 437 pm down to 428 pm. This result,
together with the observation of a small amount of wustite coexisting with magnetite
and iron in Mdssbauer experiments,>> suggests that this peak is associated with
the intermediate phase occurring during magnetite reduction.

The apparent changes in linewidth make it possible to draw the following
conclusions about particle sizes. The particle size of the a-iron product is sig-
nificantly smaller than that of the parent magnetite. This excludes a direct, micro-
scopically topotactic reduction from magnetite to iron, but is in complete agreement
with the nucleation mechanism described above (several wustite nuclei will precipi-
tate within one magnetite crystal). The particle size of the iron crystallites is the
same from their first appearance up to complete conversion. This shows that, under
the mild conditions of activation, no recrystallization of iron occurs. The particle
size of the magnetite is reduced only in the very final stages of reduction, which
indicates the topotactic character of the reaction; only a small proportion of the
magnetite crystals is converted at the reaction front in any given time. The alterna-
tive mechanism of random nucleation would broaden the magnetite line in a linear
manner with the degree of reduction.

If the activation is carried out using wet gas mixtures and high rates of heating
(ca660 K h™!), then an entirely different product from activation can be obtained.®®
The insitu XRD patterns are characteristic of a poorly ordered compound with
no Bragg reflections at the positions for a-iron. The pattern may result from a
layered iron oxyhydroxide. Heating to 900 K in inert gas converts this material
into well-ordered a-iron. A large number of in situ XRD experiments®” on the
activation of ammonia synthesis catalysts revealed that under industrial activation
conditions (slow heating rates, water concentrations up to 5000 ppm) this uniden-
tified phase can coexist with the iron phase described above. Its morphology was
found to be typically different from that of the conventional activation product.
Examination by electron microscopy of a large number of activated catalysts
revealed indeed that many active catalysts contain both types of product even if
no indication of the second phase was suggested by XRD.

In principle, in situ XRD should be suitable to follow the structural evolution
of the active phase directly, i.e., with no interruption of the activation process and
using a single sample for all diffraction experiments. However, since different
reaction cells would be used for this purpose, the serious disadvantage of uncontrol-
led gas flow and thus ill-defined reaction kinetics are seen. In Fig. 2.16, part of a
series of diffraction patterns from in sita activation experiments of catalyst 3 with
pure hydrogen are shown. The temperature interval is that of maximum water



48 ROBERT SCHLOGL

XRD

Cat 2
H?

|

ﬁ |
J\“_JUM—JL

! 675 K
magnetite f 15 h
A |
I
|'| |
A o |¥«J—J U\.J\Jll
| ! 695 K
| .'.1 I5h Figure 2.16. Diffraction patterns during
| “in situ” activation (Cu K a-radiation,

|
|| { | lI\AJ\\ postmonochromated) of a sample of
J \_,-/\J\—)J Uk_/ ' catalyst 2 in a high-temperature camera

I 695 K (HTK 10 of Anton Paar). The dashed

3Zh line denotes the position of a magnetite

reflection still present besides the new

28 25 35 45 55 intermediate phase which finally con-

verts to alpha iron (not shown here).

evolution. At 675K the diffraction pattern of magnetite is seen with a small
contribution from hercynite expelled from solid solution. At 695 K a broad feature
at higher diffraction angles from the magnetite (400) reflection (dashed line in Fig.
2.16) and a new broad line at ca 26 = 26° start to develop. Maintaining the sample
at this temperature for 32 h leads to an increase in the intensity of these new
features and a decrease in the intensity of the magnetite reflections. At 725 K the
new features disappear and iron (110) becomes dominant, as shown in Fig. 2.15.
The two intermediate features are the same as described in Ref. 36. Thus, it is
concluded that the second phase is an intermediate product of the magnetite
reduction. Under inappropriate reaction conditions this intermediate may become
the predominant phase and is therefore characteristic of incomplete activation.
The intermediate is indeed an individual phase since it results in two diffraction
peaks; the line shape of the peak at 260 = 45° may be mistaken for superposition
of two broad lines from magnetite and iron rather than three peaks from magnetite,
the intermediate phase, and a textured form of a-iron.

Finally, activation has also been followed by an investigation of the reacting
surface using UPS with parallel detection of the evolved water. To perform this
experiment, activation parameters far from technical conditions had to be used.
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The experiment was performed inside a UHV chamber with a dynamic atmosphere
of 8 x 107® mbar hydrogen. The result is shown in Fig. 2.17, in which the water
evolution detected by a QMS is compared to the evolution of the metallic character
of the surface, as expressed by the intensity at the Fermi edge monitored by He I
UPS (for the shape of the whole spectra, see Section 2.7). The water evolution
curve indicates two steps in the reduction process, but only the second step leads
to the formation of metallic iron in the region near the surface. This evidence
provides further strong support for the suggested two-step nucleation mechanism
found for the reduction of magnetite in its modified form, which is now suggested
as a model for the activation of the ammonia synthesis catalyst.

2.5.2. The Kinetics of Activation

The activation kinetics have been studied by several groups over a long period
of time. This discussion will be restricted to the work of Baranski and co-workers,
who have studied several technical catalysts similar to the ones used for the present
experiments.**338-40 Earlier work by Hall and co-workers®®" will also be used
in the present discussion. The work of other groups is covered in Ref. 38.

The kinetic model starts with the basic assumption of the core and shell model.
It takes into account that at least two reactions determine the overall kinetics rather
than a single elementary reaction. The model is called the “mixed control type”
and has been found to describe the reduction of metallurgical magnetite®*'*? in
a satisfactory manner. The issue is further complicated by the fact that the two
main constituents, magnetite and wustite, exhibit different reduction kinetics*”
and the initial reduction of wustite accelerates the rate of magnetite reduction (see
above). The activation energies for the reduction of these two oxides differ sig-
nificantly, which alters the control of the overall reaction from the faster reaction
in the beginning, to a slower reaction at the point when all wustite has been
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consumed. This change is demonstrated in the conversion curves by a clearly
visible inflection, the position of which depends on the catalyst sample, and the
slope is dependent on the temperature of isothermal activation.

The formal kinetics of activation of a large variety of technical and unpromoted
catalysts can also be described with the same “mixed control type” equation. This
was shown to be valid for a large variation in the whole parameter space. The
water content of the reduction gas was found to be the only critical parameter; at
ca 5000 ppm water in the synthesis gas used for reduction, the reaction was slowed
down by a factor of 7 and only followed the general kinetic equation in the early
stages of reduction.

The kinetic equation for the mixed control formalism was transformed to
yield a linear form of the conversion curve. It contains two variable parameters,
which have been assigned to the diffusion constant of hydrogen through the already
reduced shell, and the reaction constant for the chemical reduction. For simplicity,
this kinetic treatment assumed a direct conversion of magnetite to metallic iron
without any intermediate phases. The linear form of the rate equation is in good
agreement with the activation process between 10% and 80% conversion. The
discrepancies at the end points may be rationalized by domination of the reduction
process with a single rate-determining stage. This could be a process of generation
of voids at the beginning, and reduction of large wustite nuclei at the end of the
activation. It is pointed out that the purpose of the kinetic model was to describe
the activation process by an empirical equation, which does not attempt to deter-
mine the physical meaning of the parameters in the model.

From the dependence of the kinetic parameters on experimental conditions,
the following conclusions have been drawn.

1. It is impossible to describe the activation process with a simple kinetic
model using only one rate-determining step such as the chemical reaction
itself or hydrogen diffusion. Furthermore, it has been shown that gaseous
diffusion did not influence the parameters. From the particle-size depen-
dence of the parameters, it was found that diffusion within the particle
plays a dominant role; in contrast with the case of pure magnetite, it was
not possible to distinguish between surface diffusion and bulk diffusion.

2. From the temperature dependence of the activation progress, an apparent
activation energy of 50-65 kJ mol™' was found. This value is too large to
be explained by a diffusion process and the change of texture (increase in
porosity) with temperature was suggested as the reason for the large value.
The effect of texture on the activation process has also been pointed out
by others**" and is illustrated in Fig. 2.8.

3. No clear dependence of the kinetic parameters on the shape of the catalyst
particles could be established. In particular, since the model was derived
for spherical particles, deviations in shape from spherical particles should
yield a variation in the parameters. However, a statistical analysis of the
parameters gave no evidence for a meaningful difference between spherical
and irregular-shaped particles. This point is of interest since the expected
parameter variation would be a kinetic indication for the topotactic charac-
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ter of the activation, which has been demonstrated unequivocally by micro-
Scopic teChniques_(2,18,2g)

Finally, we return to the effect of inhibition by water upon the activation.
This is not only of academic interest but has also been established in the technical
activation as a critical factor; too little water results in an unstable catalyst and
too much water results in an inactive catalyst. Thus the activation procedures often
specify a maximum water concentration in the outlet gas, which is then used to
fine-tune the temperature program of activation. Baranski’s work, with a water
content in the dry gas of below 100 ppm and in the wet gas of ca 5000 ppm, is
related to the technical case in the following way. The “dry” case corresponds to
near-optimal conditions and may be an example for normal activation. The wet
case, however, corresponds to a relative failure during the activation process, in
which the activation proceeds in the top layers of the reactor too quickly so that
the lower layers of catalyst are reduced in an atmosphere containing excess
moisture. Special reactors have been designed to minimize this problem."

It was established clearly®®*? that the inhibiting effect of water does not act
on the reduction of pure magnetite, where inhibiting effects of ca 1% have been
found, but it is determined by the presence of the alumina promoter. Furthermore,
the inhibiting effect acts only on the reduction of magnetite, the wustite reduction
which occurs first being unaffected. This seems to explain the observation that the
general kinetic model is also valid in a wet atmosphere at low degrees of activation.
Thus, the initial suggestion that a dense iron metal layer hinders the diffusion of
hydrogen is not very likely, nor is the intuitive explanation that reoxidation of
already-formed iron slows the overall activation process. The effect may be inter-
preted alternatively as follows. Water promotes the segregation of alumina from
the defected spinel starting material and thus allows reduction of the “purified”
magnetite. At excessive levels of water, dense layers of alumina oxyhydroxides
may form, instead of hercynite, and remain at the grain boundaries of the intermedi-
ate wustite crystals. This dense layer may hinder hydrogen diffusion by the forma-
tion of a thin shell of oxyhydroxide covering the porous shell of reduced iron and
thus eventually block progress of the reaction.

It is pointed out that the presence of water in concentrations larger than a
few hundred ppm (outlet stream concentration) also changes the surface constitu-
tion and the micromorphology of the activated catalyst. The phenomenon has
therefore been studied in detail and will be discussed in Section 2.7.1.

2.6. THE STRUCTURE OF THE ACTIVATED CATALYST

In this section, the nature of the iron material resulting from the activation
process will be described. Its bulk properties as revealed by Mdssbauer spectros-
copy, X-ray diffraction, and EXAFS will be discussed, followed by a description
of the typical morphologies of activated particles as seen in the SEM, and finally
the complex microstructure of the material as seen in the high-resolution TEM
will also be demonstrated. The main purpose of the section is to illustrate the
fundamental differences between the active catalyst material and pure iron powder.
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2.6.1. Models of Textural Promotion

The main difference between pure iron and the activated catalyst is the presence
of the textural promoters, which stabilize the initially-formed iron sponge structure
against recrystallization (sintering). The effect of promoters has been studied using
in the main hercynite, or physical mixtures of iron and aluminum oxide as models.
Three types of dispersion of each promoter substance have been suggested in the
literature, and have been reviewed elsewhere.'” The suggestions are: (1) a thin
film of oxide covers the pure iron metal crystallites, (2) “molecules” of hercynite
are dispersed in each iron crystal causing paracrystalline disorder,"® or (3) larger
inclusions of either alumina or hercynite account for the stabilizing effect. Most
of the experimental evidence for these theories came from X-ray diffraction and
Maossbauer spectroscopy. The early theory of the alumina film is supported by
selective chemisorption measurements®** carried out on a historic sample singly
promoted by alumina (designated no. 954), which was prepared in 1925“* and
used as a reference material. This same material was later used in a surface analysis
study of ammonia synthesis catalysts using Auger electron spectroscopy,® which
also supported the idea of a thin surface film of textural promoters. It is pointed
out that XPS and scanning Auger data from industrial catalyst samples are also
in full agreements""' with these observations.

Measurements of the phase transition temperature for the a/y iron transition
of iron alumina model compounds gave evidence for the modification of the lattice
properties of alumina-containing iron. The initial temperature was too high, but
several cycles through the phase transition gradually reduced the transition tem-
perature back to its normal value.“*®

2.6.2. Mossbauer Spectroscopy of the Activated Catalyst

Maossbauer spectroscopy is a technique which is particularly sensitive to the
local chemical environment. If the chemical environment is modified locally by
the presence of heteroatoms such as dispersed alumina arising from the addition
of textural promoters, this would affect many iron atoms within the sample and
the method should detect differences in the spectral parameters, i.e., linewidths of
the iron metal in the catalyst would change. If the iron contained larger inclusions
of hercynite, the spectra should exhibit a quadrupole split component, with a
typical ferrous ion shift characteristic of the ternary aluminum iron oxide. Three
groups have studied these problems and their results are reviewed critically in Ref.
14.

In this review it was pointed out that only in situ studies of activation could
give decisive answers, since passivation of a reduced catalyst causes broadening
of the iron resonance lines as well as additional absorptions from the formed oxide
components.“” A further problem with quantitative phase analysis using Moss-
bauer spectroscopy is the recoil-free fraction of small particles or structurally
disordered components. Most studies have been carried out at room temperature
or even at high temperature in order to avoid the complication of magnetic splitting.
The advantage of a collapsed single line or a quadrupole doublet is countered by
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a loss in the recoil-free fraction. This effect is not important for materials with
high Debye temperatures, as they are typical for bulk iron oxides. However, small
particles or disordered solids often show drastically reduced Debye temperatures
and may therefore remain undetected in the high-temperature spectra.

The in situ studies of commercial catalysts by Topsoe and co-workers
can be summarized as follows. There is no suggestion of any modification of the
local chemical environment of a significant number of iron atoms, i.e., they are in
identical environments in both the catalyst and in pure a-iron. Furthermore, there
is no evidence for any alloy formation between iron and aluminum. In their earlier
studies, these authors did not find any remaining iron compound after complete
reduction. In later experiments, however, both a trivalent paramagnetic species,
attributed to calcium ferrite, and a magnetically split component were detected in
samples which had been reduced according to the commercial activation procedure.
These findings are in agreement with the weight-loss measurements discussed
above. The surface characterization studies which will be discussed in Section 2.7
also revealed incomplete reduction of the iron, as a typical feature of activated
catalysts.

Finally, it is pointed out that Mossbauer studies were unable to produce
unambiguous evidence for the presence of highly dispersed promoters within the
iron lattice. The studies revealed, however, the presence of iron compounds which
were difficult to reduce, and which may be associated with ternary iron oxides of
calcium, aluminum, and silicon. These compounds are present in large particles
with diameters above ca 10 nm.

A large amount of Mossbauer work has been devoted to in situ surface
characterization of iron catalyst. These experiments were carried out, however,
using small particles of iron oxide supported on inert carriers. These materials
represent a different class of catalysts to the industrial ammonia synthesis catalyst.
The Mossbauer studies which has helped to evaluate the concept of structure
sensitivity in ammonia synthesis will therefore not be discussed here.

(13,14,47)

2.6.3. EXAFS Studies

X-ray absorption spectroscopy can give detailed information about the local
electronic (NEXAFS) and geometric structure (EXAFS) of a probe atom. Since
it can be applied to a wide variety of different atoms, the technique is well suited
to study both the structures of the main iron constituent and of the promoters in
the catalyst. Recently, a series of in situ experiments were performed looking at
the Fe K edge of doubly promoted model catalysts, which were prepared using
the techniques of coprecipitation and calcination.”®® The catalysts which contained
the different promoters, potassium and cesium respectively, were investigated
during activation and under operating conditions.

The main results can be summarized as follows. Activation occurs as a
complicated process involving the presence of more than one oxide species. The
formation of metallic iron commences at ca 600 K, far below the onset of the main
reduction process. This can be seen as direct experimental proof for the iron
nucleation mechanism by disproportionation and prereduction of wustite. The
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onset of iron formation was different for the two promoters, with the potassium-
promoted sample exhibiting a 40-K lower onset temperature. The reduction was
completed in the temperature range 640-670 K,®® leading to a material with an
almost identical spectrum to iron foil at the same temperature. No indication for
any significant structural difference between pure iron and the catalyst was found.
The normalized intensity of the EXAFS amplitude was significantly smaller than
would be expected and, on this basis, a smaller average coordination number of
iron in the catalyst compared to pure iron was suggested. This would be, however,
in contradiction with the results from both the X-ray diffraction and Mossbauer
studies, as recognized in Ref. 48. The difficulties in fulfilling the experimental
requirement of a homogeneous absorber within the in situ cell are more likely to
account for the lack in intensity.

We have also performed EXAFS measurements using an activated and kineti-
cally characterized sample of catalyst 1.“® Using X-ray diffraction, we ensured
the integrity of the transfered sample which had been prepared in a beryllium cell
to yield a perfectly homogeneous absorber. The measurements were performed in
the transmission mode with the sample cooled to 78 K. In Fig. 2.18, the EXAFS
of iron powder (top) which is identical to that of iron foil and of the activated
catalyst (cat 1) are shown. The bottom trace is the corresponding Fourier transform
for catalyst 1. The EXAFS features of the catalyst and the iron powder are very
similar, which is in full agreement with the in situ measurements“® of the model
catalyst. The structural identity of the two materials can be seen with even higher
resolution than from the data of Ref. 48 because of the optimized conditions of
data acquisition. The well-resolved Fourier transform shows the same maxima in
the radial distribution function as seen in the data of the in situ study. These can
be assigned to the nearest Fe-Fe distance and also the second and third nearest-
neighbor shells. The lack of intensity in the EXAFS amplitude of the catalyst was
also noted in our study, but to a much smaller extent than in Ref. 48.

In summary, the EXAFS results show that there is no difference between pure
iron and the catalyst in the average local structure. Furthermore, there are no iron
atoms present in the catalyst in significant quantities which exhibit a different
geometric environment to the average, i.e., there is only one type of iron atom
present. This is strong evidence against the paracrystallinity theory and is more
consistent with a macroscopic distribution of the promoter phases, which affects
fewer iron atoms than can be detected with the X-ray absorption technique. The
porosity of the reduced catalyst may account for a certain lack of EXAFS amplitude.
Any significant reduction in the coordination number of the iron in the catalyst
would require a cluster-like microstructure for which no evidence has yet been
found.

2.6.4. X-Ray Diffraction

X-ray diffraction patterns taken in situ®® or off line from activated catalysts
exhibit only the lines characteristic of a-iron after careful reduction. In contrast,
segregation of the promoter phases occurs when the activation is carried out too
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Figure 2.18. EXAFS experiments
on a sample of activated catalyst 1
(in a Be container) and on iron
powder. All spectra were measured
at 78 K in transmission geometry
at the Daresbury synchrotron radi-
ation source. The bottom trace
shows the Fourier transform of the
central spectrum. A phase shift cor-
rection was done using the top
spectrum as reference.
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rapidly. In the extreme case, the individual diffraction patterns of the ternary
oxides and basic potassium carbonate can be detected.

The average d-spacings of the iron diffraction peaks are very close to those
of pure elemental iron as indicated in Fig. 2.15. This result is in good agreement
with the conclusions reached from the other two methods of structural analysis
discussed above. There is one difference, however, between the diffraction patterns
of pure iron powder and that of the catalyst, namely, the line shape is significantly
and reproducibly different. The theory of paracrystallinity was developed*'”
from this line shape effect, which is the only experimental evidence in support of
the idea that the bulk of an active ammonia synthesis catalyst may be different
from iron powder.

This line shape effect is illustrated in Fig. 2.19 for a sample of catalyst 2 used
for ca 4 weeks in ammonia synthesis catalysis. It is pointed out that in “off line”
experiments, the process of reoxidation of the catalyst must be suppressed as much
as possible, because of the thermal stress which occurs during reoxidation. This
stress, which will be discussed below, seriously interferes with the line profile
measurements even at such a low stage of reoxidation that no iron oxide can be
detected as a separate phase in the XRD pattern. In the figure, several different
peak profiles are compared. The comparison can only be of a qualitative nature,
since any quantitative analysis would require much better counting statistics.
However, the advantage of the monochromated focusing Guinier technique used
in this study is that no X-ray satellite broadening and little instrumental broadening
affect the line shape of the raw data displayed. Thus, mathematical data manipula-
tion is not required in order to see the line-broadening effect.

The line profile of a diffraction event on a large number of coherently scattering
lattice planes (Bragg diffraction) is a very sharp line of a few radians widths after
correction for instrumental broadening. If the number of diffracting planes becomes
small compared to the coherence length of the radiation used, the line is successively
broadened. In the limit, the transition from diffraction to inelastic scattering changes
the type of intensity distribution from a Bragg pattern to the radial distribution
function of the material. The resuit of this effect is that, in the present case, any
number of parallel Bragg planes amounting to a thickness between 2 and 200 nm
will give rise to a broadened Bragg reflection. Only in the case of spherical particles
can the thickness of the package of lattice planes be correlated with the particle
size. In the general case of particles with an anisotropic shape, the thickness can
be correlated with the dimension of the single crystallite in the direction given by
the Miller index of that particular reflection. This effect is shown in the upper part
of Fig. 2.19, in which two reflection profiles characteristic of two directions
intersecting at an angle of 45° are compared. The different sizes of the average
single crystal in these two directions can be seen clearly and it is concluded that
the microstructure of the catalyst must be made up from anisotropic, nonspherical
single crystals of iron. The dimensions of the crystal can also be estimated*” from
the linewidths shown in the figure, and the value of ca 25 nm for the (110) reflection
agrees well with accepted literature data.(*>'7®

The second cause of line broadening in the XRD pattern arises from many
kinds of defects and internal stresses within a ductile material such as iron. The
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Figure 2.19. High-resolution Guinier scans over several reflections of a-iron of a sample of fully
activated catalyst 2 which was 4 weeks on stream prior to analysis. The numbers report the d
spacings (d) and linewidths (b) as FWHM without instrumental broadening correction. The
natural linewidth of the instrument measured with silicon is 0.08° 2-theta at the position of Fe(110).
The x-axis is the same for all profiles; the intensities were normalized to the respective maxima.
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d-spacing, characteristic of a perfect single crystal, is a fixed, single value. If,
however, large crystals (100-1000 nm) (1) contain large amounts of point defects
(voids), (2) are elastically distorted, (3) exhibit deformation faulting, or (4) suffer
from a combination of these effects, then a distribution of d-spacings within the
crystal results. This Gaussian distribution of d-spacings is convoluted with the
peak profile, derived from coherent scattering given by that specific particle size.
In order to separate the two effects, the fact that the d-spacing distribution leads
to a widening of the diffraction peaks with increasing diffraction angles is utilized.
If the linewidths of a series of reflections belonging to one crystallographic direction
are determined and plotted against the diffraction angle, a straight line can be
obtained, the slope of which is proportional to the width of the distribution of the
d-spacings. This method of analysis was applied in the theory of paracrystallinity
and the slope was designated as the paracrystallinity index, given as the percent
deviation from the averaged-spacing. These deviations are small for the ammonia
synthesis catalysts, with typical values of ca 5% for the (110) direction. An
illustration is given in the lower part of Fig. 2.19. The line profiles shown are
asymmetric, due to an asymmetric distribution of the d-spacings. Their integral
widths are, however, the same within experimental error. The experimental error
is too large to detect linewidth differences of only a few percent. It is concluded
that the line shape of the iron diffraction pattern is affected by both particle-size
broadening and stress-induced broadening.

The theory of paracrystallinity links the strain broadening with the action of
the textural promoters. It suggests that individual “‘molecules” of hercynite should
be incorporated within the lattice of the metallic iron. One such molecule would
replace seven iron atoms. This replacement would result in elastic deformations
in the vicinity of the hercynite molecule due to differences in the molecular structure
compared with the metallic iron lattice and so account for the variation in d-spacing.
This model, which is based upon treatment of a crystalline solid within the
hard-sphere approximation and without taking into account chemical bonding
effects, appears unlikely for the following reasons. First, any ternary spinel oxide
such as hercynite is not made up of discrete molecules as such. It only exists
because of electrostatic, long-range interactions which are characteristic of a large
number of identical unit cells. Second, coordination polyhedra containing both
metallic and ionic iron species would be chemically very unstable. The compensa-
tion of the formal charges occurring at the periphery of these molecules by
conduction band electrons of the surrounding metal appears difficult. Such an
inclusion of a charged cluster within a metal matrix would have a high tendency
to segregate to a grain boundary. There it would form a larger aggregate of oxidic
material which is exactly the opposite effect from the desired stabilization of the
iron crystallite by the promoter phase.

There is little doubt about the experimental observation of characteristic line
broadening in ammonia synthesis catalysts. Accurate measurements were first made
by Hosemann et al. and these have been confirmed recently.” However, all of
the arguments cited in favor of the “molecular dispersion of the promoter oxide”
thesis also hold for a different distribution of the promoters. It was pointed out
in the conclusion of the work by Borghard and Boudart” that there are several
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different locations for the promoter oxides. Some material covers the outer surface
of a crystal as a thin layer. A large amount of ternary oxide is also located at the
grain boundaries within the initial magnetite framework. A third location would
be along the new grain boundaries formed during reduction of the precursor,
which determined the final particle size of ca 20 nm. The promoters present at
both grain boundary locations prevent recrystallization of the microstructure during
activation as well as during use of the catalyst. The X-ray line broadening is thus
a reflection of the complex reduction mechanism of iron oxide. The effects of the
reduction mechanism on particle size and strain have been determined by the
promoter oxides, which prevent any annealing of the ductile iron metal.

2.6.5. The Micromorphology of the Activated Catalyst

The catalyst activation process results in transformation of the compact non-
porous precursor solid into a porous material, containing two types of pores with
diameters of ca 30 nm and ca 10 nm.**® From XRD data, anisotropic particles
with a diameter of ca 25 nm and smaller dimensions in the perpendicular directions
are expected. Furthermore, from the heterogeneous nature®® of the elemental
compositions, particles other than pure iron metal are also expected. Such expecta-
tions from the catalyst in the reduced state have indeed been observed in an earlier
SEM study."V The active catalyst appears to consist of a sponge-like structure of
spherical particles separated by pores of ca 10 nm. The surface of the sponge is
covered with crystals of the promoter oxide and with patches of highly dispersed
potassium and alumina promoters. These are distributed in such a way that the
potassium forms an adlayer over the iron with aluminum and calcium covering
the remaining areas. This leaves almost no free iron metal surface. These latter
results were deduced from scanning Auger spectroscopy data obtained from the
same catalyst as was used in the SEM investigation. Little information was given,
however, about the true particle shapes, their lateral arrangement, and their
microscopic elemental bulk composition. The present discussion will focus on
these subjects with only a brief comment on low- and medium-resolution images.

The high-resolution images presented in this section were all obtained from
various catalysts after activation without any sample preparation. In particular,
surface coating treatments were avoided. Suitable 50-micron particles of precursor
oxide were examined using a Jeol CX 200 TEMSCAN apparatus. Extensive tests
of the sample transfer procedure and of beam stability ensured that no imaging
artefacts interfered with the image interpretation.

In Fig. 2.20, a typical low-resolution image of an activated sample of catalyst
1 is shown. The particles, of ca 1 mm diameter, appear rather isotropic and exhibit
sharp edges. The spotty surfaces reveal the segregation of promoter oxides into
the voids along which fracture had occurred. The other catalysts were quite
different, with an anisotropic, needle-like shape and did not show segregation
similar to catalyst 1 when they were investigated without exposure to air. After
mild reoxidation under controlled conditions and subsequent storage in air for a
few days, the samples exhibited the same spotty appearance as seen in Fig. 2.20
and also as described in Ref. 11. This suggests that the reoxidized, activated samples
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Figure 2.20. Low-resolution SEM image (15 kV) of a sample of activated catalyst 1. The particles
are ca. 1 mm in diameter.

were not completely stable to air, and tend to form large (several microns) segregates
consisting of a mixture of iron and promoter oxides. Samples of catalysts 2, 3, 5,
6, and 7 were investigated in this way and they all show a common anisotropic
behavior on fracture, resulting in needles and platelets after isostatic pressing of
large lumps of the precursor oxide.

The macroheterogeneous nature of a reduced sample of catalyst 1 is shown
in Fig. 2.21. Similar pictures showing the lateral bulk distribution of promoter
elements have also been reported in Ref. 4. It is emphasized that of the catalysts
studied, only catalyst 1 exhibited this heterogeneity on a large scale both before
and after activation. With all the other catalysts, it was observed that the process
of activation resulted in an increase in the dispersion of the promoter elements
beyond the resolution of the X-ray distribution images (ca 2 micron). The line
scan experiment in the left-hand side of Fig. 2.21 demonstrates how two large
grains of almost pure magnetite can be interconnected by a sliver of calcium iron
oxide. The small peaks beside the main feature in the calcium line scan indicate
the presence of thin layers of calcium enriched iron oxide near the internal surface
of the large grains. Such an arrangement of the promoter oxides is consistent with
the schematic picture given in Fig. 2.8. The potassium distribution image at the
right-hand side of Fig. 2.21 shows an aggregate of mixed potassium iron oxides
consisting of large platelets. The small droplets at the front of the agglomerate
which might intuitively be identified with potassium oxide, in reality, contain only
iron. The sharp steps of the underlying iron grains are also recognized. The fracture
surfaces in both images reveal that the large grain texture of the original oxide
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Ca line scan

Figure 2.21. Macroheterogeneity of catalyst 1 in the precursor state. The two left-hand figures
show how two magnetite grains are separated by a crystal of calcium iron oxide (boundaries
marked by arrows). The right-hand figures demonstrate the uneven potassium distribution. The
area A contains spherical particles of iron oxide.

precursor is preserved on reduction, giving a system of large intergranular voids
in the resulting iron material. All of these main features were also seen with the
other catalysts, but the dimensions of the promoter species and of the voids were
ca 10 times smaller.

The consequence when internal strain in an activated sample of catalyst 1 is
liberated by rapid reoxidation in dry air is shown in Fig. 2.22. A system of large
cracks decorates the blocks of grains with parallel orientation. These indicate the
major sites of segregation of the promoter oxides found within the cracks, in full
agreement with the external fracture planes as shown in Fig. 2.20. The system of
small cracks is indicative of the anisotropic nature of the grains. These cracks
decorate the boundaries of the initial platelets of magnetite generated during
synthesis of the precursor oxide and they are a clear indication of the effect the
promoters have in the conservation of the texture of the catalyst.

Activated catalysts may be described by the following textural hierarchy. A
macroscopic particle is confined by fracture lines running through a system of
blocks consisting of stacks of platelets in a parallel orientation. This texture is
formed during preparation of the oxide precursor. Upon reduction, each of the
platelets may be subdivided into even smaller platelets. The initial texture is defined
by a system of pores which accounts for the formation of the internal surface area.
This textural system is stabilized by promoter oxides, which act as a glue, separating
neighboring platelets and leaving voids for the interconnection of the pore system.
Such an arrangement renders the activated material brittle and accounts for the
glass-like fracture behavior of active catalysts. This is in striking contrast to pure
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Figure 2.22. The effect of internal strain released upon reoxidation of an activated sample of
catalyst 1 (SEM, 10kV). The system of cracks demonstrates how the macroscopically isotropic
material is built from thin platelet-like subunits.

iron metal which exhibits ductile behavior. The rigid interfaces, iron-promoter
oxide-iron, also conserve any strain induced during activation, unless they are
disrupted by either chemical reaction (reoxidation) or prolonged thermal annealing
above 900 K. It is the purpose of this section to demonstrate the existence of the
large platelets, which themselves are subdivided into smaller ones and which are
held in place by small aggregates of promoter oxides.

In Fig. 2.23, the aggregates of the large platelets are shown. The multiple
bendings indicate a significant internal strain. The roughness of the surface that
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Figure 2.23. Fluffy catalyst obtained after rapid activation of a sample of catalyst 2. The material
is made up from thin platelets bearing significant internal strain which causes the bending of the
particle. The rough region A is caused by the system of ca 10 nm pores (SEM, 200 kV).

can be seen in the left-hand micrograph of Fig. 2.23 is caused by the small pores,
clear images of which have been shown previously in Ref. 11. The platelets were
obtained in this isolated form by rapid activation of the catalyst. Such treatment
results in the transformation of the compact solid into a fluffy material.®**"

Samples from slow activation also contain isolated flakes that peel from the
edges of the bulk of the material, as can be seen in Fig. 2.24, which presents images
of catalyst 2 after slow activation. The sponge-like texture built from stacks of
parallel platelets can be seen clearly. It can further be recognized that the large
platelets are subdivided into small compact areas and holes. Having an average
diameter of 10 nm, these form the pore system within the stacks of platelets. The
orientation of the specimen was chosen so as to highlight the pore structure. In
Fig. 2.25, different orientations were chosen to illustrate as clearly as possible the
stacking of the thin platelets. The left-hand micrograph shows the rare occurrence
of a boundary between two orthogonal platelet stacks. This situation occurs along
the texture line between two blocks of large platelet stacks. Large voids are usually
observed at these locations (see Fig. 2.21).

At the highest possible resolution attainable by the SEM technique, some
information about the surface of the small platelets can be obtained. These surfaces
are characteristic of the different methods of activation, irrespective of the catalyst
sample being examined. In Fig. 2.26, images are presented of catalyst 2 after
activation in the presence of ca 6000 ppm of water (designated in Section 2.7 as
wet activation). The smooth surfaces show both small and large segregates of
promoter species, namely, potassium in the background of the top image and
calcium at the center left edge of the top image. These islands of promoters can
be distinguished from metallic iron platelets by the shape of their respective
perimeters; they are sharp for iron and diffuse for promoters. The inset in Fig.
2.26 indicates the typical surface structure of samples reduced under conditions
containing about 350 ppm water in the outlet gas (designated in Section 2.7 as dry
activation). The same diffuse islands of promoter species (right edge) can be seen,
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Figure 2.24. Surface morphology of slowly activated catalyst 2. The arrows indicate the presence
of individual platelets peeling off the main body of the porous catalyst. This material consists of
stacks of this iron platelets with sharp but irregular edges and a turbostatic stacking sequence
(SEM, 120 kV).

supported by a well-developed crystalline structure of iron. This structure can be
seen in more detail in Fig. 2.27, which suggests that the thin platelets may be built
from single crystals of iron with well-developed edges and sizes compatible with
the X-ray line-broadening data. The resolution of ca 4 nm steps (ca 10 unit cells
of iron) in the left image excludes any uniform coverage of the iron surface with
a film of promoter species. These photographs suggest a high reactivity of such
iron particles toward sintering and thus underline the need for a stabilization of
the structure, which is believed to represent the active state of the catalyst.

The internal structure of the small platelets was also investigated by scanning
transmission electron microscopy (STEM). Specimen preparation, such as micro-
toming or ion milling, could not be applied since this would risk the danger of
creating segregation as a consequence of specimen thinning. About 100 positions
from five different samples were investigated and the typical images as shown in
Fig. 2.28 were always obtained. The lower insets in the figure present SEM images
of the position from which the STEM pictures were obtained, after the specimen
had been tilted to the appropriate orientation. The STEM images reveal thin,
regular (quadratic) crystals with a large number of promoter oxide spacers on top
and underneath, as the smallest discernable unit in the catalyst. The distinction
of this situation from the other alternative of promoter particles within the iron
crystals (paracrystallinity) was possible by applying selected area diffraction to
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Figure 2.25. Stacks of iron platelets of activated catalyst 2. In order to emphasize the steps in the
stacks, the illumination was chosen such that the rough surface structure seen in Fig. 2.24 is not
resolved (SEM, 200 kV).

these crystals, which identified them unambiguously as single crystals of iron (see
below).

In summary, it is seen that regular platelets of iron single crystals are arranged
into irregular stacks in such a way that larger platelets result. The texture of these
platelets is predetermined by the texture of the precursor oxide. The large platelets
form blocks up to several micron in size, the boundaries of which eventually
become the location of the fracture lines which determine the macroscopic appear-
ance of the catalyst particles. The texture at all three levels is decorated by particles
of promoter oxide species present in different sizes.

Using analytical electron microscopy it has been possible to identify the
elemental composition of the individual platelets. In Fig. 2.29, energy dispersive
X-ray spectra (EDX) are presented; they were obtained from thin sections of a
reduced sample of catalyst 3. Trace a is typical of a region rich in promoter oxide
particles. The high local concentration of oxygen as well as the significant amounts
of calcium and potassium can be recognized. Areas containing small amounts of
promoter oxide particles gave rise to EDX spectra as shown in trace b. The total
amount of promoter oxides is about 25% of that of the area analyzed in trace a.
The different relative amount of promoter elements is due more to micro-
heterogeneity rather than a typical effect of the different morphologies. The only
common feature of all the analyses was that no area analyzed was completely free
of potassium and oxygen. This is taken as an indication that the presence of a
potassium-oxygen compound in high dispersion is characteristic of reduced
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Figure 2.26. High-resolution SEM (200 kV) of activated catalyst 2. The main images were obtained
from a sample activated in the presence of ca 5000 ppm water; the image in the bottom inset was
obtained from a sample activated in dry synthesis gas. Region A is rich in potassium (solidified
droplet of KOH), region B is rich in calcium (particle of calcium oxide), region C is also rich in
potassium.
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Figure 2.27. High-resolution SEM (200 kV) of catalyst 2 activated in dry synthesis gas under
“industrial” conditions. The two arrows designate a step made by two superimposed platelets of
iron. The thickness of the top platelet is ca 10 unit cells of iron. The irregular stacking of these
primary structure elements of the catalyst can be seen in the right-hand micrograph.

Figure 2.28. STEM images of individual platelets of activated catalyst 2 (200 kV). The arrows in
the SEM insets indicate the locations from which the STEM images were obtained after suitable
tilting. The platelets are single crystals of a-iron according to the corresponding selected area-
diffraction patterns.
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|

|
cat 3 ' Figure 2.29. Energy dispersive X-ray
activated | analysis of two different particles of acti-
vated catalyst 3. Trace a is typically for
dirty areas with many segregated parti-
cles of promoter oxides. Trace b was
found characteristic for clean areas
without visible particles of promoters.
The spectra were taken as point analyses
with ca 100,000 magnification and a very
small spot of 200 kV electrons directed
on a thin area of the catalyst material.

catalysts. It is also established by this bulk-sensitive technique that oxygen is a
constituent element of an active catalyst. It was established beyond doubt that this
oxygen was a genuine component, rather than an artefact of the transfer process.
It was further demonstrated that the thin flakes of the second phase found in the
XRD analysis contained significantly more oxygen than the particles of catalyst
activated in a slow manner; the iron-to-oxygen ratio was typically 1:1 in the
nonmetallic phase.

2.6.6. Microstructure of the Activated Catalyst

The morphology of the activated catalyst has been elucidated by studies on
scanning electron microscopy. Using this information, the atomic structure of the
smallest building unit to be characterized can now be analyzed using high-resolution
transmission electron microscopy. It is pointed out that the resolution of lattice
fringes of ca 0.2 nm, such as, e.g., the Fe (111) orientation, reaches the limit of
resolution of modern commercial medium high-voltage instruments, such as the
JEOL CX 200 microscope operating at 200 keV.

The crystallographic structure of the platelets can be determined by electron
microdiffraction. In Fig. 2.30a, the prevailing diffraction pattern is shown. It
originates from a-iron single crystals and shows the (111) orientation, which was
found to constitute the basal plane of many platelets. There is no indication of
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Figure 2.30. Selected area-diffraction patterns of activated catalyst 1 after successful anaerobic
transfer into the electron microscope. Pattern a shows the (111) orientation of a-iron with the
particles being perfect single crystals. Pattern b was taken from an area between two stacks of
platelets and is typical of a strongly disordered spinel oxide lattice.
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intrinsic structural disorder, as would be predicted by the theory of paracrystallinity.
The fact that this information is obtained from individual particles of the catalyst,
rather than from a large ensemble of crystals, strongly suggests that the XRD line
broadening is an intercrystalline particle-size effect rather than an intracrystalline
long-range order effect. This diffraction pattern further supports the general idea
that iron (111) single crystals may constitute suitable model surfaces on which to
study ammonia synthesis (see the following chapter).

Less frequently, diffraction patterns such as those seen in Fig. 2.30b were
obtained, typically from areas rich in promoter oxides. They arise from the spinel
structure of magnetite/hercynite particles, with little long-range order. Such parti-
cles can only diffract X-rays very poorly and may well remain undetected in a
phase analysis by XRD. The existence of a disordered phase has also been
mentioned in Ref. 2. The poor crystallinity of the promoter oxides is in full
agreement with their genesis as a product of exsolution from the oxide precurser,
which has been described in the preceding sections. The dispersion of this poorly
ordered phase was found to be much higher in catalysts 2, 3, and 5 than in catalyst
1, where this phase formed seams within the activated material.

In Fig. 2.31, a sample of catalyst 1 is shown which was ca 90% reduced. The
outer particles of the grains are still in the oxide state, as suggested by the

Figure 2.31. Lattice image (high-resolution TEM) of platelets of partly activated catalyst 1. The
bottom image shows different orientations of the magnetite/ wustite lattice; the area designated
with arrows exhibits many lattice defects and shows a pronounced step structure of the edge of
the platelet. The top image shows a thin section of magnetite with the (311) lattice fringes (areas
A). The arrow B points at a nucleus of a-iron which grows at the interface between the still
unreacted magnetite A and the amorphous reacting edge region C.
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mechanistic scheme of the activation process, and the lattice image of the mag-
netite/ wustite phase is displayed. The top image shows a single crystal of oxide
exhibiting the (311) fringes. The outer right-hand edge, in the process of reduction,
has already been converted into an amorphous disordered state, with a small
nucleus of a-iron formed at the outer edge of the boundary region between the
ordered and disordered zones. The bottom image shows the (110) orientation of
the oxide phase. The irregular array of unit cells arises from the stepped structure
of the edge of the platelet, as well as the large number of defects in the structure
which give rise to a mosaic morphology. This structure is attributed to the
presence of varying amounts of promoter ions within the iron oxide lattice.
Such defects within the lattice provide good starting conditions for a solid state
reaction, which involves an ion migration mechanism as postulated in the
activation process.

A fully reduced sample of catalyst 1 which had been slightly reoxidized during
transfer, gave rise to the images shown in Fig. 2.32. A shell of oxide particles has
formed around a core of iron metal which can be identified by electron diffraction,
as well as by weak fringes of Fe(111) which are visible in the bottom image. The
rich mosaic structure and the average particle size of only ca 10 nm indicate clearly
that these particles are not fragments of unreduced oxide from the original precursor
but indicate the size of the iron single crystals. The general pattern found in a

Figure 2.32. TEM images of fully activated catalyst 1 which was slowly reoxidized (passivated).
Around a core of metal A exhibiting lattice fringes of Fe(111) along the direction of the long
arrow a shell of tiny oxide particles B has grown. The thick arrow points at the interface between
oxide and metal. The top image shows the outer section of another platelet with the arrow pointing
at the sharp edges of the oxide crystallites making up the external surface, which can be seen
here in cross section. There is no visible trace of contamination.
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study of several samples of reduced catalyst was that, according to its variable
size (from ca 30 to over 500 nm in width), a primary platelet consists of several
or many single crystals of iron, with a rather uniform particle size as shown in
Fig. 2.32. These crystals form an irregular mosaic, which gives rise to a rough
surface exhibiting sharp edges. The direct images of these catalyst surfaces can be
seen as a cross section in the top image of Fig. 2.32 and as a top view in the SEM
images of Figs. 2.26 and 2.27.

When the reduced catalyst was transferred successfully in the total absence
of air, it was possible to image the iron particles directly. In Fig. 2.33 the edge of
a quadratic platelet is shown. The top right and bottom left insets both show
Fe(111) fringes of individual crystals which constitute the platelet. The top inset
shows a step structure, which indicates that the single crystals themselves exhibit
a terrace structure, in the same way as seen for large single-crystal surfaces. The
diffuse contrast along the steps is taken as an indication that the iron atoms in the
step exhibit defective coordination, and this is responsible for a smearing of the
contrast. The left bottom inset shows a perfect single crystal of iron that also
exhibits the (111) orientation as its most abundant surface. It is pointed out that

Fe(m)

Figure 2.33. Lattice images of fully reduced catalyst 1. The insets show different areas of Fe(111)
and, for comparison, an area of unreduced magnetite (311) all at the same magnification.
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these and many other crystals inspected in this study are of perfect long-range
order and exhibit no signs of endotactic groups within their structure. This is
further illustrated in Fig. 2.34, which shows a large part of a similarly oriented
iron platelet without any defects. These images demonstrate clearly that the micro-
structure of technical ammonia synthesis catalysts is very different from cubic iron
particles and that the predominant surface orientation is the (11) plane. The images
demonstrate further that a large number of iron atoms in the catalyst are in a
homogeneous environment, in a similar manner to those in a macroscopic single
crystal.

There is also evidence for a heterogeneous structure on the microscale. For
example, the tip of the platelet shown in the main image of Fig. 2.33 is composed
of intergrown oxide particles and iron nuclei which did not have the opportunity
to grow larger than ca 5 nm. The frequent change in the orientation of the narrow
fringes which arise from Fe(111) illustrates the misorientation of the different
nuclei. This prevented their agglomeration to form a larger crystal. The iron oxide
(large fringes) is most likely to be hercynite. This is difficult to reduce, and acts
as a physical barrier which prevents the reorientation of the nuclei. This situation
is seen to be a visible indication of the function of the structural promoters outlined

Figure 2.34. Lattice image of a perfect single crystal of iron. The anisotropic platelet exhibits the
(111) orientation as basal plane A. The arrows indicate the boundary of the thin platelet standing
out of a stack of similar randomly superimposed platelets. The ara B is amorphous carbon from
the support grid.
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above. Their main effect is to prevent the growth of the iron nuclei during activation
and to preserve the microstructure during operation of the catalyst.

2.7. SURFACE ANALYSIS OF THE AMMONIA
SYNTHESIS CATALYST

A detailed understanding of the mechanism of ammonia synthesis over iron
metal has been obtained from single-crystal studies carried out under UHV and
in situ high-pressure conditions.*" The reaction was found to be structure-sensitive
and to occur most efficiently on the Fe(111) surface, presumably on the c-7
sites.®'*? The rate of ammonia formation is determined by the dissociative
chemisorption of nitrogen. This is limited by the low adsorption probability of
molecular nitrogen which gives rise to two different presursor states.“**® The
presence of potassium was found to enhance the sticking coefficient of molecular
nitrogen.®” All of the states of chemisorbed nitrogen can be characterized by
various spectroscopic techniques such as photoemission,*>*® HREELS,*® and
XANES,® as well as by thermal desorption methods.**%®

The single-crystal studies, described in detail in the following chapter, have
also been extended to high-pressure conditions®" and to the addition of promoter
compounds.®” The latter results are consistent with the view that the reaction
mechanism also applies at high pressures. The action of the potassium promoter
arises from its electron-donating effect but, at high pressure and finite conversion,
it has also been ascribed to a lowering of the desorption energy of the product
ammonia. This arises from the repulsive interaction of the Broensted base ammonia
with the basic surface groups of ‘“‘potassium oxide.”®® The description of the
nature of this potassium oxide is one objective of the surface characterization and
will be discussed in detail below.

In order to demonstrate the validity of the low-pressure mechanism for the
high-pressure practical reaction, kinetic models have been established to bridge
the pressure gap.©'~*» One model, which used only the low-pressure kinetic
parameters and thermodynamic data as input, was successful in the detailed
prediction of the high-pressure kinetics. One conclusion was that the overall
reaction enthalpy under practical synthesis conditions can be regarded as the
energy required to create new free surface sites, after the hydrogenation of the
nitrogen atom. This is a consequence of the high stability of the reaction intermedi-
ates, which had already been found from UHYV studies and which would be
expected to allow their direct spectroscopic identification on real catalyst surfaces.
The other approach agrees well in the final result with the first model, but it uses
a different kinetic model with different input parameters. A critical discussion of
these two models will be given in subsequent chapters.

It should be stressed that not only is there a pressure gap between the UHV
studies and the high-pressure measurements, but also a “‘material gap.” The UHV
studies use carefully cleaned iron metal in the form of single crystals as the catalyst.
On the other hand, elemental polycrystalline iron without surface purification does
not catalyze ammonia synthesis at high pressure (1 bar), as has been described in
Section 2.2. This may be rationalized in terms of the extreme sensitivity of the
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amount of chemisorbed nitrogen toward contamination by carbon, oxygen, and
sulfur on the iron surfaces.®”

A target of the work described below is the preparation of technical catalyst
surfaces under in situ conditions. The state of nitrogen chemisorbed onto these
surfaces will subsequently be characterized by X-ray photoelectron spectroscopy
for comparison with the iron single-crystal studies.

Since a technical catalyst surface cannot accurately be defined by a single
term such as “a clean iron surface,” a large section of this work consists of the
description of surfaces obtained by three different methods of activation.

Sieve fractions of 0.2-0.4 mm diameter from catalysts 2 and 3 were used in
the photoemission experiments and were analyzed in the form of beds of ca 0.6 mm
height of loose powders contained in molybdenum crucibles. Samples were moun-
ted on variable-temperature specimen rods of two different Leybold photoelectron
spectrometers, which were equipped with EA 10 and EA 11N analyzers, sources
for Al X-rays (150 watt) and Hel, He Il UV radiation, sputfering facilities,
quadrupole mass filters, and gas handling facilities. One spectrometer was also
equipped with a standard Leybold high-pressure reaction cell which, after minor
modification, allowed treatment of the samples in hydrogen at pressures up to
2 bar and at temperatures up to 790 K. Calibration of the spectrometer was carried
out with Pd foil for the Fermi edge zero, and with gold foil (Au 4f = 84.0 eV) for
the binding energy reference. Polycrystalline iron foil, cleaned by sputtering at
800 K, was used as the reference material in both clean and reoxidized forms. All
surface preparations designated as activated were tested for catalytic activity by
exposing the samples at 790 K to a 107> mbar hydrogen and nitrogen mixture for
several hours and by monitoring the ammonia produced with the quadrupole mass
filter. No attempt was made to quantify these crude tests.

The following reduction procedures were applied. Direct observation of the
reduction process was achieved by exposure of the samples inside the analysis
chamber to hydrogen pressures of typically 1 x 107° mbar for ca 120 h, after which
time the evolution of water was almost complete.

More realistic reduction conditions were possible using the high-pressure
attachment. Samples under hydrogen, usually at pressures of 1 bar, were heated
to 790 K using a slow temperature program over a period of 48 h. In order to study
the influence of the water content of the atmosphere, one set of experiments was
carried out with flowing hydrogen which corresponded to an outlet water partial
pressure of ca 150 ppm (designated as the “flowing” condition). In the other set
of experiments, the hydrogen atmosphere (ca 25 ml volume with 20 mg catalyst
sample) was only slowly changed, by bleeding the reaction gas mixture through
a needle valve. This gave rise to an outlet partial pressure of eater of ca 700 ppm
(designated as the “‘static” condition).

2.7.1. Surface Characterization

In the following sections, results will be presented which have been obtained
for two catalysts designated catalyst 1 and catalyst 2 and which were of the same
nominal bulk composition given in Section 2.2. Despite significant differences in
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some of the bulk structural properties discussed in the previous sections, only
small systematic differences in their surface properties could be detected.

2.7.1.1. Quantitative Surface Analysis

In this section, results are summarized that were obtained by integration of
core level spectra, with subsequent correction for cross-section differences, using
theoretical cross sections. The absolute accuracy of this procedure is of the order
of 15%. This is due to errors in the background fitting procedures and spectroscopic
problems, such as differential charge broadening, characteristic of the type of
samples used in this study. The error was estimated by comparative measurements
on different pure iron oxides. Surface stoichiometry problems, arising from films
of water adsorbed on iron oxide powders, were minimized by insitu treatment with
oxygen. The reproducibility of different surface preparations was found to be ca
3% for the data presented here. The data presented are representative values chosen
from 23 data sets. Occasional large deviations were observed, caused by the
inhomogeneity of the industrial catalyst material. This compositional
inhomogeneity was also established by powder X-ray diffraction and energy disper-
sive X-ray analysis.

A specific problem consequent upon these inhomogeneous samples arises in
the quantification of XPS results, which requires the assumption that the depth
probed by XPS has a homogeneous composition. While XPS is a surface-sensitive
technique, only ca 30% of the total intensity arises from the top atomic layer which
may contain adsorbates and promoter films. The deeper layers, which may be of
variable composition in catalyst samples, contribute the other 70% of spectral
intensity in a section of ca 2 nm in thickness. Furthermore, very little information
can be obtained from the inner surfaces of the pore system of an activated catalyst.
It has therefore generally been assumed that the inner surface of the catalyst can
be considered to be similar to the outer surface. These assumptions limit the
significance of quantitative surface analysis techniques when applied to
heterogeneous porous solids and do not allow clear conclusions to be drawn, as
can be done in the case of single-crystal samples.

Typical elemental compositions of catalyst surfaces are given in Table 2.1.
The two different samples of catalysts (see the first rows in Table 2.1) yielded
similar iron-to-oxygen ratios in the activated catalyst surface regardless of the
method of activation employed. The two oxide precursors, however, differ sig-
nificantly in their carbon content and in the iron-to-oxygen ratio. The enrichment
in carbon found for catalyst 1 arises from elemental carbon rather than from
segregation of potassium carbonate, as could be shown from the chemical shift of
the carbon 1 s line. Segregation of potassium carbonate was typical of catalyst
surfaces that had for several weeks been exposed to air.

In both samples, the iron-to-oxygen ratio is lower than the calculated value
for pure magnetite (nominally 0.75, with an experimental value for a powder
sample of 0.70). The chemical state of much of the excess oxygen was found to
be adsorbed water. Desorption of the water layer at ca 650 K caused an increase
in the iron-to-oxygen ratio. Pretreatment of the catalyst in the high-pressure cell



PREPARATION OF AMMONIA SYNTHESIS CATALYST 77

TABLE 2.1. Surface Compositions (in at%)

Treatment Fe (0] K Ca Al C
Catalyst 1/flowing
as received 10 45 5 1 5 34
650K/8h 18 41 9 3 4 25
790K/10h 49 38 1 3 7
active/60 h 38 41 3 2 6 6
Catalyst 2/static
as received 22 58 7 2 1 9
650 K prered 22 52 7 2 3 14
790K/14h 33 42 11 2 3 9
active/70 h 33 42 11 2 3 9
Elemental Ratios
Treatment Fe:0 Fe:K Fe:Ca Fe: Al Fe:C
Catalyst 1/flowing
as received 0.22 2.0 10 2.0 0.29
650K/8h 0.44 2.0 6 4.5 0.72
790 K/10 h 1.32 16 50 16 7
active/80 h 0.93 12 19 6 6
Catalyst 2/static
as received 0.38 31 11 22 24
650 K/prered 0.42 3.1 11 7 1.6
790K/14h 0.78 3.0 17 11 3.7
active/70 h 0.78 3.0 17 11 3.7

at 650 K in flowing hydrogen at 1 bar for 60 h caused only a slight change in the
iron-to-oxygen ratio. Reduction in flowing dry hydrogen always led to a larger
increase in the iron-to-oxygen ratio than reduction under wet conditions. In dry
hydrogen, the iron-to-oxygen ratio is increased to 1.85, implying that a significant
amount of iron must be in the zero-valent state. In the case of wet reduction, the
ratio only reaches 1.75, indicating a lower content of zero-valent iron in the surface.

Prolonged exposure of the reduced surface to ammonia synthesis gas mixtures
at low pressure did not result in further reduction of the residual iron oxide. A
beneficial effect of synthesis gas might have been expected from the decomposition
of catalytically formed ammonia on iron oxide, which could act as a source of
atomic hydrogen. A significant lowering of the iron-to-oxygen ratio with prolonged
exposure to synthesis gas mixtures was found with all catalysts reduced under dry
conditions. Samples reduced in wet hydrogen were much more stable.

The ammonia synthesis catalyst exhibits a remarkable ability for self-
purification. Heating in hydrogen results in removal of a large fraction of the
carbon contamination. This is in contrast to elemental iron, where similar treatment
only causes segregation of carbon to the surface. An intense signal at mass 15
arising from a CH; fragment in the mass spectrum of the exit gas during reduction
shows that carbon is removed as a hydrogenated species, possibly methane.
Residual carbon contamination in the surface below 10 at% cannot be removed
by hydrogenation, which is indicative of a graphitic deposit (see below).
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Changes in the surface concentrations of the promoter elements are also
dependent on the mode of reduction. Subsequent to wet reduction, potassium and
aluminum are destributed at the surface, while their concentrations are lowered
when dry hydrogen is used. Redispersion of aluminum occurred in samples of
both catalysts that had been reduced in dry hydrogen during ammonia synthesis.
The redispersion was complete within ca 30 hours of exposure to synthesis gas
mixture and did not occur when the samples were kept at 790 K in pure hydrogen.

It is interesting to note the large difference in potassium dispersion as indicated
by the iron-to-potassium ratios. Wet reduction seems to support the formation of
a potassium species which is dispersed over the surface of the catalyst.

In summary, quantitative results indicate a strong influence of the reduction
conditions on the composition of the resulting surface. The most abundant element
on the active surface is oxygen. Iron must be present in several different chemical
states, and a large fraction is present as elemental iron. A common observation is
the efficient removal of carbon contamination during reduction. There are indica-
tions of two types of carbon contaminants, each with a different chemical reactivity.

2.7.1.2. UPS Results

UV excited valence-band spectra (UPS) are not often used in the characteriz-
ation of real catalyst systems. In the present study they were measured for two
purposes. First, in a mixture of iron metal and iron oxide, UPS allows accurate
definition of the zero of the energy scale and the detection of charging phenomena.
In addition, the characteristic dependence of spectral features on excitation energy
permits the qualitative separation of the valence band features due to oxygen-
derived states from those of the iron 3d valence states. It is therefore possible to
follow the reduction process of the surface. In addition, these spectra can indicate
that there are no small molecules such as molecular oxygen, water, or carbon
monoxide on the activated surface, by the absence of characteristic “fingerprint”
patterns.

In Fig. 2.35, a set of He I (top) and He II (bottom) excited UPS data for a
reduction experiment inside the analysis chamber is shown. The He I spectra are
dominated by a feature at 6.5 eV and an additional structure around 10.8 eV. The
most significant change as reduction proceeds is the appearance of a new feature
at the Fermi level (compare the spectra after 1 h and 70 h). The formation of a
Fermi edge indicates that the chemical reaction produces a species of metallic
iron, even at the low partial pressure of hydrogen used in the reduction experiment.
A comparative experiment using an oxidized iron foil under the same reaction
conditions did not lead to the formation of an equivalent feature at the Fermi edge.

The main peak at 6.5 eV is composed of both oxygen 2p and iron 3d states,
which indicate the presence of iron-oxygen bonds. The peak at 10.8 eV arises from
the OH groups of chemisorbed water. This was established by drying a slurry of
magnetite in water, inside the UHV system. This assignment is also in agreement
with literature data of other hydroxide systems.

As indicated above, changes in the shape of the spectrum around the main
peak as the excitation energy is increased can be used to separate, qualitatively,
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UPS

Cat 1 prered

10-6 mbar H2
790 K

Figure 2.35. UPS data of an “in situ”
reduction experiment of catalyst 1 which
was prepared outside the spectrometer
and transferred in dry air. The spectrum
of the genuine precursor was very similar
to the top spectrum in the figure. The
top four spectra were taken with He I
excitation, the two bottom spectra with
He II excitation (analyzer in the FRR 4 12 10 be. 8 6 4 2 EF=0
and FAT 20 eV mode, respectively). 1 L 1

the oxygen and iron contributions to the valence band spectrum. This is illustrated
in Fig. 2.36 in which a data set obtained from an intermediate state of a high-pressure
reduction experiment is shown (see below). For comparison, the spectrum of clean,
polycrystalline iron, with its characteristic iron 3d band, is also shown. All spectra
have been normalized to a point at 12.2 eV, which is free from contributions due
to characteristic structures.

With increasing photon energy, the sharp structure of the oxygen 2p states
disappears and a double peak structure, which can be clearly seen in the bottom
traces of Fig. 2.35, becomes apparent. In Fig. 2.36, additional features can be seen
at ca 1.0eV and 3.0eV. These four structures arise mainly from iron 3d states,
which extend over a wide energy range in the partly covalent iron oxides. This is
in marked contrast to elemental iron, where they form a characteristic narrow
conduction band which contains the Fermi edge. This observed trend in the energy
dependence of the cross sections is consistent with the theoretical values of 4.83
and 8.75 for iron and 10.67 and 6.81 for oxygen when using excitation energies of
21.2 and 40.8 eV, respectively.*®

From comparison with data reported previously in the literature, the double
peak structure and the feature at ca 1 eV are indicative of ferrous ions (Fe®*), and
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Figure 2.36. Dependence of the valence band features of a partly reduced catalyst on the excitation
energy. This dependence is used to discriminate oxygen states from the iron 3d states (analyzer
mode FAT 10 eV for all spectra).

they occur both in the magnetite precursor and in the expected reduction intermedi-
ate, wustite (FeO). Ferric ions (Fe**) give rise to a single peak around 5.5eV.
Chemisorbed carbon monoxide gives rise in the He II spectra to two peaks at
7.6eV and 10.7eV (50/17 and 40, respectively). Having established a set of
fingerprint spectra for several relevant species which would normally be difficult
to obtain from XPS data, it was possible to follow the reduction of the oxide
precursors under the different conditions of activation. There was no significant
difference between the two types of catalyst used.

The unreduced surface of the catalyst used for the experiment described in
Fig. 2.35 contains iron only in the ferric state, indicating that the surface of bulk
magnetite is fully oxidized. Moreover, it contains a significant amount of chemisor-
bed water. The very low intensity of the spectrum within the first 2 eV is consistent
with the semiconductor nature of hematite. If the intensity scale is greatly expanded,
it can be seen that the spectrum begins exactly at the point of zero energy, as
determined by the palladium Fermi edge (indicated by the dashed line in the
figure). This is taken as proof that specimen charging had not occurred. Hence,
the binding energy scale established with metallic reference elements is also valid
for these catalyst samples.

After 20 hours of reduction at low hydrogen pressure, some of the iron had
been reduced to the divalent state, as indicated by a shoulder below 8 eV in the
He II spectrum. After 30 hours, the spectrum of ferrous ions had become dominant
in the data obtained using both He I and He II excitation. A significant intensity
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at the zero-energy point indicates a shift of part of the iron 3d intensity to zero
energy, which is characteristic of the formation of elemental iron. Further heating
in hydrogen removes all of the water and a large fraction of the oxygen, as shown
by a narrowing of the structure at 5.5eV. The step at the zero-energy point is
characteristic of elemental iron. This iron, however, is either present as small
particles below 10 nm in size or, alternatively, is contaminated by oxygen. These
two effects may explain the absence of the triangular conduction band feature
normally found in clean, bulk, elemental iron. In control experiments with a partly
oxidized iron foil, it was found that contaminated iron exhibits a very low cross
section for both He I and He II spectra. It is therefore difficult to estimate the
amount of zero-valent iron present in the catalyst surface. The majority of the
surface iron is, however, present in the form of ferrous ions.

In summary, observation of reduction in situ revealed that the hydroxylated
ferric surface of the precursor is converted into a largely ferrous surface, free of
water after a long induction period. Only a fraction of the surface iron is reduced
to an ill-defined metallic state. Neither a film of chemisorbed water nor other
molecular contaminants block the surface and prevent the reduction from proceed-
ing. This is in contrast to the kinetic studies described in Section 2.5, which deal
with the high-pressure reduction of iron oxides where, under identical conditions,
ferrous ions are more easily reduced than ferric ions.

The UPS data from surfaces reduced for 70 hours under high pressure are
compared in Fig. 2.37. Spectra of elemental iron and an unreduced oxide precursor
are also shown. No further changes in the patterns were observed following a
further period of 24 hours of additional exposure to hydrogen. These spectra,
which are significantly different to those of both the precursor and elemental iron,
appear to represent the catalyst surfaces in their final stage of reduction.

Reduction of the oxide using wet hydrogen results in a surface constitution
very similar to that obtained during the low-pressure reduction. The presence of
a critical concentration of water seems to cancel the effect of a partial pressure of
hydrogen which is nine orders of magnitude higher. Only a small amount of
elemental iron is present in the surface, but this is, however, very stable against
reoxidation. Neither storage in UHYV for 48 hours, not cooling to room temperature
and reheating to 790 K, caused any change in the spectrum.

In contrast, reduction under dry conditions results in the conversion of most
of the iron to the metallic state. The top spectrum in Fig. 2.37 shows clearly the
formation of the iron 3d conduction band in coexistence with some residual ferrous
ions. The main feature at ca 6 eV is at the same position as in the unreduced
sample. This result provides further evidence that the spectra are free from charging
effects. When a sample has become charged, inhomogeneities in the surface
potential arise from the coexistence of insulating patches and metallic particles,
and these should influence the peak positions of the insulating phase.

Spectra similar to the top trace in Fig. 2.37, showing the characteristic distortion
of the conduction band feature, were obtained after exposure of the iron foil to
2 L (L is the Langmuir unit, 1 L = 107° Torr sec) of oxygen at 300 K. The shoulder
around 4 eV is indicative of the presence of ferrous ions. These are not normally
formed in the initial phase of oxidation of elemental iron. The catalyst surface is
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Figure 2.37. Comparison of the
valence band spectra of differently
activated catalyst samples. The reac-
tions in static or flowing hydrogen
were carried out in a high-pressure
I attachment to the spectrometer
10 b.e.? lli 4 :12 EF=0 (eV) (analyzer mode FRR 4 and FAT
20 eV for the iron metal spectrum).
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thus composed of a large fraction of elemental iron and chemisorbed oxygen, with
a small fraction of ferrous iron oxide. The surface is unstable, and reoxidation
can occur during storage in UHV at room temperature, or during heating in UHV
to 790 K. This sensitivity was also found to be typical of clean elemental iron. The
chemisorbed oxygen and the presence of water on the catalyst surface may therefore
be an artefact of the sample transfer, which involved cooling to room temperature
and mechanical movement through a viton-sealed compartment.

Finally, the UPS results are compared with the valence band XPS data
presented in Fig. 2.38. These spectra are very weak and require accumulation times
of ca 10 hours, which may be compared to the UPS data which are available within
5 minutes. The spectra were obtained after 72 hours of reduction. The intensity at
the zero-energy point implies the presence of different amounts of elemental iron
in the two samples. This assignment is, however, not wholly unambiguous. Ferrous
ions exhibit a characteristic structure at a binding energy of 1eV (arrow in Fig.
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2.38) which may be mistaken for the top of the iron conduction band, taking
into account the poor resolution of nonmonochromated valence band XPS
(ca 1.0eV).

Both catalysts exhibit a broader iron 3d band than that of elemental iron. A
large fraction of the total valence band intensity arises from these iron 3d states
(cross section of Fe 3d 4.5 x 107* compared to O 2p with 5 x 107*). This reflects
the presence of covalently bonded iron compounds in the mixed surface of the
catalysts. The broad feature at 5.5eV in the top spectrum arises largely from
oxygen, since a similar structure with low intensity at the Fermi edge was found
for iron foil exposed to 8 L oxygen at room temperature. The shoulder around
10 eV, indicative of iron oxides, was not observed in the chemisorption experiment.

The XPS valence band data represent, in a less well resolved manner, the
same situation on the catalyst surfaces as the UPS data. The significantly different
degrees of reduction, which result from different levels of water and the presence
of nonreduced iron oxides in both samples, are the main characteristics of the
surfaces, which will subsequently be used as substrates for nitrogen chemisorption
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experiments. The UPS data also show that reduction proceeds via intermediate
ferrous ions, starting from a surface containing exclusively ferric.

2.7.1.3. Iron and Oxygen Core Levels

Core level spectroscopy of iron compounds is a prototype example, showing
the distortions of the frozen orbital model, which describes photoemission from
many bodies. The iron M transitions are governed by coupling of the core hole
with the unfilled d orbitals of the valence shell (multiplet splitting). The iron L
transitions are, in addition, strongly influenced by the large number of final states
with finite transition probability arising from the partly covalent character of the
iron-oxygen bond. The energy distribution of these shake-up satellites extends
over ca 15 eV and reduces the intensity of the main transition significantly. Instead
of a clearly resolved iron 2p spectrum, consisting essentially of two lines, a broad
intensity distribution over ca 30 eV is obtained with all iron oxide systems. The
strong variation in background, which can be seen in the inset of Fig. 2.6, further
complicates the evaluation of all spectral components.

The result of these spectroscopic problems, together with the notorious non-
stoichiometry of all iron oxides, is that the definition of reference data becomes
rather complicated, as has been illustrated in a recent review article.®”*® Combina-
tion of literature data with results from the UPS experiments allows an interpreta-
tion of the iron 2p 3/2 spectrum of the catalyst surfaces. During data analysis, the
background subtraction procedure influenced the interpretation to a major extent.
Linear backgrounds caused omission of part of the spectrum, which at no point
reached the base line between the two spin-orbit maxima (see raw data presented
in Fig. 2.41). Shirley-type stepped backgrounds overemphasized or created satellite
structures. A compromise was found by postulating a curved background, represen-
ted by an empirical polynomial function, the nonlinear coefficients of which were
kept constant throughout the analysis of all data.

The results of the in situ reduction experiments are summarized in Fig. 2.39.
The positions of the Fe 2p 3/2 maxima for different valencies are given as dotted
lines. Despite pronounced multibody effects, the literature values follow the general
rule of equidistant shifts for a change in valency (the oxidation of Fe 0 to Fe 2+
results in twice the shift which accompanies further oxidation of Fe 2+ to Fe 3+).

The reduction reaction starts from an entirely ferric surface (bottom spectrum
in Fig. 2.39). After a short time, a ferrous intermediate is present in addition to
the ferric main component. Subsequently, very little change occurs until, after
several additional hours of reduction, sudden step changes in both spectral shape
and intensity are observed (top spectrum in Fig. 2.39). These are caused by the
very rapid reduction of most of the oxide to zero-valent iron. The reduction process
causes the loss of the satellite structure, with the consequence that most of the
spectral intensity is concentrated into the main transition. This accounts for the
apparent increase in total integrated spectral intensity.

These results demonstrate a gradual interconversion of the starting oxide into
a ferrous intermediate, followed by total reduction which is qualitatively consistent
with the UPS observations. The time scales of the chemical events in both spectros-
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copies are, however, vastly different owing to the different sampling depths of the
two methods. XPS probes a significant depth into the sample with only a relatively
minor contribution from the surface. A steady state derived from various reversible
reactions is reached in the near-surface (“XPS”) zone within a few hours. Reduction
within the deeper volume elements of the catalyst requires permanent diffusion of
water through to the surface. This bulk reduction cannot be investigated by XPS,
though it does interfere with the establishment of a steady-state surface composi-
tion. Only when the bulk reduction is complete does the surface region probed by
UPS reach the steady state. The distribution of iron valencies which correspond
to this steady state is determined by the reduction conditions (see Section 2.8).

The results of reductions at high pressure are compared with the spectrum of
elemental iron in Fig. 2.40. The spectrum of elemental iron (bottom in Fig. 2.40)
is characterized by a single asymmetric line, typical of metallic elements. The weak
structure at 711 eV is attributed to a satellite, since the presence of possible oxide
contamination is excluded by both the corresponding UPS data and the absence
of an oxygen Auger line (see inset in Fig. 2.40).
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Spectra from surfaces prepared under dry reduction conditions are dominated
by the peak for elemental iron. They all, however, showed a shoulder at 710 eV,
characteristic of the presence of unreduced material in, presumably, both ferrous
and ferric oxidation states. The position and linewidth of the zero-valent iron peak
are different from those of iron foil. A shift of 0.2-0.3 eV to higher binding energy
was typical as well as a broader linewidth (2.2 ¢V for ion foil and ca 3.0eV for
the catalyst). There was no detectable relaxation shift in the iron spectrum.
Therefore, the possibility of small-particle effects seems unlikely. The presence of
large concentrations of local defects, in addition to possible spectroscopic effects
of local variations in the position of the Fermi level, offer plausible explanations
for the differences in spectral parameters.

Under wet reduction conditions, the amount of zero-valent iron is much
smaller than after dry reduction, which is in agreement with the UPS data. The
peak maximum for the oxidized species lying between the typical binding energies
of ferrous and ferric iron is not indicative of a special chemical state. This arises
from a superposition of two asymmetric subspectra, each centered at the typical
ferrous and ferric positions. Comparison of the sample spectrum with the spectrum
of magnetite shows that the amount of ferrous ions in the catalyst is much larger
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than in magnetite itself, as expected from the quantitative data (see Table 2.1).
Attempts to deconvolute the spectrum by subtraction of a reference spectrum of
unreduced magnetite or wustite were not successful, leaving behind only distorted
residual intensity distributions. A modification of the satellite structure of the
oxides is therefore assumed to cause these features either by the presence of
promoter elements (ternary oxides), or by the intergrowth of the zero-valent iron
into the oxide matrix. In either case, reduction resulted in a modification of the
chemical nature of the residual iron oxide and the final spectrum is not simply a
superposition of unreduced starting material and reduced iron.

The position of the zero-valent iron is shifted by the same value in both types
of catalyst surfaces, irrespective of the amount of oxide present. This observation
renders unlikely any influence caused by local variations of the Fermi level on the
spectra. It is assumed that in both reduction processes the same type of defective
zero-valent iron is formed. Such an analysis is in agreement with the bulk analytical
results from XRD, EXAFS, and Mossbauer spectroscopy which were described
above.

In Fig. 2.41, a raw data set from a wet reduction experiment is shown. The
catalyst had, however, been stored in air for several years before it was used.
Segregation of potassium compounds had led to a color change from black to
gray. The reduction was carried out on such a gray surface, cut from the catalyst
lump using a diamond saw. The left-hand side of Fig. 2.41 shows iron 2p data
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N ,_/_/ , | I'\, I FeOq20
II
/\ "1y
E A LR N 660 K
\\_'_‘x___// III'||. Lﬁ“ FQOZ{.‘L
I\
\
Fex0, ‘I"-. \.
X, 300 K
™~  FeO367
730 720 710 Rindites ey) 534 530
L1 1 4y bindingenergylev) vt 7T

Figure 2.41. Raw data of core level spectra of an activation experiment of catalyst 2 in static
hydrogen. The compositions were derived from integration of the Fe 2p and O 1s core level
spectra. No significant difference in the Fe: O ratios was obtained if the Fe 3p core level spectra
were used indicating a largely correct background subtraction (analyzer mode FAT 50 eV).
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obtained after keeping the catalyst for 24 h at the indicated temperatures, under
1 bar of hydrogen. The bottom trace is typical of a totally oxidized ferric surface
of the catalyst precursor. The sharp line as 711.4 eV and the satellite structure at
ca 719 eV indicate the presence of hematite as the surface species. The Fe: O ratio
of 1:2.67 is much larger than would be expected for bulk hematite, which has a
Fe:O ratio of 1:1.5. The excess oxygen is present as surface hydroxyl groups,
which give rise to the shoulder at 531.9 eV in the corresponding oxygen 1s spectrum
(at the right-hand side of Fig. 2.41). Chemisorbed molecular water would give rise
to a peak at ca 533 eV, which had been observed previously on freshly introduced
samples of prereduced catalysts (not discussed here).

Heating to 66 K in hydrogen resulted in reduction of the surface hematite to
magnetite, as indicated by the appearance of spectral intensity below 710 eV (typical
for ferrous iron) and the shift of the satellite structure closer to the main Fe 2p 3/2
structure (intensity around 715 eV). This reduction did not result in the loss of the
surface hydroxyl groups, as indicated by the large excess of oxygen (Fe:O ratio
for bulk magnetite 1:1.33, observed ratio 1:2.44). The presence of surface hydrogen
groups can also be deduced from the still strongly asymmetric oxygen 1s line
profile. The shift of the apparent maximum in the oxygen 1s spectrum is caused
by the high dispersion of the oxidic potassium promoter (see below).

Reduction at 790 K finally led to the formation of zero-valent iron, as indicated
by the shoulder below 707 eV. The close similarity between this spectrum and the
one shown in Fig. 2.40 is a measure of the reproducibility of spectral features
under the same reduction conditions. Here, the Fe:O ratio of 1:1.2 is slightly
below the value for bulk magnetite, namely, 1:1.33. The observation that the
oxygen 1s spectrum is less asymmetric and the loss of spectral intensity above
532 eV indicate that a large amount of hydrogen-bridged surface hydroxyl groups
(with chemical shifts more similar to those of water) has now disappeared. Only
isolated hydroxyls (with shifts more similar to main group element oxides) and
oxide anions, a large fraction of which may be coordinated to the cationic pro-
moters, potassium and aluminum, still remain. This could account for the high
binding energy of the center of gravity of the oxygen 1s line which lies at a value
of 530.4 eV, larger than that of oxygen in pure iron oxides, with typical binding
energies in the range 529.7-530.0 eV. The unchanged position of the oxygen 1s
maximum, before and after reduction to a partly metallic surface, is further evidence
for the absence of surface charging in this system.

In summary, the iron core level data have shown that different methods of
reduction result in different completeness of conversion to zero-valent iron, in
agreement with the more surface-sensitive UPS data. The residual oxide, which
was present in all cases investigated, is a mixed ferrous and ferric oxide with a
different chemical identity to the precursor magnetite, i.e., the oxidic residue is
modified chemically during the reduction procedure and is therefore not merely
a simple residue of unreduced starting material. After reduction, the spectral
parameters of the zero-valent iron are slightly different to bulk iron foil and it is
assumed that the iron is present as large particles (above 10 nm diameter) but with
disordered surfaces. All activated catalyst surfaces contain zero-valent iron, and
also significant levels of iron bound to oxygen.
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After reduction, the oxygen 1s spectra are dominated by species bound to
main group elements. The possibility cannot be excluded, however, that, in addition
to the expected cations of the promoter elements, there may also be some isolated
hydroxyl groups present on the activated catalyst surfaces.

2.7.1.4. Promoters and Impurities

This section will concentrate on a few effects which can be characterized as
typical, although large nonsystematic variations in the distribution of both the
promoters and the carbon impurity have been observed throughout this study.
Typical spectra are summarized in Fig. 2.41. The calcium 2p spectra shown on the
left-hand side of the figure indicate some of the chemical changes that can be
observed in the structural promoter calcium oxide. The shift of the spectrum,
relative to the position of a thin layer of CaO supported on graphite (no charging),
indicates either differential charging of large crystals of CaO relative to the catalyst
surface, or a high dispersion of the calcium giving rise to relaxation shifts. Because
of the observed low total abundance of calcium at the surface (see Table 2.1) and
the absence of any detectable relaxation shift, differential charging is assumed to
cause the shift, which is too large to be explained by a chemical shift of the closed
shell cation Ca®*. The changes in the line shapes during catalyst treatment at 660 K
indicate the transformation of calcium hydroxide and calcium carbonate present
as surface compounds into a single chemical species calcium oxide. This “cleaning”
is associated with a change in differential charging.

The broadening of the spectrum upon treatment at 790 K is similar to observa-
tions made when calcium carbonate single crystals are subject to argon ion bom-
bardment. The “defects” induced in the calcium oxide component of the catalyst
cannot be caused by an initial reduction of the oxide, because calcium oxide is
stable to hydrogen at 790 K. The “‘defects”” may be indicative of the formation of
a ternary calcium iron oxide since there is no observed increase in the dispersion
of calcium, which would be associated with a disintegration of the CaO crystals.
It should be pointed out that the other structural promoter element, aluminum,
exhibits the same spectral changes in its Al2s emission. The dispersion of the
alumina increases, however, with reduction of the catalyst, particularly when the
wet reduction method is applied (see Table 2.1).

The spectra of the electronic promoter, potassium, indicate different changes
during reduction to those of the structural promoters (see central part of Fig. 2.42).
The observed binding energy of 293.6 eV agrees well with previous observations
of potassium oxide in iron oxide catalysts.*® This binding energy does not change
upon reduction, i.e., the oxidic potassium is not reduced to the metallic state and
this behavior was found with all of the samples investigated. The promoting action
of potassium in these catalysts therefore cannot be associated with a metallic state.
The spectra also show that the dispersion increases while reduction proceeds, but
only when the wet activation method is applied. On dry reduction, the potassium
compound appears to agglomerate. This is associated with a shift of the potassium
2p line to 293.8 eV, which has been found to be characteristic of pure bulk potassium
hydroxide in the absence of electrostatic charging.®®®’® The spectra at 300 K and
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Figure 2.42. Typical core level spectra of promoter and impurity elements. The sample was the
same as that used for the spectra of Fig. 2.41 (analyzer mode FAT 50 eV).

at 660 K show some tailing to higher binding energy (poor separation of the
spin-orbit doublet), which was more pronounced for the sample that exhibited
visual segregation of the potassium compounds. This is assumed to be caused by
differential charging of some large crystals of insulating potassium oxide. As
dispersion increases and large particles disintegrate, differential charging disap-
pears and the spectrum becomes sharper.

The spectra of the main impurity, carbon, are displayed on the right-hand
side of Fig. 2.42. The low intensity, compared to the potassium spectra, is caused
by the fourfold smaller cross section for carbon 1s emission relative to potassium
2p emission. At room temperature, carbon is present in two forms: as organic
carbon, CH, (peak at 285eV), and as carbonate carbon, bound to the alkaline
surface of the calcium and potassium compounds (peak at 289.8 eV). The spectral
intensity lying between the two peaks indicates the presence of oxygenated carbon
compounds. Reduction in wet hydrogen at 660 K always results in segregation of
the carbon to the surface. However, reduction in dry hydrogen at 660 K caused
removal of ca 30% of the total carbon present. As shown in Fig. 2.42, the carbonate
species disappears completely upon heating to 660 K. The wet atmosphere seems
to act as an oxidizing agent, producing a large amount of C—O—H fragments,
as indicated by the increase in intensity around 286.5 eV.

The carbon spectrum at 790 K is an example of the ability of the catalyst to
purify itself. Under these conditions, the carbon compounds are present as ele-
mental carbon with a graphitic valence structure. The wide peak at 284.8 eV and
a change in the line shape of the C KVV Auger transition (not shown here) indicate
a transformation of the graphitic structure to a type of carbon which is susceptible
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to potassium-catalyzed steam gasification. Owing to the comparatively low con-
centration of the oxidizing agent, water, the process is slow enough to allow
observation of the reaction intermediates C—O—K (intensity at 286.5 eV) and
C—O0—O0 (peak at 288 eV)."""» In dry hydrogen only the graphitic line appears,
an indication that in this case the purification proceeds via methanation of carbon
rather than via oxidation.

2.7.2. Nitrogen Chemisorption Experiments

The purpose of these experiments is to compare the chemisorption process
of nitrogen on the model Fe(111) surface®>**’® with that on the reduced surfaces
of technical catalysts which have been characterized in the previous sections.

From various surface science experiments it is known that nitrogen chemisorp-
tion produces three different species, the relative populations of which depend on
the substrate temperature.

At 80 K, a species of molecular nitrogen bonded with the molecular axis
perpendicular to the surface (y-state) is dominant, having an XPS pattern of two
peaks at 406 eV and 401 eV. At 100 K, most of the y-state desorbs, while some
nitrogen is converted into a second molecular species with the molecular axis
oriented parallel to the surface (a-state). The species in the a-state exhibits a N 1s
binding energy of 399 eV with some weak intensity at higher binding energy. This
state is thought to be the immediate precursor to the dissociation of molecular
nitrogen which occurs above 120 K, and which leads to the third species of nitrogen
( B-state) characterized by a single nitrogen 1s peak at 397 eV.

In Fig. 2.43 the nitrogen 1s spectra of a surface of catalyst 1 activated under
dry conditions is shown after exposure to an ambient pressure of nitrogen of
1077 mbar at 85 K (bottom trace), after evacuation and subsequent warming to
120 K (central trace), and after further warming to 150 K (top trace).

The arrows denote the peak positions of the y-, a-, and B-states on Fe(111
The y-state on the technical catalyst exhibits a higher binding energy than on the
single crystal. The intensity ratio between main line (402.8 eV) and satellite
(407.8 eV) is the same on the two surfaces, as is the splitting of 5.0 eV. The intensity
ratio and the asymmetric line shape of the satellite were found to be independent
of both the partial pressure of nitrogen and the surface coverage with nitrogen,
which rules out the possibility that several different adsorption states contribute
to the formation of these lines.

The more strongly bound species exhibit the same binding energy on both
the catalyst and the model surfaces. These binding energies were found to be
independent of both the amount of nitrogen adsorbed and of the method of
activation or the type of catalyst used.

The total amount of adsorbed nitrogen was determined by integration of the
characteristic peaks. The maximum coverage of nitrogen (ca 1.5 at%) relative to
the total XPS sampling depth corresponded to rather less than 0.1 monolayers; it
was achieved with the y-state. The a- and B-states were, at the most, about half
as abundant as the y-state based on the assumption of equal cross sections for all
three states.

)-(55)
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The chemisorption behavior of nitrogen on catalyst surfaces reduced with the
wet activation method was typically different from that shown in Fig. 2.43. In Fig.
2.44 the nitrogen spectrum of a surface exposed to 10”7 mbar nitrogen at 95 K is
compared with that after evacuation. The bottom trace represents a typical clean
background. The curved baseline is not the result of the presence of some nitrogen
species, since it does not change with excitation energy. The dashed lines show
the positions for the three nitrogen species found on the same type of catalyst
activated under dry conditions.

The middle spectrum shows the combination of a large amount of “normal”
a-state (sharp line at 399.4 eV) with the nitrogen species exhibiting a very broad
spectrum. The structure at the low binding energy part of the spectrum (at 407 eV)
is reminiscent of the satellite line of the y-state. Evacuation of nitrogen from the
UHYV system to a pressure of 2 X 107'° mbar removes the broad feature completely,
while the peak at 407 eV persists. The loss in intensity of the a-state is not caused
by pumping, but results from either the long irradiation time (8 h) required for
the accumulation of the spectrum, or from the slow coadsorption of contaminants
which were found to replace chemisorbed nitrogen. When the surface containing
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Figure 2.44. Nitrogen 1s spectra of an activated surface of catalyst 2 held in an atmosphere of
nitrogen at 95 K. The spectral differences to the data shown in Fig. 2.43 arise from the different
activation procedure rather than from the different catalyst sample (analyzer model FAT 200 eV).

the adsorbed states present in the middle spectrum of Fig. 2.44 was warmed to
150 K immediately after evacuation, the normal spectrum of the B-state at 397 eV
was obtained.

Nitrogen adsorbed onto the catalyst surfaces in the B-state is a stable species,
as demonstrated by the fact that the temperature can be raised to 300 K without
any change in the spectrum. This species can also be obtained by exposure of the
reduced surface at 300 K to one atmosphere pressure of nitrogen for one hour.
No B-nitrogen was found when unreduced samples were used, or when the reduced
samples were exposed to air rather than to pure nitrogen.

Several attempts were made to observe the formation of ammonia in situ. At
300K and at a maximum partial pressure of 107° mbar hydrogen, no reaction
could be observed. When samples were heated either in UHV or in hydrogen, the
nitrogen spectrum was lost at temperatures above ca 400 K with the exact tem-
perature depending on the sample. It turned out that this was not due to desorption
of nitrogen since there was no TDS signal, nor was it the consequence of ammonia
formation followed by desorption, since no effect of hydrogen was observed, and
no signal derived from ammonia in the mass spectrum was detected. It was found
that activated catalysts could absorb some nitrogen into the bulk, which is similar
to the known solubility of small amounts of nitrogen in single crystals of iron.*
A catalyst sample activated by the dry method was saturated at one atmosphere
pressure with nitrogen at 700 K for 36 hours, after which the surface was found
to be severely oxidized and could not adsorb additional nitrogen. Subsequent
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treatment with hydrogen at 1bar pressure produced a surface similar to those
obtained with the wet reduction method, with a low dispersion of promoters (K
3 at%, Ca 2 at%, Al 3 at%).

Nitrogen was chemisorbed by this surface in the same manner as was demon-
strated in Fig. 2.43. It was possible to preserve the spectrum of B-nitrogen up to
temperatures of 680 K, after which a gradual loss in intensity occurred. With this
catalyst sample, the effect of hydrogen on nitrogen in the 3-state was observed in
the experiment shown in Fig. 2.45, and described as follows. The sample surface
was exposed to 1 bar nitrogen at 250 K for 1 h. The resulting nitrogen 1s spectrum
measured at 80 K in UHV is shown in the top trace of Fig. 2.45. A strong peak at
397 eV indicates the presences of B-atomic nitrogen. The broad structure around
407 eV is though to represent molecular nitrogen, although its spectrum is different
from the standard vy-state. The low-energy peak of the y-state spectrum is situated
between the two prominent structures. After accumulation of data, the sample was
heated at a rate of 3 degs™' in the presence of 107® mbar hydrogen to 750 K, held
for 1 min, quenched to 80 K, and the gas phase subsequently pumped away. As
seen in the bottom trace of Fig. 2.43, the peak corresponding to molecular nitrogen
has disappeared and the peak at 397 eV has shifted to 399 eV. This binding energy
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Figure 2.45. Nitrogen 1s spectra of a hydrogenation experiment of an activated surface of catalyst
2 saturated with nitrogen and precovered with atomic nitrogen (top trace) (analyzer mode FAT
200 eV).
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is typical for either a-nitrogen or partially hydrogenated nitrogen. Since this shift
occurs only in the presence of hydrogen, the spectrum is ascribed to hydrogenated
atomic nitrogen species such as N—H and N—H,. This experiment demonstrates
that hydrogenated nitrogen species can be obtained on technical catalyst surfaces
by the reaction of B-nitrogen with hydrogen at ca 700 K.

2.8. DISCUSSION OF THE SURFACE ANALYSIS RESULTS
2.8.1. The Catalyst Surface

Only few descriptions of the surface constitution of technical ammonia syn-
thesis catalysts can be found in the literature.'>''*> An extensive investigation of
such a catalyst, similar to one of the samples used in this study, was carried out
by Ertl and Thiele"® who employed a similar activation process to the dry method
used in the present investigation. Although there is good general agreement between
the two studies, some differences will be discussed.

First, the authors stated that the reduced catalyst surface contained only
zero-valent iron. This is based on the analysis of the raw data from the Fe 2p 3/2
spectra. It has been found, however, that it is impossible to identify small levels
of oxidized iron in the presence of a large fraction of metallic iron. This is due to
the wide distribution of intensity for iron compounds caused by their satellite
structure. It is therefore believed that the catalyst described in Ref. 19 contained
a similar fraction of iron oxide to the present samples activated with the dry method
(see Fig. 2.40). This is in line with the expectation that the presence of the
spinel-forming aluminum oxide prevents complete reduction. It should be pointed
out that Mossbauer spectroscopy, thermogravimetric reduction, and energy disper-
sive X-ray analysis all showed a small fraction of oxidized iron to be present within
the bulk of fully reduced samples.

Second, the authors describe, without interpretation, spectral changes in the
oxygen 1s line similar to the present observations exemplified in Fig. 2.41. The
loss in intensity of the high-energy peak during reduction must be assigned to the
loss of structural water. The fact that the peak is not present in prereduced samples
shows that the water is not simply a superficial film of moisture from the air. It
indicates, together with the total oxidation of the surface iron, that the catalyst is
not completely stable to air after its final high-temperature calcination. Instead, it
builds up a finite content of ferric oxyhydroxides, the decomposition of which
during activation causes the loss of the water peak. This is considered to be an
important step in the sequence of events leading to the reduced catalyst (see below).

Third, in both studies significant amounts of surface carbon impurities have
been observed. Ertl and Thiele attributed the presence of the carbon to contamina-
tion, which occurred during handling of the samples. Analysis of the carbon 1s
spectra in the present samples led to the conclusion that at least some of the carbon
is an intrinsic impurity of the iron compounds. On the other hand, the carbonate
species found in the catalyst precursor is attributed to uptake of carbon dioxide
by the alkaline promoter phases during storage of the catalyst. Therefore, the
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carbon content was included in the elemental analysis of the surface. The detri-
mental carbon contamination is removed either by methanation (dry activation)
or gasification (wet activation). This ability of the ammonia synthesis catalyst to
purify itself from residual carbon is seen as one of the reasons for the high final
activity of iron, when derived from a multiply promoted precursor oxide, relative
to iron derived from pure oxides, which is much less active for ammonia synthesis
(see Fig. 2.1). Similarly, iron single crystals do not have this self-purification
mechanism and need to be cleaned carefully before they become catalytically active.

It should be mentioned that the present samples did not contain any significant
amounts of chlorine or sodium at the surface, unlike those studied by Ertl and
Thiele. During their temperature programmed desorption experiments, the presence
of chlorides could be observed as bulk impurities. This, and the higher dispersion
of the promoters on the catalyst sample used by Ertl and Thiele, suggest that their
sample was stored in air for a long time prior to analysis, giving rise to extensive
segregation of promoters to the surface. This was also characteristic of one of the
samples in the present study.

In a subsequent study, Ertl ef al. reported on the overall surface composition
of a reduced catalyst which had a bulk composition similar to catalyst 1 in the
present study. The surface composition of the two samples is, however, vastly
different. In particular, the iron content is lower than the iron content of the present
sample, in the unreduced state. The levels of potassium and aluminum are, on the
other hand, much larger. It was pointed out that the surface composition as
determined was consistent with earlier chemisorption experiments, and led to the
conclusion that ca 40% of the accessible surface should be covered with potassium
oxide. If the potassium and aluminum oxides were indeed present, as suggested,
in the form of surface films, then the bulk of the catalyst would consist pre-
dominantly of metallic iron. If a sampling depth of 2-4 nm for XPS is assumed,
then the analysis presented in Ref. 19 would represent a catalyst which is largely
covered by a multilayer of promoter oxides. Consequently, a very much smaller
fraction than 60% of the surface would consist of free iron. In accordance with
the SEM and Auger map images the activation procedure of Ertl et al'? led to
a surface of elemental iron, which is covered almost entirely by a layer of promoter
oxides that contain occasional crystals of embedded ternary oxides.

The catalyst surfaces of the study under discussion present ca 5 times more
metallic iron to the gas phase than the surfaces studied by Ertl et al. The total
abundance of the promoter cations is, on the other hand, only 25% of the level
contained in the catalyst described in Ref. 19. The catalysts in the present study
are therefore much less segregated, taking into account the very similar bulk
composition of the starting materials, and they also contain much more iron in an
oxidized form.

2.8.2. Generation and Constitution of the Catalyst Surface

In the following section, a picture will be derived of the active catalyst from
the results of the present study in addition to results described earlier in the chapter.
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The surface of the unreduced catalyst consists of a mixture of basic ferric
oxide (“FeOOH”) with aluminum oxide and the basic carbonates of potassium
and calcium. The constitution of this layer is considered to be similar to rust, since
it is the product of the reaction of magnetite with air during catalyst storage. This
layer is seen in the intergranular spaces and is also present in the cracks between
the polycrystalline particles.

The first step in the reduction process, after removal of a layer of chemisorbed
water at ca 400 K, is the dehydration and partial reduction of the rust layer. This
leads to the formation of a surface containing ferric and ferrous ions, together
with structural promoters in the form of pure binary oxides which are dissolved
in spinel structures. This step also opens up some of the cracks and pores.
Eventually, wustite which initially could not be found on any of the outer
surfaces is reduced to iron, and this further increases the voids between the
magnetite particles. This step of widening of the cracks and defects, which can
be seen only indirectly by photoelectron spectroscopy (e.g., by the induction
period found in the UPS experiments), is crucial for the subsequent reduction of
the bulk magnetite. This is because it is known that the reduction occurs only
along such defects, which provide the sites for heterogeneous nucleation of
metallic iron. This led to the core and shell model of activation described in
Section 2.5.

According to this model, the proportion of the sample accessible by photo-
emission should be reduced to metal within a short period of time, i.e., UPS should
detect metallic iron shortly after the surface has reached the reaction temperature
of ca 700 K. This was not observed. Instead, the gas-solid interface only becomes
metallic after reduction in the bulk of the sample has terminated. The core level
data, on the other hand, showed the expected behavior, with an early formation
of iron metal nuclei and subsequent growth to form particles large enough to
exhibit the spectral parameters of bulk iron. It is therefore concluded that the
reduction process produces two interfaces: the one, an outer gas-solid interface
which remains in the magnetite form until the reaction on the other, an inner
metal-metal oxide interface, is completed. For catalytic activity, only the gas-solid
interface is relevant. The catalyst therefore only becomes active if the whole of
the bulk is converted from oxide to metal, although the majority of the material
is still not involved in catalysis.

In each of the cases examined, the reduction process was not stoichiometric.
This is in accordance with bulk observations by Mdssbauer spectroscopy and other
techniques. It should be pointed out, however, that the amount of oxidic iron is
small compared to the dominant a-iron phase, which constitutes the bulk of the
catalyst. The XPS parameters of this iron are close to those of bulk iron and
provide no evidence for a small, cluster-like structure. In the case of the surface
iron metal, there is no indication of the significant deviation from the average
coordination number of 8, which was recently suggested in an EXAFS investiga-
tion.“® Although XPS spectra on iron are not particularly sensitive to coordination
numbers the loss of ca 4 nearest neighbors should cause large alterations of both
core hole screening and relaxation effects. These have been demonstrated to exist
in the case of monolayers of metals. The slight shift to higher energy of the core
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level positions, and the distorted iron conduction band, however, point to a
nonperfect structure of bulk iron as is also reflected in the X-ray diffraction line
broadening.

The nature of the unreduced iron is difficult to deduce from the spectra; the
complex shape of the ionic part of the iron core level emissions results from a
superposition of that of ferrous and ferric iron in relative amounts different to
those found in magnetite itself. From an inspection of the iron oxygen phase
diagram it emerges that a binary solid solution of oxygen in ferrous oxide, ‘‘wustite,”
cannot exist at reaction temperature. The presence of ferrous ions therefore suggests
spinel type structures, with aluminum present as additional cations. Potassium-iron
oxides are only known to exist with ferric ions. A mixture of such ternary oxides
has already been suggested to exist as an amorphous phase at the grain boundaries
of the iron particles. The presence of such grain boundary oxidic impurities are
common in the reduction of magnetite ores with hydrogen or CO.

In summary, the activated catalyst may be described in light of the photo-
emission analysis as follows. The main constituent, iron metal, is present in the
form of particles larger than ca 10 nm. The arrangement reflects the distribution
of nucleation sites, which are performed by the defect structure of the starting
magnetite. The mixture of ternary oxides separates as a continuous layer from the
individual particles, and prevents the growth of large well-ordered iron. This seems
to exhibit a low concentration of active sites, in comparison to the defective primary
iron obtained after reduction. The recrystallization would occur as Ostwald ripen-
ing, driven by the defect energy stored in the primary particles, and the conditions
for ammonia synthesis provide the activation energy. The oxide layer may be of
varying thickness according to the completeness of reduction. It remains after
hydrogen treatment as an essential ingredient, due to the presence of spinel-forming
promoter oxides. It provides anchor sites for the fixation of patches of the potassium
oxide promoter, which need to be present at the active surface.

The oxide-layer network is present essentially in the bulk of the catalyst. The
significant amount of surface iron oxides found in some samples of the present
study can be attributed in part to a thick layer (=incomplete reduction) of network
oxides and must be ascribed in part to individual segregated oxide crystals. These
segregates, which have been identified by electron microscopy as well as by
differential charging in the XPS (see, e.g., Fig. 2.42), may be binary or ternary
oxides. Whatever their structure, they play the role of spectator species, which
have been formed as an undesirable consequence of an inappropriate choice of
reduction conditions.

Such a complex picture of the catalyst cannot be derived from electron
spectroscopy alone. It has been confirmed fully in a microstructural investigation
and is presented here since it can account for all the spectroscopic observations.
It explains, in particular, that the incomplete reduction of the surface is not a
failure of the experimental technique, but rather reflects an essential component
of the catalyst. It may be noted that the suggested mode of operation of the
structural promoters offers a chemically realistic alternative to the phenomena
discussed in the literature, such as paracrystallinity,"'> monolayer formation of
binary promoter oxides,"” and surface roughening agent."?
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2.8.3. Nitrogen Chemisorption Experiments

These experiments were carried out on the activated catalyst, providing a
substrate of patches of rough metallic iron embedded in a network of iron-
containing oxides and in the presence of a dispersed potassium-oxygen species.
In comparison with the Fe(111) data, good agreement of the results on model and
realistic surface can be observed.

Chemisorption of nitrogen is a three-step process on both surfaces. The
similarity of the N 1s core level spectra allows the conclusion that the same types
of weakly held molecular species, a strongly held molecular precursor, and the
dissociated atomic state all result from nitrogen exposure. The fact that the
transitions between the three species occur on both surfaces at very similar tem-
peratures indicates also that the energetics of nitrogen interaction on Fe(111) and
the catalyst are very similar. The results further rule out any influence of “‘impurity”
species, such as carbon or oxygen, on the energies of interaction between nitrogen
and the two surfaces.

The exact correspondence of the spectroscopic parameters of the a- and
B-states on the two surfaces permits the conclusion that the strongly held species
interact locally with their adsorption sites. These sites are of the same nature on
both surfaces (iron metal C-7 sites) and are unaffected in their electronic properties
by either potassium or oxygen. The number of these sites per unit area of surface
may be different on the two types of surface. The total coverage of all of the surface
with nitrogen in the a- and B-states, at temperatures between 100 K and 150 K,
was ca 0.6 at%, irrespective of the amount of metallic iron present, as indicated
by the height of the Fermi edge. This implies that only a small fraction of the
available iron metal sites are of the appropriate type, and that the ratio of useful
sites relative to the total iron sites is improved by the presence of large amounts
of surface oxides. In other words, very high degrees of reduction are not favorable
for highly active catalysts. This degree of reduction is controlled, inter alia, by the
partial pressure of water present at the catalyst grain. This could be one reason
for the crucial effect of the water content and the flow pattern of the reducing
gases on the final performance of the catalyst.

In all cases studied, the fractional surface coverage by nitrogen was below
0.2 and thus comparable to that of the Fe(111) surface which has been estimated
to be ca 0.2. Such a low coverage of a poorly electron-emitting adsorbate, on a
polycrystalline powder substrate, causes intensity problems associated with the
data acquisition. In order to obtain useful data, the energy analyzer had to be
operated in such a mode where the line shape of the peaks was determined by the
transfer function of the analyzer, and not by the natural linewidth. This accounts
for the larger linewidths (ca 2.4 eV, see Fig. 2.45) found for nitrogen on the catalyst
surfaces, when compared to the single crystal work (line width ca 1.8 eV).

The interaction between the weakly held nitrogen and the surface seems to
be different for the two surfaces. It was possible to prepare a catalyst surface
covered only with y-nitrogen (Fig. 2.43). The binding energies of the two resulting
lines are 4.2-8 eV, ca 1.5eV higher than that reported for the Fe(111) surface
(401.2 eV and 405.9 eV). The splitting of the two lines in both spectra is 4.7 eV,
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which is slightly larger than the prediction from the theoretical model (4.0 eV).>
The line shapes and intensity ratios are also similar in the two spectra. In contrast
to nitrogen-covered Fe(111) surfaces, which can be prepared at higher tem-
peratures, free from any y-nitrogen, the catalyst surfaces all showed some y-
nitrogen at temperatures up to 250 K. y-Nitrogen can be distinguished from
physisorbed nitrogen by evacuation of the gas phase. Physisorbed nitrogen (all
adsorbed species held with a lower energy of interaction than that of y-nitrogen
will be referred to as physisorbed) can be removed by this treatment (see Fig.
2.44), whereas y-nitrogen persists. These physisorbed species exist in large quan-
tities on surfaces with a low degree of reduction and with high dispersion of
potassium oxide. None of these species was observed on either clean or potassium-
precovered single-crystal surfaces. It was found, however, that potassium pre-
coverage enhances the sticking coefficient of the a-species, shifts the desorption
temperature of molecular nitrogen up to ca 225 K (population of the «-2 state),
and causes significant broadening of the whole TDS pattern. These observations
are reflected by the large fraction of a-nitrogen on surfaces rich in potassium, and
by the persistence of molecular nitrogen at temperatures up to 250 K (see Fig. 2.45).

2.8.4. The Promoter Effect of Potassium

The nature of the potassium promoter will now be discussed.>’*® It is clear
that potassium is present on the catalyst only in the oxide state. No metallic
potassium is formed during the activation stage, during which the dispersion of
the potassium oxide is increased markedly (see Fig. 2.42, which shows an increase
in intensity and the loss of broadening due to differential charging). These findings
render the suggested mechanism of the formation of potassium hydroxide as the
active phase formed via hydrolysis of potassium amide® to be unlikely, since it
requires the intermediate presence of metallic potassium.

The K 2p 3/2 binding energy at 293.6 eV relative to the Fermi edge of metallic
iron is larger than it would be for hydrated potassium hydroxide (ca 293.0 eV).©*7
This shift, which is not caused by differential charging (no dispersion dependence,
no dependence on instrumental settings), was also observed in other catalyst
systems which contained potassium as the active promoter.®>’” Analysis of the
O 1s line shapes excludes the presence of species with oxidation states higher than
—2, which could be present in cluster-type potassium oxides, involving peroxy
oxygen species.”® A possible structure for the promoter may be isolated K—O
groups, attached via the oxygen atom to the iron surface. Such a species would
experience a highly asymmetric Coulomb field, which would account for the shift
in binding energy relative to bulk potassium oxide/hydroxide (Madelung shift).
A small amount of these groups, which are known to exist on carbon during
gasification,”'"™» would be sufficient for the effect of promotion, and they would
not cover all of the active iron with a two-dimensional film. The large islands of
potassium seen in the SAM images and also predicted from previous XPS data
block the active surface. They may therefore be spectator species, in the same
manner as suggested in the case of the structural promoters.
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It is noted that Ertl and Thiele found a binding energy of 294.5 eV for potassium
in the unreduced catalyst and observed no change after reduction. This behavior
has also been reproduced in the reduction experiments under dry conditions, which
did not lead to an increase in dispersion of potassium (see Table 2.1). The high
binding energy is ascribed to charging of the particles of the potassium compounds.
The lower binding energy of 293.6 eV was only found after activation experiments
under wet conditions. A very similar binding energy was found for the saturation
coverage of ca 0.3 monolayers potassium and oxygen coadsorbed on polycrystalline
iron as well as in experiments performed with iron foils covered with highly
dispersed potassium compounds.7%"")

The two binding energies in the spectrum of potassium hydroxide are likely
to be caused by the presence or absence of water, solvating the strong base,
potassium hydroxide. The significance of this effect, which causes extensive extra-
atomic screening in electron spectroscopy, may be seen from the heat of solvation
of potassium hydroxide, which amounts to 58 kJ mol™'. Thus, the active species
of potassium is a submonolayer film of anhydrous potassium hydroxide attached
as a single layer to the iron metal. The arguments propounded in Ref. 75 against
the role of potassium hydroxide relate everything to the properties of three-
dimensional patches of hydrated potassium hydroxide and are therefore not
necessarily relevant in the present case. The anhydrous nature of the active phase
offers a good explanation for the sensitivity of highly active catalysts toward water,
even in such small amounts that would be unable to oxidize the iron in the absence
of additional oxygen. The active surface acts as a very efficient drying agent, by
binding water to the two-dimensional potassium hydroxide film, which in turn
may become three-dimensional. In this form, it could exhibit the chemical proper-
ties described in Ref. 75 and, as a consequence, may therefore lose its activity.

The anhydrous potassium hydroxide is a strongly basic material. It reacts with
the weak acid, water, to form a complex hydrate. The product ammonia, on the
other hand, is too weak an acid to form an adduct with potassium hydroxide. This
is well known from classical chemistry, where we learn that the qualitative method
for the determination of ammonium compounds is by addition of potassium
hydroxide, to generate the odor from the liberated ammonia gas. This is exactly
in line with the pressure-dependent effect on promotion as suggested by
Somorjai.**

The anhydrous potassium hydroxide units are also strongly polarizing agents
for the metallic iron substrate. In model studies of the sequential interaction of
potassium metal and oxygen adsorbed on iron,”>"” it was shown that the resulting
K—O entity interacts via the oxygen atom with the surface, without oxidizing the
iron metal. This is the basis for the suggested pressure-independent promoter effect
of locally enriched electron density in the 3d states of iron metal. These enhance
the back-donation effect in the iron-nitrogen chemical bond and thus increase the
adsorption energy of nitrogen adsorbed in the molecular state. The existence of
this effect on the activated technical catalyst surface has recently been demonstrated
by TDS experiments,”® which revealed the existence of an a-2 state on the technical
catalyst that possessed exactly the same thermal parameters as a potassium +
oxygen precovered iron (111) single crystal.
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We conclude that anhydrous potassium hydroxide is the active species respon-
sible for promotion by potassium and that the beneficial effect on ammonia
synthesis is bifunctional, enhancing on the one hand the adsorption energy of
molecular nitrogen, and reducing the adsorption energy of the product ammonia
on the other.

2.8.5. Hydrogenation of Chemisorbed Nitrogen

The final synthesis reaction will now be discussed. Ertl and Thiele showed
that catalyst surfaces under ammonia synthesis conditions, though at atmospheric
pressure, were covered with a mixture of molecular ammonia (binding energy
400.7 eV), the N—H fragment (binding energy 399 eV), and also atomic nitrogen
(binding energy 397.5 eV) subsequent to transfer into the UHV chamber. Ammonia
was shown to desorb in UHV upon heating, while the precursor species were stable
up to synthesis temperature. Such behavior could also be predicted from the model
calculations performed by Stoltze and Norskov.*?

The idea behind the present experiment was to approach the investigation of
the elementary step from the other side. The attempt was made to hydrogenate
nitrogen, which was first shown to be present in the atomic B-state. It turned out
that only one particular combination of pressure and temperature led to the spectra
as shown in Fig. 2.45. In particular, the residence time of the surface at high
temperature was critical in order to observe the presence of any nitrogen species
at all. A short heating time was necessary to heat the outer surface of the powder
sample to the synthesis temperature, and rapid cooling prevented the intermediate
species from being completely hydrogenated and desorbed as ammonia.

Following the interpretation of the spectra as proposed by Ertl and Thiele,
the hydrogenation experiment led to the transformation of the 8-nitrogen to N—H
as the dominant species in the spectrum of the quenched catalyst surface. This
experiment can therefore be considered to a link, showing that hydrogenation of
atomic nitrogen and dehydrogenation of ammonia lead to a common stable
intermediate N—H, as required by the principle of microscopic reversibility in
heterogeneous catalysis.

2.8.6. Concluding Remarks

The analysis of a large body of data, obtained from activation of two typical
industrial catalysts under two different sets of reaction conditions, has given insight
into the activation process. The dominant effect is the topotactic reduction of iron
oxides to metallic iron, with the external gas-solid interface only being reduced
after reduction of the bulk is complete. The structural promoters stabilize some
iron oxide in the form of ternary oxides. They form a network of boundaries which
prevent the initial nuclei of disordered iron metal from crystallization into large
perfect crystals. The presence of inefficient isolated promoter oxide particles as
segregated on the surface (which play no part in the catalytic reaction) complicates
the analysis. The conditions during activation need to be tailored to the solid state
chemical properties of each individual catalyst precursor, since they provide the
boundary conditions for the generation of metallic iron. They also suppress surface
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segregation of the ternary oxides, which act as structural promoters. The electronic
promoter, potassium, is present as an oxidic form, presumably in a mixture of
isolated, active K—O groups and as patches consisting of a film of potassium
oxide/hydroxide. The activation procedure determines, inter alia, the dispersion
of the potassium hydroxide/carbonate deposits, initially present in the catalyst
precursor.

The chemisorption experiments with molecular nitrogen showed complete
agreement between phenomena on the real catalyst and the model surface Fe(111).
Both the surface interaction energies and the nitrogen 1s binding energies of the
strongly bonded species a- and B-nitrogen are identical on both types of surface.
The nature of the active sites, which have been identified as C-7 sites at Fe(111),
must be the same on the real catalyst surface. Only the weakly held y-molecular
state is influenced in its spectral parameters by the differences of the two surfaces.
Its adsorption and decomposition temperature is, however, the same on both
surfaces, which implies that nitrogen in the y-state has, at least in part, a function
as a precursor to the formation of the a-complex, as observed on the Fe(111)
crystal. The results of this study are also fully consistent with the model studies
of Stoltze and Norskov. The uniform properties of the catalytically active part of
the surface, which is a prediction from their calculations, exist not only on a clean
single crystal of iron, but also on the chemically and structurally heterogeneous
surface of a technical catalyst.

Care must be taken, however, when the results are interpreted in a quantitative
way. In particular, the question of the degree of reduction of the catalyst under
optimum working conditions and the fractional coverage of the active surface with
nitrogen can only be answered if the surface under investigation has been shown
to produce ammonia at a rate close to the thermodynamic equilibrium. Such an
experiment requires a special reactor configuration, attached to an electron spec-
trometer.

In general terms, it has been demonstrated that the application of electron
spectroscopy, in combination with a knowledge of the system derived from model
studies, is capable of bridging, experimentally, both the pressure gap and the
material gap for the example of catalytic ammonia synthesis.

2.9. EPILOGUE

The reader who has followed the arguments up to this point may ask the
following questions: what is the average typical structure of the activated catalyst?
and what is the difference between metallic iron and the activated catalyst? If the
reader is practically minded, he/she may further ask: what is the use of this
information? or, less provocatively, given the well-established structure sensitivity
of ammonia synthesis over single crystals, is there a similar relationship between
the structure of the technical material and its catalytic usefulness? An artist’s
impression of the main structure features of the technical activated catalyst has
been developed, to respond to these questions.

In Fig. 2.46, a front view of a small section of an activated catalyst grain is
shown in schematic form. The section displayed corresponds to the size of a single
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Figure 2.46. Schematic representation of the important structural features of an activated ammonia

synthesis catalyst. The level of resolution is ca 30 nm as it is achieved in typical SEM micrographs.
The blocks of iron are not single crystals but composites.

grain in the original magnetite precursor. Its size, composition, and defect structure
had been predetermined during the synthesis of the oxide mixture. After suitable
activation, which avoided any physical disintegration, the initially dense grains
become agglomerates of several small iron particles, the inner structure of which
is shown in Fig. 2.47. The particles themselves are separated by a pore system,
which accounts for the increased surface are of the active catalyst when compared
to the magnetite precursor. The pore system is stabilized against collapse via
sintering of the particles, by spacers or pillars of segregated structural promoter
oxides. Their anchor sites can be seen as patches on the free surface of the grain.
The surface of iron metal and/or oxide is further covered with a thin film of the
electronic promoter, potassium oxide.

Each of these iron particles is composed of small anisotropic platelets of
a-iron, which form a loose stack containing an additional internal system of smaller
pores. Such a stack is shown schematically in Fig. 2.47. Each of the platelets
exhibits the thermodynamically unfavorable Fe(111) orientation as its basal plane.
Thus, the material is composed of a homogeneous microstructure, but is metastable.
It therefore needs to be stabilized against sintering, defined as crystallite growth
to form larger isotropic iron crystals, with an equilibrium distribution of low-index
Miller planes as crystal faces. The stabilization is achieved by an even distribution
of the small amount of structural promoter oxides between the individual platelets.
These are not shown in the figure, but see the STEM image in Fig. 2.30

It is this anisotropic microstructure that provides the main difference between
isotropic, thermodynamically stable “‘ordinary” a-iron and the active catalyst. The
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Figure 2.47. Schematic representation of a single block of iron in the activated catalyst. Each
block is in fact a stack of platelets of single crystalline iron exhibiting the (111) orientation as
basal plane. This unstable microstructure causes the activated catalyst to be metastable at operating
temperature. The level of resolution is with ca 1 nm chosen as in low-resolution TEM micrographs.

presence of the structural promoters in the precursor during activation is the reason
for the generation of this fundamental structural difference. The promoters, as well
as the defects (wustite), modify the two-step nucleation process during the genesis
of the active phase, such that the platelet morphology of iron grows, rather than
the stable isotropic cubic form of iron particles, which is the more common form.

Any thermal or chemical stress applied to the active catalyst, which changes
the distribution of the promoter oxides, may lower the activation barrier for the
conversion to stable isotropic iron. Irreversible damage may then be done to the
catalyst, even if any partial oxidation can be reversed by so-called reactivation.

Finally, the all-important effect of the presence of the bifunctional structural
promoters will be demonstrated. They promote both formation and stabilization
of the metastable, active form of a-iron. This form has been found to be exactly
the same in the technical catalyst and in a model catalyst system prepared from
amorphous alloy precursors.”® In Fig. 2.48 conversion measurements are shown
for a set of catalysts made from the same iron oxide starting material, but which
contained different promoter additives. All three catalysts were activated in the
same way, according to the manufacturer’s specification.

In the first instance, it can be seen from the figure that meaningful comparison
of catalytic activities can only be drawn from temperature-dependent measure-
ments.

All three curves exhibit the same basic shape, with the high-temperature
regions merging together for all of the catalysts. The conversion in this regime is
determined by the thermodynamic equilibrium between ammonia and its con-
stituent elements. The experimental curve falls along the calculated curve with a
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Figure 2.48. Ammonia synthesiis with differently promoted catalysts. The conversion is compared
to equal amounts of 0.6000 g catalyst tested in a tubular microreactor. Each data point was taken
after 24 hours of equilibration.

standard deviation of less than 10%. The point at 723 K is in exact coincidence
with the theoretical conversion.

The low-temperature plots, which manifest the kinetically controlled regime
of the conversion curves, are vastly different for the three catalysts. The most active
catalyst is the sample promoted by alumina alone, followed by the conventional
double promoted sample, while the sample promoted only by potassium is far less
active. The apparent reason for this behavior is the different surface area of the
catalysts. The effect of aluminum in promoting the formation of active material
becomes apparent when the specific surface areas of the two alumina-containing
samples, catalyst 3 (18 m* g™') and catalyst 7 (21 m®> g™'), with the potassium-only
sample, catalyst 6 (4 m® g™"), are compared. From these numbers, and the fact that
the slopes of the conversion curves are all different, it must be concluded that
there is, however, no simple linear relationship between specific surface area and
catalytic activity. The fine details of the microstructure also play an important role
in determining the final catalytic activity. The promotional effect of potassium can
manifest itself even more strongly, if one chooses higher pressures of synthesis
gas. This leads to higher conversion and thus makes the site-blocking effect of
product ammonia even more important. Catalyst 7 falls then below catalyst 3.
From comparison of the curves for catalyst 3 and catalyst 7, it is concluded that
the conventional electronic promoting effect of potassium at low pressures, that
is, enhancement of the adsorption energy of molecular nitrogen, plays only a minor
role and can be overcompensated by only a 10% difference in specific surface area.

These final statements provide a means to answer some of the questions of
the reader. Furthermore, they illustrate that the combination of a modern, analyti-
cal, multimethod approach with catalytic testing can indeed help to understand
the complexity of real catalysis, such as is used in the example of ammonia synthesis.
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ELEMENTARY STEPS
IN AMMONIA SYNTHESIS:

The surface science approach

G. Ertl

3.1. INTRODUCTION

The net rate of a chemical reaction is determined by its mechanism, i.e., the
sequence of elementary processes involved, and any attempt to gain real insight
into the progress of a chemical transformation has therefore to start by studying
the reaction intermediates and their individual kinetic, energetic, and structural
properties on an atomic level. In heterogeneous catalysis this task is hampered in
several ways: The conventional techniques used in investigations of homogeneous
reactions are frequently only of limited applicability, and the catalyst surface is
usually rather inhomogeneous (both structurally and chemically). Furthermore,
its composition may differ considerably from that of the bulk. For these reasons
information on the elementary steps of heterogeneously catalyzed reactions
remained rather restricted for a long period of time. Emmett'"” concluded in a
lecture on “Fifty years of progress in the study of the catalytic synthesis of
ammonia’ at a meeting held in 1974: “The experimental work of the past 50 years
leads to conclusion that the rate-determining step in ammonia synthesis over iron
catalysts is the chemisorption of nitrogen. ... The question as to whether the
nitrogen species involved on the surface is molecular or atomic is still not conclu-
sively resolved, though, in the writer’s opinion, the direct participation of nitrogen
in an atomic form seems more likely than that in a molecular form.”

In the meantime this situation has changed markedly by the advent of new
surface physical methods which enabled atomic level studies with well-defined

G. Ertl e Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, D-1000 Berlin
33, Federal Republic of Germany.

109



110 G. ERTL

single crystal surfaces. This “surface science approach” when taken hand-in-hand
with more sophisticated characterization of the surface properties of “‘real” catalysts
has the potential, under optimum conditions, to lead to a microscopic picture of
the catalytic reaction which exhibits even a quantitative predictive character for
the high-pressure conditions of industrial practice. As will be shown at the end of
this chapter, it now appears that in the case of ammonia synthesis this goal has
been more or less reached.

The strategy adopted in this approach can be briefly outlined as follows: In
order to be able to work with appropriate model systems it is at first necessary to
characterize the “‘active site” of the real catalyst, i.e., its surface properties, as
accurately as possible. Traditional methods such as X-ray crystallography, surface
area determination by the BET method, and selective adsorption, etc., have now
been supplemented by a whole arsenal of surface spectroscopic techniques. The
actual catalyst with its rather inhomogeneous surface structure and composition
may then be replaced by well-defined single-crystal surfaces (probably chemically
modified in order to model also the effect of promoters) which thus enable a
systematic investigation of the effect of atomic structure on the surface chemistry.
Although the surface area of these single crystals is very small (<1cm?®) it is
nevertheless possible to perform kinetic studies and measure reaction rates under
“real” conditions by use of appropriate high-pressure cells. Identification and
characterization of the adsorbed surface intermediates is, however, in general
restricted to very low pressure conditions for principal experimental reasons, since
most of the surface physical techniques are based on the interaction of electrons
or ions with matter whose mean free paths in the gas phase decrease with pressure.
Although this “pressure gap” may offer a serious problem, proper consideration
of the respective thermodynamic and kinetic properties will allow the transfer of
conclusions derived from ultrahigh vacuum (UHV) studies to high-pressure condi-
tions. On the basis of the kinetic and energetic information of the elementary steps
obtained from such UHV investigations, the overall reaction mechanism may finally
be constructed. A kinetic model for the overall reaction may also be derived, and
comparison can be made between predictions and the data measured with the real
catalyst operated under practical conditions.

In the following discussion, the picture that emerges about the mechanism of
the iron-catalyzed ammonia synthesis reaction along these lines will be sketched.
The chapter will concentrate essentially on results obtained with well-defined Fe
single-crystal surfaces, because this element is the principal component of the
industrial catalyst and hence has been investigated in most detail. This subject
(including the findings with other surfaces) has already been covered in several
previous reviews.?

3.2. FROM REAL CATALYSIS TO APPROPRIATE MODEL
SYSTEMS

The bulk and surface properties of the industrial ammonia catalyst have been
discussed in detail in the preceding chapters. For the present purpose it suffices
to remember that under working conditions it consists essentially of metallic iron
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(with traces of unreduced iron). The promoters alumina and calcium oxide form
a framework which stabilizes the small iron particles against sintering (structural
promotion), while potassium spreads over the Fe surface and forms a (K + O)
overlayer which acts as “electronic” promoter. For illustration, a series of Auger
maps (recorded by means of scanning Auger electron spectroscopy) is shown in
Fig. 3.1, reflecting the lateral distribution of various elements in the surface region
of the reduced catalyst and demonstrating the pronounced surface enrichment of
the promoters.®. The areas of metallic iron are covered to a substantial extent
with a uniform K + O adlayer with approximate 1:1 stoichiometry. This adlayer
is quite different from all bulk compounds between potassium and oxygen due to
its strong interaction with the Fe substrate. The presence of oxygen increases the
thermal stability of potassium on the surface (which would otherwise evaporate
under reaction conditions), while the strong K-O interaction prevents complete
reduction.®

Since the potassium overlayer merely enhances the catalytic activity but is
itself inactive, the first step in the reduction of the complexity of the system consists
in studying the reaction as well as the individual elementary processes on clean
Fe surfaces alone without the complications arising from interactions with the

Figure 3.1. “‘Auger maps” from an industrial ammonia synthesis catalyst after reduction, showing
the lateral distribution of Fe, K, Al, and Ca at the surface.
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promoters which are then introduced at a later stage in a well-defined and control-
lable manner. It is essential to keep in mind that the atomic configurations in the
surface of a polycrystalline material vary considerably. Therefore in order to study
the influence of the surface structure, well-defined single-crystal surfaces are
applied as model systems.

In Fig. 3.2 ball models are shown of the most densely packed (110), (100),
and (111) planes of bcc Fe which are usually applied in such studies. The clean
surfaces are not reconstructed, which means that the lateral configurations of the
surface atoms are as shown here while the vertical layer separations vary typically
slightly from those in the bulk (relaxation). The particular importance of the (111)
plane had been recognized previously in earlier studies (and was later confirmed
with single-crystal experiments to be described below): its special role in nitrogen
activation was concluded by Brill’® on the basis of observations with the field ion
microscope, and by Boudart et al‘® applying Mdssbauer spectroscopy to small
Fe particles. They suggested the preferential formation of so-called C7 sites [as
characteristic for the (111) plane] after treatment of the catalyst with the gases
required for ammonia synthesis.

Kinetic studies with clean iron single-crystal surfaces under high-pressure
conditions were performed by Somorjai’s group.”® At 20 atm total pressure of a
3:1 H,: N, mixture and at 773 K, the activity was found to vary in the order
(111) > (100) > (110) by more than two orders of magnitude.”” Later this work
was also extended to the (211) and (210) planes® and it was demonstrated that
indeed the C7-type configuration of surface atoms as present with the (111) as
well as (211) surfaces exhibits the highest catalytic activity. If the results reported
for Fe(111) are transformed into a reaction probability for a nitrogen molecule
striking the surface to become transformed into an ammonia molecule, a number
of the order of 1077 results. This value as well as the sequence of reactivities for
the different crystal planes will be of importance in the discussion of the relevance
of adsorption studies performed at low pressure that will be presented below.

A series of subsequent papers by Somorjai et al.® was concerned with the
influence of potassium and aluminum oxide additives as well as of the oxidation/re-
duction conditions in order to get closer insight into the promoter action. The
respective conclusions will be presented in the next chapter.

No information about the surface intermediates present under high-pressure
conditions can be obtained by the use of electron spectroscopic techniques for
obvious technical reasons. If, after high-pressure treatment, the sample is trans-

(110) (100) (1m)

Figure 3.2. Ball models for the most densely packed surfaces of bcc Fe.
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ferred to UHV conditions, it is a priori rather probable that the surface species
will have been desorbed before their analysis. This is, of course, dependent on the
strength of the surface/particle bond and, for thermodynamic reasons, also a
question of temperature. This means in turn that any surface species present at
high pressure can be stabilized even in UHV if the temperature is low enough.
(Whether it is still formed at low temperatures because of kinetic restrictions is,
of course, another question.)

It turned out‘® that of all the surface species which may be present during
ammonia synthesis at 700 K, only atomic nitrogen (N,,) is sufficiently stable to
survive evacuation. Determination of its concentration in vacuo after high-pressure
operation will therefore yield information about this quantity under reaction
conditions. In a series of experiments with Fe(111) performed at 580 K and
Py, = 150 torr with varying hydrogen pressure'® it was found that the steady-state
N.q4 concentration decreases continuously with increasing Py,. This result demon-
strates directly that indeed hydrogenation of N,, is an essential reaction step, and
not that of N,,, as was sometimes speculated in the earlier literature.”

The next stages of the strategy will now consist of direct investigation of the
various possible surface species under UHV conditions which might be present
on well-defined iron single-crystal surfaces, in order to develop (hopefully) a
complete microscopic picture describing the overall reaction.

3.3. LOW-PRESSURE STUDIES WITH IRON SINGLE-CRYSTAL
SURFACES

Information about the structural, electronic, energetic, or kinetic properties
of chemisorbed phases formed at single-crystal surfaces can be obtained by means
of a large variety of techniques, which are mainly based on the interaction of slow
electrons, ions, or neutral particles with matter and the high surface sensitivity of
these probes. Description of these tools can be found in the literature."" In the
following sections we will summarize some of the results obtained using these
methods with systems which are of relevance for ammonia synthesis.

3.3.1. Interaction of Hydrogen with Iron Surfaces

In common with other transition metal surfaces"'? hydrogen molecules striking
a clean iron surface undergo dissociation with high probability and become
atomically chemisorbed. The energetics of this process can be rationalized by the
well-known Lennard-Jones diagram reproduced in Fig. 3.3. Transition from the
gaseous H, molecule into the chemisorbed H,4 state can in principle occur either
through intermediate trapping in the molecular “precursor” state (H, .4) or directly
by overcoming an eventual activation barrier given sufficiently high translational
energy. From recent experiments with Fe(110)"® it was concluded that indeed
the latter mechanism dominates and that there exists a small activation energy of
about 3 kJ mol™". The initial (i.e., at zero coverage) sticking coefficient s, is fairly
independent of surface temperature and of the order 0.1; above a coverage ® = 0.1
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it decreases as s = s,(1 — ®)* as would be derived for a simple Langmuir-type
two-site adsorption process.*'¥ The adsorption kinetics on the Fe(100) and (111)
are qualitatively similar, although they were not studied in such detail."¥

Inspection of Fig. 3.3 shows that the strength of the metal-hydrogen bond,
En_u, is obtained from 2Ey_,; = E,y + E4, where Eg;, (=430kJ mol™') is the
dissociation energy of H, and E,4 the adsorption energy. Even with an a priori
uniform single-crystal surface, the adsorption energy will in general vary as a
function of coverage due to interactions between the adsorbed species. Initial
adsorption energies of 109, 100, and 88 kJ mol~" were determined for the Fe(110),
(100), and (111) planes, respectively,"® which are also in agreement with
calorimetric data for polycrystalline Fe films."> The value of Ey_y is thus of the
order of 250-270 kJ mol~'. The variation of the adsorption energy with coverage
is reflected by the appearance of several peaks in the thermal desorption spectra.

Recombination of adsorbed hydrogen atoms leads to the reverse process of
thermal desorption whose rate is governed by E,, + E*, where E* is the activation
energy for dissociative adsorption. If a hydrogen-covered Fe surface is heated up
in vacuo, desorption will be completed at 500 K. Under the conditions of
ammonia synthesis (>700 K) this step will hence be so rapid that the steady-state
coverage of H,, will be determined by the adsorption-desorption equilibrium
H,+ == 2H,4, where the concentration of free surface sites * is, of course, affected
by the presence of all other surface intermediates.

The formation of the bond between H and the metal surface takes place
through coupling of the H 1s orbital to the metal valence states (as manifested by

b
2Aqq Figure 3.3. Potential energy diagrams for dis-
’U c sociative adsorption of a diatomic molecule
[ approaching a surface: (a) Two-dimensional
| [‘\ contour plot with variation of x and y. (b)
p ‘ \\~/_A2 One-dimensional plot, showing the potentials

for the interaction of A, and 2A, respectively,

with the surface (Lennard-Jones potential).

‘ (c) Variation of the potential along the reac-
2Aq4d tion coordinate (see a).
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a peak in UPS at about 5.5 eV below the Fermi energy'¥) and is essentially covalent
in nature. The latter conclusion is confirmed experimentally, e.g., by the very small
dipole moments of the adsorbate complexes'® as well as by quantum mechanical
calculations."®

Below 250 K, chemisorbed hydrogen atoms form ordered overlayer phases
on Fe(110), corresponding to coverages © = 1/2, 2/3, and 1, respectively, as
identified by LEED.!"*!'” Theoretical analysis of the phase diagram“® revealed
that this long-range order is due to repulsive as well as attractive interactions
between neighboring chemisorbed H atoms which are of the order of <5 kJ mol™'.
The structure model for the 2 X 1 structure at ® = 1/2 as derived from a quantitative
analysis of the LEED intensities"” is shown in Fig. 3.4. The hydrogen atoms form
alternate row in the [001] direction; at ® = 1 all rows are uniformly occupied, and
the adsorbed atoms are located in threefold-coordinated sites with a Fe—H bond
length of 1.75 + 0.05 A. This result is in full agreement with the experience gained
from the structural data of other transition metal/hydrogen systems.'? Generally,
atomic adsorbates prefer adsorption sites with the highest number of nearest-
neighbor atoms from the substrate, a conclusion for which theoretical justification
is also available.®® Frequencies of 1060 and 880 cm™ for the surface-hydrogen
vibration modes were deduced from high-resolution electron energy loss spectros-
copy (HREELS)®V

Above room temperature the long-range order breaks down, because thermal
disorder now overcompensates the ordering forces of the mutual interactions, and
also because of the increasing mobility of the chemisorbed species. Although
specific data for the present system are not available, the general experience from
other systems'? suggests that the activation energy for surface diffusion is at most
of the order of only a few kJ mol™'. At the high temperatures of ammonia synthesis
the chemisorbed H atoms may, during their short lifetime on the surface, be safely
considered to behave like a two-dimensional gas moving very rapidly parallel to
the surface.

H/Fe (110)

LS TR

Figure 3.4. Structure of adsorbed H formed on Fe(110)
at a coverage @ = 1/2 below 230 K. The broken line marks
an antiphase domain boundary within the adlayer.
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The presence of preadsorbed K is only of minor influence on the adsorption
of hydrogen®: the adsorption energy is increased by about 8 kJ mol~' and the
sticking coefficient is somewhat enhanced, while the saturation coverge is not
noticeably affected.

3.3.2. Interaction of Nitrogen with Iron Single-Crystal Surfaces

In contrast to hydrogen, the situation with nitrogen is much more complex.
Three distinctly different surface species have been identified, apart from the
possibility of dissolution of nitrogen atoms in the bulk: (a) a weakly held (physi-
sorbed) molecular y-state, (b) a chemisorbed molecular a-state on Fe(111), and
(¢) atomic nitrogen which may be regarded as a surface nitride. By far the most
detailed investigations on molecular adsorption of nitrogen have been performed
with the (111) plane and the discussion will therefore be predominantly concerned
with this plane, which is also associated with the highest catalytic activity for
ammonia synthesis.

3.3.2.1. The Molecular y-State

If a clean Fe(111) surface is exposed to N, at T < 80 K, subsequent thermal
desorption results in the appearance of a TPD peak around 100 K which is identified
as a weakly held molecular adsorption state denoted by the symbol v.*> Earlier
investigations with polycrystalline iron films revealed a quite similar state, namely,
a molecular surface species for which an adsorption energy of 21 kJ mol™' was
determined calorimetrically.®V It is unlikely that this species exhibits any pron-
ounced specificity with respect to the surface structure. Its adsorption energy is
about 24 kJ mol™! and it is populated with a sticking coefficient of around 0.5.%¢
It is characterized by XPS with N 1s spectra showing two peaks at 406 and 401 eV
bonding energy® (Fig. 3.5), and by HREELS with a frequency of 2100 cm™
(**N,) for the N-N stretch vibration®® which is very close to the value of 2194 cm™*
for the corresponding free molecule. This suggests weak bonding with a terminal
(“end-on”) configuration as is also concluded from semiempirical calculations.*”
More recently the geometry of this phase, thought to consist of nitrogen molecules
oriented perpendicular to the surface plane, was confirmed by analysis of angular
resolved UPS data.®®

3.3.2.2. The Molecular a-State

A second, more strongly held molecular state appears on the Fe(111) surface
if it is exposed to N, at around 100 K. It desorbs around 150 K and its adsorption
energy was determined to be 31 kJ mol™"' while its population from the gas phase
takes place with a sticking coefficient of only about 1072 XPS shows only a
single N 1s level at 399 eV (see Fig. 3.5). Most interestingly, the frequency of the
N-N stretch vibration is considerably lowered to a value of only 1490 cm™" (**N,)
reflecting a considerable reduction in the N—N bond order.**?**% Comparison
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Figure 3.5. XPS data of the N 1s core levels for three different nitrogen species on a Fe(111)
surface: (a) ¥-N 44, (b) @-Ny g, (€) Ngg.

with transition metal coordination complexes led to the conclusion that in this
case the nitrogen molecule is bonded in a “‘side-on” manner. Both nitrogen atoms
interact similarly with the surface atoms, as has also been corroborated by model
calculations for interpretation of the XPS data.®® The lowering of the N-N
stretching frequency (which is presumably accompanied by a considerable weaken-
ing of the N—N bond and an increase in its length), together with the associated
increase in the work function, suggest a 7-bonding mechanism in which the
antibonding m-orbitals of N, act as acceptors for electrons from the substrate. This
view was recently confirmed by experiments using angular resolved UPS, which
demonstrated that the nitrogen molecule in the a-state is strongly inclined toward
the surface plane.®® [Since the Fe(111) plane is a very open structure, a configur-
ation of the molecular axis exactly parallel to the surface plane might be hard to
realize.] In the same work a plausible theoretical model for the bond formation
of this species was proposed whose properties are consistent with the known
experimental data and whose possible structure is reproduced in Fig. 3.6a. In this
configuration interaction of a nitrogen molecule with five Fe atoms from the three
topmost layers takes place, which would also account for the low saturation
coverage. This structure would correspond to the occupation of site (b) in Fig.
3.6b which had been proposed earlier as one of the possible adsorption sites,*”
while site (a) was favored in the theoretical treatment of Ref. 27. In any case, it
is quite apparent that the Fe(111) plane offers a special geometry for the discussed
type of bond formation, which might explain why the observation of the a-state
has so far been restricted to this surface.
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o-N,/Fe(111)

Figure 3.6. a-N,_4 on Fe(111): (a) Side view of the adsorption geometry as proposed in Ref. 28.
(b) Top view of possible surface configurations according to Ref. 30.

3.3.2.3. The Atomic State

Warming up of the Fe(111) surface previously covered by a-N, leads to
dissociation of this species in parallel with thermal desorption, as reflected by the
disappearance of the N-N stretch band in the HREEL data, and the appearance
of a new band at 450 cm™' associated with the metal-nitrogen vibration. This
atomic state is now characterized in XPS by a N 1s peak at 397 eV (Fig. 3.5). The
sticking coefficient for overall dissociative adsorption from the gas phase is very
small®**» and will be discussed in more detail below. The metal-nitrogen bond
is very strong (thermal desorption occurs only above 700 K) and involves the N 2p
levels, which show up as a single valence level at about 5 eV below the Fermi level
in UPS. A series of (mostly rather complex) surface structures were detected by
LEED, which for Fe(110) and (111) are associated with pronounced displacements
of the surface atoms (reconstruction). In the case of the Fe(100) plane, the surface
remains unreconstructed. These phases could be correlated with corresponding
planes of Fe,N (although bulk iron nitrides will not be formed by interaction
between molecular nitrogen and Fe surfaces for thermodynamic reasons!) and
they are therefore also denoted as ““surface nitrides.”***® Dissociative adsorption
of nitrogen on a stepped Fe(12, 1, 0) surface was found to increase the step density
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and to lead to facet formation. This effect was rationalized by the tendency to
achieve an epitaxial relationship between the “surface nitride” phases and the
substrate.*”

The ordered phase formed on Fe(100) (classified as ¢2 x 2 structure according
to the standard nomenclature of surface crystallography") has structural
parameters similar to those found with the (002) plane of Fe,N without distortion
of the substrate lattice; this is the reason why in the case of Fe(100) no reconstruc-
tion occurs. The structure of this phase as derived from quantitative LEED analysis
is reproduced in Fig. 3.7.°% It has a coverage ® = 0.5, and the N atoms occupy
fourfold hollow sites with their plane 0.27 A above the topmost plane of Fe atoms.

QOOOCO0
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Figure 3.7. Structure (top and side views) of the c2 x 2 phase formed by N, on Fe(100).
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The distance (d, = 1.83 A) from the N atom to the underlying Fe atom is even
shorter than that to the four nearest neighbors in the surface plane (d, = 2.04 A),
so it is clear that a substantial contribution to the bond formation arises from
coupling of the N atoms to Fe atoms in the second layer.

Due to the strong bond with the surface, mobility of the adsorbed N atoms
becomes appreciable only above about 500 K. By comparison, the mobility of the
adsorbed H atoms will be higher by orders of magnitude, so that the primary step
of hydrogenation can be viewed as an interaction between a two-dimensional gas
of adsorbed H atoms and an essentially fixed matrix of adsorbed N atoms.

If a surface is partly precovered by N and then exposed to hydrogen, it turns
out that the total amount of hydrogen adsorbed is reduced, but the shape of the
thermal desorption spectrum is essentially unaffected. This indicates that the main
effect of adsorbed N atoms on hydrogen adsorption is primarily one of site blocking.
Preadsorbed H atoms, on the other hand, inhibit adsorption of the molecular a-N,
state and hence decrease the rate of the dissociative nitrogen adsorption.'” The
simple assumption of mutual blocking of adsorption sites, which underlies the
kinetic model to be presented in Section 3.4, is therefore a reasonable approxi-
mation.

3.3.2.4. Kinetics of Dissociative Nitrogen Adsorption

Since this step is rate-determining for ammonia synthesis, considerable effort
has been expended on its detailed investigation. It has turned out to be of great
complexity so that, even now, complete understanding of the underlying micro-
scopic dynamics is still lacking, although there exists general agreement about the
experimental findings.

In Fig. 3.8, the variation in the relative surface concentration of N,4 (as
monitored by Auger electron spectroscopy) with N, exposure at elevated tem-
peratures for the Fe(110), (100), and (111) surfaces®*** is shown. The slopes of
these curves yield the sticking coefficients for dissociative chemisorption which
are obviously very small and depend markedly on the surface orientation. More
specifically, the initial sticking coefficient (at 683 K) changes from 7 x 107% to
2X% 1077 to 4 X 1076 in the sequence Fe(110) < (100) < (111), i.e., the (111) plane
is about two orders of magnitude more active than the most densely packed (110)
plane. This sequence of activity toward dissociative nitrogen adsorption at low
pressures (<<107*torr) is in agreement with that found for the rate of ammonia
production at high pressure (20 atm) described in Section 3.2.®) Moreover, the
sticking coefficients are approximately of the same orders of magnitude as the
reaction probabilities derived from the quoted high-pressure work. This remarkable
result demonstrates that kinetic parameters derived from well-defined single-crystal
surfaces are obviously transferable over the “pressure gap” and it confirms that
the dissociative nitrogen adsorption is indeed the rate-limiting step, since the rate
of NH; formation equals that of dissociative nitrogen adsorption.

Similar conclusions had already been reached many years ago by Emmett and
Brunauer,®® who measured the uptake of nitrogen by commercial catalysts and
concluded likewise that the sticking coefficient is only of the order of 107°,
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Figure 3.8. Variation in the relative surface concentration y of N,4 (as determined by Auger
electron spectroscopy) with N, exposure of different Fe single-crystal planes. 1 L (Langmuir) =
107 torrs is approximately the exposure required to saturate an adlayer if the sticking coefficient
is unity.

The sticking coefficient can be formulated in terms of the usual Arrhenius
equation for a rate constant, s = v exp(—E*/RT), with the preexponential » and
activation energy E* as parameters. Measurements at different temperatures
revealed that the differences between the three crystal planes can essentially be
traced back to differences in the net activation energy E™* for the overall process
N, — 2N_4, which in the limit of zero coverage was found to be about 27 kJ mol™*
for Fe(110), 21 kI mol™" for Fe(100), and about 0kJmol™' for Fe(111). These
activation energies increase continuously with increasing coverage, in qualitative
agreement with previous measurements using supported Fe catalysts.®”

The absolute values of the sticking coefficients cannot, however, be reconciled
with the measured small activation barriers in the framework of a simple collision
model. They rather demonstrate the formal existence of a very small preexponential
factor » whose origin must be sought in the dynamics of the process, a subject
for continuing investigations.

Analysis of detailed kinetic data obtained with Fe(111)?®” at low temperatures
yielded, for the initial overall sticking coefficient [again written as s, =
v exp(—E*/RT)], a preexponential v = 2.2 X 107° and a negative activation energy
of E* = —3kJ mol™". It was found that this process proceeds through molecularly
adsorbed a-N, (see above) which acts as a “precursor” in the sense of Fig. 3.9a:

k, k,
N; T—‘ Nyaa(@) — 2Ny
The sticking coefficient into the a-state (k,) was determined to be only about 107,
the parameters of k_, = v_, exp(—E,/RT) were determined to be », = 10'°*! 57!
and E, = 31 kJmol™' and those of k, = v, exp(—E,/RT) to be », =~ 10" s™" and
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Figure 3.9. Schematic potentials
illustrating the possible paths to dis-
sociative nitrogen adsorption on
Fe(111): (a) The molecular a-state
is populated from the gas phase. (b)
Population of the a-state is preceded
a b by trapping in the y-state.

E, = 28 kJ mol™'. From these results it was concluded that two factors are respon-
sible for the unusually low overall sticking coefficient: (1) The small probability
of only about 1072 for an impinging N, molecule to be trapped in the molecular
precursor state, and (2) the ratio v,/ v_, which makes it much more probable that
an a-N, is more prone to thermal desorption than dissociation. In a subsequent
theoretical study®® it was suggested that the low preexponential of the sticking
coefficient is, in this particular case, due essentially to a strongly reduced energy
transfer of the impinging N, molecules to the phonons of the solid. As discussed
in Section 3.3.2.1 above, in later work at even lower temperatures the existence of
an additional molecular state (y) had been demonstrated.®> It was found that the
a-state could be populated through thermally activated conversion of the y-state
and therefore the simple potential energy diagram of Fig. 3.9a was extended in a
way as shown in Fig. 3.9b. By appropriate adjustment of the various kinetic
parameters it was possible to model the experimental data on the assumption that
the a-state is populated only through the y-state and not by direct collision from
the gas phase.>*> More recently it was found,?” however, that this picture cannot
be valid at elevated temperatures but that, under these conditions, direct adsorption
of N, into the a-state becomes dominant, in agreement with the original model.*”
Recent molecular beam experiments have revealed that the sticking coefficient for
dissociative nitrogen adsorption may be strongly enhanced by increasing the kinetic
energy of the incident molecules. This result was interpreted in terms of enhanced
probability for population of the a-state by increasing the probability for overcom-
ing the ¥ — a barrier without intermediate trapping of the y-state.“” The depen-
dence of the sticking coefficient on the incident kinetic energy was rationalized in
a qualitative manner on the basis of quantum mechanical calculations without
invoking a y — a barrier, but interestingly it was speculated that tunneling through
a narrow activation barrier is of importance for the dissociation step.“"

Studies on the microscopic dynamics of dissociative nitrogen adsorption will
certainly continue in the future, but there is now general agreement about the
nature of surface species involved and the kinetic parameters of this process on
the Fe(111) surface, such data being essential for the kinetics of ammonia synthesis.

3.3.2.5. The Effect of the K Promoter

The sticking coefficient for dissociative nitrogen adsorption may be enhanced
by more than two orders of magnitude in the presence of preadsorbed potassium
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atoms.”? Maximum sticking coefficients of about 4 X 10™° were obtained by
optimizing the surface potassium concentration for Fe(111)“® as well as for
Fe(100)“**» and even polycrystalline iron.”” Most remarkably, the pronounced
difference in activity between the various clean iron single-crystal planes is practi-
cally eliminated by the presence of potassium, so that it can be concluded that
the actual catalyst surface is kinetically much more uniform than one might have
anticipated on the basis of the results presented so far.

The promoter action of adsorbed potassium has been attributed both to a
stabilization of the molecular a-species®®?*® as well as to an enhancement of the
sticking coefficient for the formation of this a-species.**?® On Fe(111) the adsorp-
tion energy for a-N, is increased locally in the vicinity of an adsorbed potassium
atom from 31 to 44 kJ mol™"'. Parallel to this increase in the adsorption energy for
the precursor state its activation energy for dissociation is lowered, as becomes
apparent from inspection of Fig. 3.10. Once the nitrogen molecule has become
dissociated, the adsorbed N atoms formed near the K atoms diffuse away to the
bare iron patches (when the temperature is above ~400 K), so that finally the
whole available surface is covered by N,,.

The simplest interpretation of the promotional effect is based upon an electro-
static model.“>*® As reflected by the strong decrease in the work function upon
potassium adsorption, there is a pronounced transfer of electronic charge to the
substrate, leading to the formation of a M® -K®* dipole. A nitrogen molecule
adsorbed near such a site will therefore experience a more pronounced ‘“‘back-
bonding” effect from the metal to its antibonding m-orbitals. As a consequence
its bond strength to the metal will be increased and the N—N bond strength will
be weakened further, as also reflected by a further reduction in the N-N stretching

2N

Figure 3.10. Lennard-Jones diagram illustrat-
ing schematically dissociative nitrogen
adsorption through N, .4 adsorbed on a bare 2Naq
Fe patch (full line) and in the vicinity of an
adsorbed K atom (broken line).




124 G. ERTL

frequency.®® This qualitative picture is corroborated by the results of theoretical
treatment that confirm the localized character of this interaction. An additional
prediction is that this effect will be strongly reduced for an adsorbed atom which
is very close to the surface plane—hence primarily only N, ., but not the N4
species, will be affected.“”

The surface of the actual catalyst will not consist of adsorbed K alone, but
of a composite K + O adlayer. O is an electronegative adsorbate and therefore its
presence counterbalances partly (but not completely) the promoting effect of K.
As a typical example s, on clean polycrystalline Fe at 423 K has a value of 5 x 107°,
it increases to a maximum value of about 3 x 10™° in the presence of K alone, and
drops down to 1x 107> for the composite K + O adlayer, so that the sticking
coefficient with respect to the promoter-free surface is enhanced by about a
factor of 2.

3.3.3. Interaction of Ammonia

The equilibrium concentration of ammonia in a nitrogen and hydrogen mixture
is extremely small under low-pressure conditions, and its formation is barely seen.
Desorption of this molecule from the catalyst surface is, on the other hand, the
last step in the synthesis reaction, and its adsorption becomes of relevance when
approaching the equilibrium state. In addition, decomposition of ammonia has to
proceed through the same elementary steps as its formation, as a consequence of
the principle of microscopic reversibility, so that information on the reaction
mechanism is to be expected from the study of possible surface intermediates.

Below room temperature ammonia adsorbs nondissociatively on clean iron
single-crystal surfaces with a rather high sticking coefficient.“*-*”> The structure
model proposed for the ordered phase formed on Fe(110)“® is reproduced in Fig.
3.11. Coupling to the surface occurs through the nitrogen atom and mainly by

Figure 3.11. Structure model for NH; adsorbed on a Fe(110) surface.
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o-donation from the occupied N lone pair to the metal. These conclusions are
based on the following evidence:

Two emission maxima are discernible in the UP spectrum and may be identified
with the 3a, (= N lone pair) and 1e (= N—H bond) orbitals of ammonia. The
energetic separation between these two levels is decreased by about 1€V if com-
pared with gas phase data, and this has been attributed to the stabilization of the
3a, state by bond formation with the surface. From the pronounced decrease in
the work function it was concluded that the dipole moment of adsorbed ammonia
is even larger than in the gas phase, which is again consistent with the proposed
bond mechanism. This picture of electronic interaction is analogous to that for
corresponding coordination compounds and is further confirmed by the results of
ab initio calculations for an Fe—NH, complex.“” Among the various vibrational
bands the Fe—N stretching mode could be identified with a frequency of about
420 cm™'.“7

The adsorption energy of ammonia is dependent on the crystallographic
orientation of the surface, as well as on coverage, and is typically of the order of
about 70 kJ mol =549 As a consequence, rapid desorption will take place at the
temperature of ammonia synthesis. The crystal face specificity of the adsorption
energy is also reflected in the temperature programmed desorption (TPD) spectra,
which can therefore be used as a fingerprint for monitoring possible restructuring
of the surface during the synthesis reaction.®®

Heating up an iron surface covered by ammonia, however, not only leads to
complete desorption of the adsorbate but also to stepwise thermally activated
decomposition. The intermediate formation of NH, ., was, for example, deduced
from the observation of NH,D production between 300 and 400 K when a Fe(111)
surface had been exposed to a mixture of NH; + D,,“* as well as from similar
features in transient UPS data from the interaction of both ammonia or hydrazine
with Fe(111).“® Intermediate formation of NH, 4 in the same temperature range
as for Fe(111) was also concluded to take place with a Ni(110) surface on the
basis of TPD and HREELS. The latter technique permitted unequivocal iden-
tification of this surface species by means of its vibrational bands.®” In the same
work, NH,, could also be identified and was forming by further thermal fragmenta-
tion of NH, 4, with an activation energy of 85 kJ mol~'. The NH,4 species could
be isolated and identified on Fe(110). If a Fe(110) surface covered by NH, ,, is
warmed up to around room temperature, a new 2 X 2 LEED pattern forms.*"
Attempts at a quantitative LEED structural analysis of this phase have so far been
unsuccessful, presumably because this is not a simple overlayer structure but
involves also some kind of reconstruction of the substrate.*? The UP spectrum
of this species exhibits two maxima at energies which are not only quite different
from those of nondissociated ammonia, but also at variance with the single peak
arising from the completely dissociated product N,4 (+ H,4). Final identification
of this species as NH,4 could be achieved by means of SIMS.®® The variation in
the intensities of different species with temperature upon heating up an NH;-
covered Fe(110) surface is shown in Fig. 3.12. The NHj signal decreases con-
tinuously due to simultaneous desorption and decomposition of NH; .4, while the
intensity of the NH" species reaches its maximum at 350 K (in agreement with
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Figure 3.12. NH,/Fe(110). Variation of the SIMS signals with surface temperature, reflecting the
intermediate build-up of NH,,.

LEED and UPS data) and then also decays due to further decomposition of NH,,.
The NH, concentration, on the other hand, is always below the experimental noise
level.

While the adsorbed hydrogen atoms formed by decomposition of adsorbed
ammonia recombine and desorb at temperatures below about 500 K (see Section
3.3.1) the simultaneously formed N,, species is much more stable and needs
temperatures above 700 K for desorption as N,. This latter process is therefore
the rate-limiting step in ammonia decomposition on iron surfaces under steady-state
conditions.®**> As a consequence the reaction order with respect to NH; is zero
and the activation energy is of the order of 200 kJ below about 800 K (desorption
of N, being rate-limiting). The reaction order becomes unity and the activation
energy negligibly small at even higher temperatures, where the rate then becomes
limited by the adsorption of ammonia.®> At higher pressures of ammonia the
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transition from the zero- to first-order regime will be shifted to higher temperatures
for obvious reasons, in agreement with experimental evidence.*¥

Interaction of ammonia with iron surfaces at elevated temperatures (typically
670 K) leads to the formation of y- (Fe,N) and even e-nitrides.®® These com-
pounds, however, have no relevance under the conditions of ammonia synthesis
for thermodynamic reasons.

From the electrostatic model for the promotional action of adsorbed K®*),
one would expect a destabilizing effect to the adsorption of NH;—in contrast to
N,—since the bond with the surface is in this case dominated by electron donation
to the substrate.®® Recent TPD measurements have indeed demonstrated a
decrease in the adsorption energy induced by the presence of coadsorbed
potassium, from which an additional promoter effect due to reduced site-blocking
by the reaction product was concluded.®®

34. MECHANISM AND KINETICS OF AMMONIA SYNTHESIS

If all the experimental evidence presented in the preceding sections is put
together, the reaction scheme for the catalytic synthesis of ammonia on iron-based
catalysts can unequivocally be formulated in terms of the following steps:

H,+# = 2H,, 1)

N, +* = N,.q4 (2)

Ny.a == 2Ny (3)

N.qs+ H,g == NH,_4 4)
NH,,+ H,y == NH, .4 (5)
NH,.s+ H,s == NH; (6)
NH;,, /= NH; +* 7

where * denotes schematically an ensemble of atoms forming an adsorption site.

Suggestions that the reaction proceeds through these steps have, of course,
already been made previously,'>*” but only the surface science approach enabled
direct identification of the surface intermediates and, in addition, determination
of most of the relevant kinetic parameters of the elementary steps. These kinetic
parameters are complex functions of the coverages (including the surface con-
centrations of all other surface species as well as of the promoter overlayer) and
of the surface structure. At first sight it appears therefore to be a rather hopeless
task to develop an adequate kinetic model which would be able to predict the rate
of ammonia synthesis under industrial conditions with reasonable accuracy (say
to within about one order of magnitude), even on the assumption that all these
kinetic parameters were known with high precision. Surprisingly, this task could
nevertheless be solved quite successfully, as will be outlined below.

Before turning to these quantitative aspects, it is first necessary to discuss the
qualitative features of the presented mechanism and its energetics which provide
conceptual insight into the progress of this reaction. The progress of the reaction
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may be rationalized in terms of its energy profile as reproduced in Fig. 3.13.
Homogeneous reaction in the gas phase would be energetically rather unfavorable
because of the large dissociation energies involved in the first steps. The alternate
reaction pathway offered by the catalyst avoids this problem, since the energy gain
associated with the formation of the surface-atom bonds overcompensates the
relevant dissociation energies, and the first steps actually become exothermic.
Dissociative nitrogen adsorption is nevertheless still rate-limiting, not because of
a high activation barrier, but rather because of the very unfavorable preexponential
factor in its rate constant. The subsequent consecutive hydrogenation steps are
energetically uphill, but the energy differences associated can easily be overcome
at the temperatures (~700 K) applied under actual synthesis conditions. It is,
however, quite apparent that the nature of the rate-limiting step would switch from
dissociative nitrogen adsorption to hydrogenation of the adsorbed atomic nitrogen
species if the temperatures were lowered sufficiently because of these differences
in activation energy.

The assumption that nitrogen adsorption was the rate-limiting step of ammonia
synthesis had already been applied in the derivation of the Temkin rate equations,
which have proved to be quite successful in describing the kinetics of industrial
ammonia synthesis provided that the empirical parameters included were properly
selected.®**? This formalism also includes the nonuniformity of the surface, viz.
the variation of the adsorption parameters with coverage. As was pointed out by
Boudart,®” integration of the rates over this (assumed) distribution yields an
expression for the overall turnover rate that is interestingly rather similar to the
equation which results for a uniform surface (modeled by Langmuir kinetics) with

N+3H
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Figure 3.13. Schematic energy profile of the progress of ammonia synthesis on Fe (energies are
in kJ mol™').
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the kinetic parameters taken at the limit of low coverages. It was therefore recently
concluded by Boudart®” that successful approximate modeling of the kinetics
with a “real” catalyst at high pressures based on data obtained with single-crystal
surfaces at low coverages might not be merely accidental. This approach receives
support from recent experimental comparison between an industrial ammonia
synthesis catalyst and a K promoted Fe(111) surface”: the thermal desorption
spectra for the various nitrogen species turned out to be quite similar, which
demonstrates that the kinetic parameters for the model system are indeed rep-
resentative for the “real” catalyst.

Attempts at theoretical modeling of the kinetics along these lines were recently
performed independently by two groups. Bowker et al.®®® developed a computer
program to calculate the rate of ammonia synthesis on the basis of the reaction
scheme presented above and with rate parameters for all the individual steps as
input parameters. In the first version of this treatment obviously not all of these
parameters were properly chosen as provided by the experimental evidence. The
resulting ammonia yields differed by 4-5 orders of magnitude from those reported
for an industrial catalyst! More recently, the same authors revised their set of input
parameters and applied data which they called the “Ertl kinetic model.”“® For a
particular set of synthesis conditions, they calculated now an ammonia yield of
3.0%, which has to be compared with a 13.2% yield determined with the industrial
catalysts operating under the same conditions. Bearing in mind all the existing
experimental uncertainties with the single-crystal work, I consider this agreement
to be very good and it is difficult to see why Bowker et al. think otherwise.*®

The second, independent treatment was performed by Stoltze and
Ngrskov®**® and differs from the preceding work in that it starts with the experi-
mentally well-established fact that dissociation of adsorbed nitrogen is rate-limiting.
The overall rate can then be calculated from the rate of this step and the equilibrium
constants of all the other steps. This reduces the number of input parameters
significantly. The adsorption-desorption equilibria are treated with the approxima-
tion of competitive Langmuir-type adsorption and by evaluation of the partition
functions for the gaseous and adsorbed species. The data for the potassium-
promoted Fe(111) surface were used for the rate of dissociative nitrogen adsorption
which are also representative of the other crystal planes of the promoted catalyst,
as outlined above. The active area of the commercial catalyst was assumed to
equal that derived from selective carbon monoxide chemisorption as a well-
established standard procedure. A particular strength of this model is the fact that
experimental data from single-crystal studies (such as TPD traces) are reproduced
well with the same set of parameters and the same model as used for the determina-
tion of the rate under “‘real” conditions. Comparison of the resulting yields against
those determined experimentally with a commercial Topsge KM1 catalyst yielded
general agreement to within a factor better than 2. In Fig. 3.14, a compilation of
data over a wide range of conditions is presented that demonstrate this almost too
perfect agreement.

Even more important than these quantitative data are the more qualitative
features of this model, reproducing the trends on the rate during variation in
temperature, gas flow, pressure, as well as the influence of potassium coverage
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Figure 3.14. Comparison of ammonia production with a commercial catalyst measured under
varying conditions of pressures, temperature, and gas flow, against the corresponding data
calculated with the quoted kinetic model based on single-crystal, low-pressure data.(®**

and water content in the gas phase. For example, the net activation energy for
ammonia synthesis can be interpreted as the activation energy for dissociative
nitrogen adsorption plus the energy required for the creation of two free adsorption
sites, which depends on temperature and pressure. The agreement between E* =
46 kJ mol™! measured around 723 K and 47 kJ mol ™! calculated for the same condi-
tions is again excellent.®®> Most recently, the conclusions reached by Stoltze and
Ngrskov were confirmed by the results of calculations performed by yet another
independent group.®®

A general conclusion from these models based on single-crystal data is that
the most abundant surface species under practical synthesis conditions will be
adsorbed atomic nitrogen (>90%), despite the fact that its formation is the rate-
limiting step of the overall reaction.

3.5. CONCLUSION

The editors of Catalysis. Science and Technology, J. R. Anderson and M.
Boudart, stated a few years ago in the preface to Vol. 4 of their series®®: “In a
way, surface science studies provide standards by which the quality of work done
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by catalytic scientists can be assessed.” It is felt that the catalytic synthesis of
ammonia is a particular fine example confirming this conclusion. One should keep
in mind, however, that this—despite its complexity—is still one of the most simple
catalytic reactions.

REFERENCES

S

®

10.
11.

12.

13.
. F. Bozso, G. Ertl, M. Grunze, and M. Weiss, Appl. Surf. Sci. 1, 103 (1977).
15.
16.
17.
18.

19.
20.

21.
22.

23.

24.
25.

. P. H. Emmett, in: The Physical Basis for Heterogeneous Catalysis (E. Drauglis and R. 1. Jaffee,

eds.), p. 3, Plenum Press, New York (1975).

. a. A. Ozaki and K. Aika, in: Catalysis. Science and Technology (J. R. Anderson and M. Boudart,

eds), Vol. 1, p. 88, Springer-Verlag, Berlin (1981). b. G. Ertl, in: Catalysis. Science and
Technology (J. R. Anderson and M. Boudart, eds.), Vol. 4, p. 209, Springer-Verlag, Berlin
(1983). c. M. Grunze, in: The Chemistry and Physics of Solid Surfaces and Heterogeneous
Catalysis (D. A. King and D. P. Woodrufi, eds), Vol. 4, p. 413, Elsevier, Amsterdam (1982).
d. G. Ertl, Catal. Rev. Sci. Eng. 21, 201 (1980). e. G. Ertl, J. Vac. Sci. Technol. A1, 1247 (1983).
f. G. Ertl, CRC Crit. Rev. Solid State Mater. Sci. 3, 349 (1982).

. G. Ertl, D. Prigge, R. Schloegl, and M. Weiss, J. Catal. 79, 359 (1983).
. Z. Paal, G. Ertl, and S. B. Lee, Appl. Surf. Sci. 8, 231 (1981).
. a. R. Brill, Ber. Bunsenges. Phys. Chem. 15, 455 (1971). b. R. Brill, E. L. Richter, and E. Ruch,

Angew. Chem. 6, 882 (1967).

. a. J. A. Dumesic, H. Topsoe, S. Khammouma, and M. Boudart, J. Catal. 37, 503 (1975).

b. J. A. Dumesic, H. Topsoe, and M. Boudart, J. Catal. 37, 513 (1975).

Spencer, R. C. Schoonmaker, and G. A. Somorjai, J. Catal. 74, 129 (1982).

Strongin, J. Carrazza, S. R. Bare, and G. A. Somorjai, J. Catal. 103, 213 (1987).

R. Strongin, S. R. Bare, and G. A. Somorjai, J. Catal. 103, 289 (1987). b. S. R. Bare,
Strongin, and G. A. Somorjai, J. Phys. Chem. 90, 4726 (1986). c. D. R. Strongin and
Somorjai, Catal. Lett. 1, 61 (1988).

I, M. Huber, S. B. Lee, Z. Paal, and M. Weiss, Appl. Surf. Sci. 8, 373 (1981).

A. Somorjai, Chemistry in Two Dimensions: Surfaces’, Cornell University Press, Ithaca
(1981). b. G. Ertl and J. Kiippers, Low Energy Electrons and Surface Chemistry, 2nd edn.,
Verlag Chemie, Weinheim (1985).

K. Christmann, Surf. Sci. Rep. 9,1 (1988). Provides a general extensive review on the interaction
of hydrogen with solid surfaces.

E. A. Kurz and J. B. Hudson, Surf. Sci. 195, 15, 31 (1988).

N. D.
D. D.
a. D.
D. R.
G. A.
G. Ert
a. G

G. Wedler, K. P. Geuss, K. G. Colb, and G. McElhiney, Appl. Surf. Sci. 1, 471 (1978).

J. P. Muscat, Surf. Sci. 110, 389 (1981); 118, 321 (1982).

R. Imbihl, R. J. Behm, K. Christmann, G. Ertl, and T. Matsushima, Surf. Sci. 117, 257 (1982).
a. W. Kinzel, W. Selke, and K. Binder, Surf. Sci. 121, 13 (1982). b. W. Selke, W. Kinzel, and
K. Binder, Surf. Sci. 125, 74 (1983).

W. Moritz, R. Imbihl, R. J. Behm, G. Ertl, and T. Matsushima, J. Chem. Phys. 83, 1959 (1985).
a. E. Shustorovich, Surf Sci. Rep. 6, 1 (1986). b. P. Nordlander, S. Holloway, and J. K.
Ngrskov, Surf. Sci. 136, 59 (1984).

A. M. Baro and W. Erley, Surf. Sci. 112, L759 (1981).

a. G. Ertl, S. B. Lee, and M. Weiss, Surf. Sci. 111, L711 (1981). b. J. Benzinger and R. J.
Madix, Surf. Sci. 94, 119 (1980).

M. Grunze, M. Golze, J. Fuhler, M. Neumann, and E. Schwarz, Proc. 8th Int. Cong. on
Catalysis, p. 1V-133, Verlag Chemie, Weinheim (1984).

M. Grunze, G. Strasser, and M. Golze, Appl. Phys. Ad44, 19 (1987).

M. Grunze, M. Golze, W. Hirschwald, H. J. Freund, H. Pulm, U. Seip, M. C. Tsai, G. Ertl,
and J. Kiippers, Phys. Rev. Lett. 53, 850 (1984).



132 G. ERTL

26. L. J. Whitman, C. E. Bartosch, W. Ho, G. Strasser, and M. Grunze, Phys. Rev. Lett. 56, 1984
(1986).

27. D. Tomanek and K. H. Bennemann, Phys. Rev. B31, 2488 (1985).

28. H. J. Freund, B. Bartos, R. P. Messmer, M. Grunze, H. Kuhlenbeck, and M. Neumann, Surf.
Sci. 185, 187 (1987).

29. G. Ertl, S. B. Lee, and M. Weiss, Surf. Sci. 114, 515 (1982).

30. M. C. Tsai, U. Seip, I. C. Bassignana, J. Kiippers, and G. Ertl, Surf. Sci. 155, 387 (1985).

31. G. Wedler, D. Borgmann, and K. P. Geuss, Surf. Sci. 47, 592 (1975).

32. F. Boszo, G. Ertl, M. Grunze, and M. Weiss, J. Catal. 49, 18 (1977).

33. F. Boszo, G. Ertl and M. Weiss, J. Catal. 50, 519 (1977).

34. R. Imbihl, R. J. Behm, G. Ertl, and W. Mortiz, Surf. Sci. 123, 129 (1982).

35. P. A. Dowben, M. Grunze, and R. G. Jones, Surf. Sci. 109, L519 (1981).

36. P. H. Emmett and S. Brunauer, J. Am. Chem. Soc. 56, 35 (1934).

37. 1. J. Scholten, P. Zwietering, J. A. Konvalinka, and J. H. de Boer, Trans. Faraday Soc. 58,
2166 (1959).

38. J. Boheim, W. Brenig, T. Engel, and U. Leuth&ausser, Surf. Sci. 131, 258 (1983).

39. L. J. Whitman, C. E. Bartosch, and W. Ho, J. Chem. Phys. 85, 3688 (1986).

40. C. T. Rettner and H. Stein, Phys. Rev. Lett. 59, 2768 (1987).

41. G. Haase, M. Asscher, and R. Kosloff, J. Chem. Phys. 90, 3346 (1989).

42. G. Ertl, M. Weiss, and S. B. Lee, Chem. Phys. Lett. 60, 391 (1979).

43. G. Ertl, S. B. Lee, and M. Weiss, Surf. Sci. 114, 527 (1982).

44. a. S. Holloway, B. I. Lundgqvist, and J. K. Ngrskov, Proc. 8th Int. Cong. on Catalysis, p.
1V-85, Verlag Chemie, Weinheim. b. J. K. Ngrskov, S. Holloway, and N. D. Lang, Surf. Sci.
137, 65 (1984). c. N. D. Lang, S. Holloway, and J. K. Ngrskov, Surf. Sci. 150, 24 (1985).

45. M. Grunze, F. Bozso, G. Ertl, and M. Weiss, Appl. Surf. Sci. 1, 241 (1978).

46. M. Weiss, G. Ertl, and F. Nitschke, Appl. Surf. Sci. 2, 614 (1979).

47. W. Erley and H. Ibach, J. Electron Spectrosc. 31, 61 (1983); Surf. Sci. 119, L357 (1982).

48. a. K. Hermann, Proc. 4th Int. Conf. on Solid Surfaces, p. 196, Suppl. Le Vide, Cannes (1980).
b. H. Itoh, G. Ertl, and A. B. Kunz, Z. Naturforsch. 36a, 347 (1981).

49. M. Grunze, Surf. Sci. 81, 217 (1979).

50. I. C. Bassignana, K. Wagemann, J. Kiippers, and G. Ertl, Surf. Sci. 175, 22 (1986).

51. K. Yoshida and G. A. Somorjai, Surf. Sci. 75, 46 (1978).

52. W. Reimer, Diploma thesis, Univ. Miinchen (1986).

53. M. Drechsler, H. Hoinkes, H. Kaarmann, H. Wilsch, G. Ertl, and M. Weiss, Appl. Surf. Sci.
3, 217 (1979).

54. D. G. Loffler and L. D. Schmidt, J. Catal. 44, 244 (1976).

55. G. Ertl and M. Huber, J. Catal. 61, 537 (1980).

56. G. Ertl, M. Huber, and N. Thiele, Z. Naturforsch. 34a, 30 (1979).

57. M. Boudart, Catal. Rev. Sci. Eng. 23, 1 (1981).

58. M. L. Temkin and V. Pyzhev, Acta Physicochim. USSR 12, 489 (1940).

59. M. Boudart and G. Djéga-Mariadassou, Kinetics of Heterogeneous Catalytic Reactions. Prin-
ceton University Press, Princeton, N.J. (1984) provides a detailed discussion of the Temkin
formalism.

60. M. Boudart, Ind. Chim. Belge 19, 489 (1954).

61. M. Boudart, Catal. Lett. 1, 21 (1988).

62. M. Bowker, 1. Parker, and K. Waugh, Appl. Catal. 14, 101 (1985).

63. M. Bowker, I. Parker, and K. Waugh, Surf. Sci. 97, L223 (1988).

64. P. Stoltze and J. K. Ngrskov, Phys. Rev. Lett. 55, 2502 (1985); Surf. Sci. 189/190, 91 (1987);
Surf. Sci. 197, L230 (1988); J. Catal. 110, 1 (1988).

65. P. Stoltze, Phys. Scr. 36, 824 (1987).

66. J. R. Anderson and M. Boudart (eds.), Catalysis, Science and Technology, Vol. 4, p. VIII,
Springer-Verlag, Berlin (1983).

67. R. Schloegl, R. C. Schoonmaker, M. Muhler, and G. Ertl, Catal. Lett. 1, 237 (1988).

68. J. A. Dumesic and A. A. Trevino, J. Catal. 116, 119 (1989).



A SURFACE SCIENCE AND
CATALYTIC STUDY OF THE
EFFECTS OF ALUMINUM OXIDE
AND POTASSIUM ON THE
AMMONIA SYNTHESIS OVER IRON
SINGLE-CRYSTAL SURFACES

D. R. Strongin and G. A. Somorjai

4.1. INTRODUCTION

The status of present-day ammonia synthesis is the product of research spanning
almost a century. Much of the effort has been directed toward elucidating the
mechanism of the promoter effects of potassium and aluminum oxide on the rate
of ammonia synthesis. Out of this work has evolved a multitude of techniques,
concepts, and ideas which have profoundly affected catalytic chemistry. Many
reviews have been written on this subject,"" > but it becomes evident from them
that an understanding at the molecular level of the promoters is still lacking. A
principal reason for this deficiency is that the bulk of this early work could only
use indirect methods to study the catalyst. For example, a large amount of kinetic
data relating the gas phase ammonia concentration to the surface concentration
of promoters has been obtained.“> This type of information is important for
optimizing the concentration of promoters but it fails to reveal the effects at the
atomic level of the promoters within the working catalyst. With the advent of
combined surface-science/high-pressure systems, high-pressure reaction data (>1
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atmosphere) can now be correlated to the structure of the catalyst surface at the
atomic level, which is determined in the ultrahigh vacuum environment
(<107® torr). The combination of surface science and high-pressure catalysis pro-
vides powerful tools in the study of the reactivity and structure of surfaces. This
chapter will be devoted to describing how surface science work, combined with
high-pressure data, has elucidated the structure sensitivity and the role of potassium
and aluminum oxide in ammonia synthesis. The structure sensitivity of ammonia
synthesis will be presented first, since it serves as necessary background when
explaining potassium and aluminum oxide promotion in ammonia synthesis.

Composition of the Industrial Catalyst

Since the realization of ammonia synthesis on the industrial scale in 1916
there have been no fundamental changes in the composition of the iron synthesis
catalyst.>® Essentially, potassium carbonate, aluminum oxide, and small amounts
of other promoters are fused with magnetite, followed by reduction in situ as
described fully in Chapter 2.

The reduction procedure involves treating the catalyst in the oxide state with
a stoichiometric mixture of nitrogen and hydrogen.""” The temperature and extent
to which this is carried out is dependent on the concentration of potassium,
aluminum oxide, and particularly calcium oxide in the catalyst formation. About
1% to 3% of K,0O and Al,O; are usually used and, following reduction, somewhere
between 40% and 60% of the iron surface is covered by the promoters.”"'® Previous
work has determined that the presence of aluminum in the catalyst results in an
increase of the surface area of the catalyst on reduction, from a value of
1 m® per g cat for unpromoted iron to 20 m? per g cat® (so-called structural promo-
tion). The presence of potassium decreases the surface area to about 10 m? per g cat,
but the overall activity of the catalyst increased by a factor between three and six
(so-called electronic promotion).?

4.2. EXPERIMENTAL
4.2.1. The Need for a Model System

Itis apparent that the reduced ammonia synthesis catalyst is a complex mixture
of iron, potassium, aluminum, and oxygen, and that the promotion by alumina
and potash comes through complex interactions with the active iron component.”
If a complex system such as this is to be understood, it is advisable to simplify
the interactions and study each one separately in model systems. In this case iron
single crystals prepared and characterized under UHV conditions were used to
model the active component of the industrial catalyst. By adding potassium,
aluminum, and oxygen quantitatively to the single-crystal surface in UHV and
then carrying out high-pressure ammonia synthesis (20 atm of nitrogen and hydro-
gen), direct correlation can be made between reactivity and surface structure of
the catalyst.
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4.2.2. Preparation and Characterization of Well-Defined Single-Crystal
Surfaces in Ultrahigh Vacuum

The single-crystal samples used in this work typically have an area of about
1 cm® with a thickness of 1 mm. They are polished on both sides by standard
metallurgical techniques to provide a surface smooth on the micron scale. The
crystal can be heated resistively and the temperature of the sample is measured
by a chromel-alumel thermocouple which is spot-welded to the crystal edge. In
the case of iron crystals, bulk impurities such as sulfur and carbon are common,
and before the sample is mounted in the UHV equipment, the crystal must be
heated to about 873 K in a hydrogen furnace to help deplete the bulk of the sulfur.
The cleaning procedure is continued in UHV where a combination of argon ion
sputtering and chemical treatment is used.

Sputtering the iron at 873 K for a prolonged period of time removes the sulfur,
but treatment of the sample in about 1 X 1077 torr of oxygen at 673 K is needed
to rid the sample of carbon. The iron surface is considered clean if Auger electron
spectroscopy (AES) shows no impurities and if a low-energy electron diffraction
pattern (LEED) is obtained which is representative of the bulk crystal orientation.

Aluminum can be evaporated onto the iron crystal surface by heating a ceramic
crucible containing aluminum wire which can subsequently be oxidized on the
iron surface by leaking about 1 x 107 torr of water vapor into the UHV chamber.
Oxidation of the aluminum is confirmed by the shift of the 67 eV LVV Auger
transition, representative of elemental aluminum, to 54 eV characteristic of the
oxide."V The extent of the coverage of aluminum oxide on the iron surface is
determined by titrating the surface with carbon monoxide, since at room tem-
perature carbon monoxide chemisorbs on metallic iron but not on aluminum
oxide.*'? By adsorbing and desorbing carbon monoxide from both clean iron
and Al,O,/Fe surfaces, the relative amount of free iron can be calculated
(aluminum oxide is denoted by Al,O, because of uncertainty in the aluminum
and oxygen stoichiometry). The Auger spectrum can then be calibrated using this
data so that coverages of aluminum oxide can be alternatively determined by AES.
In such work, one monolayer is defined as the point at which carbon monoxide
can no longer adsorb to the surface. Thus, one monolayer might correspond to
more than one atomic layer since aluminum oxide grows in three-dimensional
islands on the iron surface."'® The deposition of potassium is accomplished by
using a SAES getter source. Coverages of potassium are determined by a potassium
uptake curve.

4.2.3. Combined UHV/High-Pressure Apparatus

After the sample has been prepared and characterized in UHV it must be
transferred to a different environment if ammonia synthesis is to be studied, since
the rate of amonia production from its elements would be negligible in UHV.
Having a UHV chamber equipped with a high-pressure cell'¥ provides the
necessary environment while avoiding exposure of the sample to the ambient
atmosphere. The interior of the UHV chamber is shown in Fig. 4.1. The high-
pressure cell is shown in the open position in the center of the chamber. An iron
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Figure 4.1. The interior of the combined/UHV chamber.

single-crystal sample is shown in the center supported on two copper feedthroughs,
which allow the iron sample to be resistively heated. The retarding field analyzer
is shown in the background and it allows low-energy electron diffraction and Auger
electron spectroscopy to be performed. The aluminum source is in the lower left
corner of the chamber and the potassium source is shown in the lower right corner.
A typical experiment would proceed as follows. The sample is cleaned and
potassium and aluminum oxide are added in the desired concentrations to the
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iron surface. The single crystal is enclosed in a high-pressure cell which constitutes
part of a microbatch reactor, isolating the sample from the UHV environment.
High pressures of gases (15 atm of hydrogen and 5 atm of nitrogen) are introduced
and the sample is resistively heated to reaction temperature (673 K unless otherwise
noted). Ammonia production is monitored by periodically taking samples from
the reaction loop and passing them through a photoionization detector with a
10.2 eV lamp. This photon energy ionizes ammonia but not nitrogen and hydrogen.
Thus the PID signal is only proportional to the ammonia partial pressure in the
loop. By taking these samples at known times, rates of ammonia synthesis are
determined. After the reaction is completed, the reaction loop is evacuated and
the cell opened, returning the sample to the UHV environment where surface
characterization is performed by AES, LEED, and temperature-programmed
desorption (TPD).

4.3. STRUCTURE SENSITIVITY OF THE AMMONIA SYNTHESIS

Since single crystals have a surface with a well-defined geometry, the structure
sensitivity of a chemical reaction can be probed directly. This approach has proved
effective in many systems'> where it has been found that surface geometries
influence catalytic reactions. This is best exemplified in ammonia synthesis where
differences of up to two orders of magnitude are found between different crystallo-
graphic planes.'® The rates of ammonia synthesis are shown over five iron crystal
orientations in Fig. 4.2. The Fe(111) and Fe(211) surfaces are by far the most
active in ammonia synthesis, and they are followed in reactivity by Fe(100), Fe(210),
and Fe(110).'” Schematic representations of the idealized unit cells for these
surfaces, shown in Fig. 4.3, suggest two possible reasons for the high activity of
the (111) and (211) faces compared to the (210), (100), and (110) orientations:
surface roughness or active sites.

The (111) surface can be considered a rough surface, since it exposes second-
and third-layer atoms to reactant gases in contrast to the (110) surface which only
exposes first-layer atoms. Work functions are related to the roughness of a surface'®
and it is useful to quantify the corrugation of a plane in this way. The work
functions of all the iron faces are not currently available but they are for tungsten,*®
another bcc metal which also shows structure sensitivity for ammonia decomposi-
tion.®?” The order of decreasing work function (¢) is as follows: @10 > @1 >
D100 > D111 > Paro- Open faces, like the (111) surface, have lower work functions
than close-packed faces such as the (110) surface. The significance of this for
ammonia synthesis might be that the dissociation of nitrogen (the rate-limiting
step®*??) proceeds faster on a surface with a low work function. This is supported
by theory,®" which calls for transfer of electronic charge from the d-band of iron
into the 27* antibonding orbitals of nitrogen for dissociation, a process which
might be aided by a low work function.

The second possible explanation for the structure sensitivity involves the
nature of the active sites. The (111) and (211) faces of iron are the only surfaces
which expose C, sites (iron atoms with seven nearest neighbors) to the reactant
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Figure 4.2. The rate of ammonia synthesis over the five iron surfaces studied exhibiting the
structure sensitivity of ammonia synthesis.!”

gases. Theoretical work by Falicov et al®® has suggested that highly coordinated
surface atoms would show increased catalytic activity due to low-energy charge
fluctuations in the d-bands of highly coordinated surface atoms. Examination of
the results suggest that the latter argument of active sites is the key to the structure
sensitivity of ammonia synthesis over iron.

The reaction rates, in Fig. 4.2, show that the (211) face is almost as active as
the (111) plane of iron, while Fe(210) is less active than Fe(100). The Fe(210) and
Fe(111) faces are open faces which expose second- and third-layer atoms. The
Fe(211) face is more close packed, but it exposes C; sites. If either surface roughness
or a low work function were the important consideration for an active ammonia
synthesis catalyst, then the Fe(210) would be expected to be the most active face.
However, in marked contrast, Fe(111) and Fe(211) faces are much more active,
indicating that the presence of C, sites is more important than surface roughness
in an ammonia synthesis catalyst.

The idea of C; sites being the most active site in ammonia synthesis on iron
has been suggested in the past. Dumesic et al.>* found that the turnover number
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Figure 4.3. Schematic representations of the (111), (210), (100), (211), and (110) orientations of
iron."” The coordination for each surface atom is indicated.

for ammonia synthesis was lower on small iron particles than larger ones. Pretreat-
ment of an Fe/MgO catalyst with ammonia enhanced the turnover number over
small iron particles, but did not affect the larger particles. This result was explained
by noting that the concentration of C, sites would be expected to be higher on
the smaller iron particles and that restructuring induced by ammonia enhanced
the number of these sites on the catalyst. This was supported by the fact that the
restructured catalyst chemisorbed 10% less carbon monoxide than the unrestruc-
tured catalyst. Highly coordinated sites, such as C,, would chemisorb less carbon
monoxide than less coordinated sites because of steric considerations. Thus, it was
concluded that C, sites are the most active iron atoms for ammonia synthesis.
Additional research, which supports the contention that highly coordinated
surface sites are most active for ammonia synthesis, has been carried out on
rhenium.® In this study the rate of ammonia synthesis over the (0001), (1010),
(1120), and (1121) faces were determined (Fig. 4.4). Here, as in the case of iron
the face with the highest activity, the (1121) plane, is the surface which exposes
the most highly coordinated sites. It is also shown in Fig. 4.4 that the (1121) face
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Figure 4.4. The structure sensitivity of ammonia synthesis over rhenium single-crystal surfaces.*>
Schematics of the atomic structure of each surface is given above each bar.

exposes C,, and C,, sites while the next active (1120) face exposes C,, and C,
sites. This work, taken along with the work on the iron crystal faces, supports the
contention that highly coordinated sites are those which are most active for
ammonia synthesis and that surface roughness is only important to the extent that
it can expose these active surface atoms to the gas-phase nitrogen and hydrogen.

4.4. SURFACE-SCIENCE STUDIES OF K/Fe, K/N,/Fe, AND
K/NH,/Fe SYSTEMS

In this section a large amount of work which has been performed outside the
Lawrence Berkeley Laboratory (except for Section 4.4.4) is summarized. The
structure and bonding strength of potassium will be discussed along with the effect
of potassium on the dissociative chemisorption of nitrogen on iron single-crystal
surfaces.
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4.4.1. The Structure of Potassium on Iron Single-Crystal Surfaces

The structure of potassium overlayers on well-defined single-crystal sur-
faces'®*?” has been investigated. Potassium does not show ordered structures on
the (100) face of iron at any level of surface coverage. Ordered overlayers have,
however, been observed for potassium adsorbed on Fe(110) and Fe(111).

At a saturation coverage of potassium, a hexagonal close-packed ordered
overlayer has been observed on the (110) face of iron. A lack of ordering by
potassium is found at lower coverages and this is usually explained by noting that
the mobility of the alkali metal on the iron surface is high. This allows only small
ordered domains to exist which cannot be observed by LEED. At higher coverages
lateral interactions between neighboring adsorbed potassium atoms result, and
hence the potassium resides in the energetically favorable surface sites which
consequently form an ordered structure.

In contrast, the (111) surface of iron exhibits an ordered potassium structure
only at low potassium coverages where a (3 X 3) structure is observed. At higher
coverages of potassium, the diffraction pattern corresponding to the (3 x 3) struc-
ture deteriorates and a (1 X 1) structure results, with a high background that
indicates the presence of disordered potassium.

4.4.2. The Stability of Potassium on Iron in UHV

The strength of the interaction between iron and potassium has been studied
by temperature-programmed desorption.?®?”) Potassium TPD spectra from the
(111), (100), and (110) faces of iron show the same qualitative features. At low
coverages of potassium (60 = 0.07, where 6 is equal to the number of potassium
atoms divided by the number of surface Fe atoms), desorption occurs at tem-
peratures greater than 800 K, but at higher coverages (6 = 0.8) of potassium; the
temperature for the maximum rate of desorption decreases to about 550 K (Fig.
4.5). This type of behavior is common for alkali metals deposited on the surface
of transition metals. Reneutralization of the alkali metal begins to occur® as
higher coverages of potassium are achieved, resulting in a lower iron-potassium
interaction, and hence a reduction in the desorption energy. Using the Redhead
analysis,?” the desorption energies of potassium on the various iron crystal faces
are as follows: Fe(110), 57 + 2 kcal mol™"; Fe(100), 54 + 2 kcal mol™"; Fe(111),
52 + 2 kcal mol™'. These values are obtained by extrapolating to zero coverage, so
they are upper limits for the strength of the potassium-iron bond. Desorption
energies will become lower at higher coverages of potassium, but the detailed data
necessary to determine the potassium desorption energy as a function of coverage
are not available.

Coadsorption of oxygen thermally stabilizes the potassium on the iron surface
as exhibited in Fig. 4.6. These TPD spectra show that, for high coverages of
potassium, the coadsorption of oxygen results in an appreciable increase in the
desorption temperature. For a potassium adlayer without oxygen, the maximum
desorption rate occurs at 550 K and all the potassium desorbs by 900 K. By contrast,
when oxygen is present, the temperature for the maximum rate of desorption is
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Figure 4.5. TPD spectra® for potassium adsorbed on a polycrystalline Fe surface suggest that
potassium will not be stable under stationary ammonia synthesis conditions (T = 673 K).
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Figure 4.6. The presence of oxygen thermally stabilizes potassium®®: (a) n, = 2.45 x 10" cm™;
(b) ng =2.06 x 10" cm™2, Y, = 0.90 (O adsorbed first); (c) ny = 2.61 x 10"*cm™2, Y, = 0.62 (K
adsorbed first). Y, is defined as the ratio between the oxygen Auger intensity and iron Auger

intensity (Yo = Io(s10ev) \ Ire (650 ev))-
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increased to 750 K and, even at 1000 K, part of the potassium-oxygen adlayer
remains thermally stable on the iron surface. It is also evident from Fig. 4.6 that
the order of adsorption of potassium and oxygen does not significantly change
the thermal stability of the adlayer at high coverages of both components. However,
at lower coverages of potassium and oxygen, the order of adsorption of the additives
does change the thermal stability of the layer. If oxygen is predosed (Y, = 0.48,
Y, = Auger intensity of O 510 eV peak/Auger intensity of Fe 650 eV peak) on a
polycrystalline iron followed by the addition of potassium (ny = 1.48 x 10" ¢cm™2),
then the maximum rate of potassium desorption occurs at 750 K, while on a surface
where potassium is added first (ng = 1.55 x 10'* cm™2), followed by oxygen addi-
tion ( Y, = 0.89), the maximum rate of potassium desorption occurs at about 800 K.
In addition, a much larger fraction of the potassium desorbs above 1000 K when
potassium is present on the surface before the addition of oxygen.

The nature of the K + O adlayer is uncertain, but research®” on Fe(110),
using XPS and UPS, has shown that oxygen is directly bound to the iron surface.
The interaction between the potassium and the oxygen, probably responsible for
the thermal stability of the layer, was observed as a shift in the potassium 2p level
in the XPS studies. These results suggest that the potassium and oxygen exist as
an adlayer in which the potassium and oxygen are both chemisorbed directly to
the iron surface or in a configuration where the potassium sits on top of an oxygen
layer. The fact that the adlayer is more stable when potassium is adsorbed on the
iron before the addition of oxygen is strong evidence for the former case. The
formation of a bulk potassium compound, such as K,O, is extremely unlikely since
this compound is known to decompose at about 620 K. This decomposition tem-
perature is well below 1000 K, where the potassium-oxygen layer is stable in the
TPD experiments.

4.4.3. The Effect of Potassium on the Dissociative Chemisorption of Nitrogen
on Iron Single-Crystal Surfaces in UHV

The rate-determining step in the ammonia synthesis reaction is widely accepted
to be the dissociation of nitrogen.®*>2" Consequently the direct interaction between
nitrogen and iron has been studied®!*? together with the addition of submonolayer
amounts of potassium.?!**** All the work that will be referred to in this section
was carried out in a UHV chamber, which therefore limits the pressure range to
lie between 10~ torr and 107" torr.

Using both iron single crystals and polycrystalline foils, the sticking probability
of molecular nitrogen on iron was found to be of the order of 1077, This result
reveals why, in addition to thermodynamic considerations, ammonia synthesis
from the elements is favored at high reactant gas pressures. Since the sticking
probability of dissociating nitrogen is so low on iron, higher pressures of nitrogen
enhance the kinetics of the rate-limiting step in ammonia synthesis. The structure
sensitivity of the reaction (see Section 4.3) is also revealed in the nitrogen
chemisorption studies. It was found that the Fe(111) surface dissociatively
chemisorbed nitrogen 20 times faster than the Fe(100) surface and 60 times faster
than the Fe(110) surface. This agrees well with the structure sensitivity of ammonia
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synthesis and adds more credence to dissociative chemisorption being the rate-
limiting step. The addition of submonolayer amounts of elemental potassium has
dramatic effects on the nitrogen chemisorption properties of the (110), (100), and
(111) faces of iron.

The effect of potassium on the initial sticking coefficient (o) of nitrogen on
a Fe(100) surface is shown in Fig. 4.7. For clean Fe(100), o, = 1.4 x 1077, but with
the addition of potassium o, increases almost linearly, until a potassium concentra-
tion of 1.5 x 10" K atoms per cm?, where o, maximizes at a value of 3.9 x 1075,
a factor of 280 enhancement. Higher coverages of potassium start to decrease o,
presumably due to the blocking of iron sites by potassium which would otherwise
dissociatively chemisorb nitrogen. The maximum increase in o,, due to potassium
adsorption, on Fe(111) is about a factor of 8 (o, =4x%10"°) at a potassium
concentration of 2 x 10" K atoms per cm® (Fig. 4.8). The potassium-induced
enhancement of o, on the Fe(110) surface is greater than that observed on either
Fe(111) or Fe(100), so that the differences in activities for nitrogen dissociation
seen on the clean surfaces is eliminated in the presence of potassium.

The mechanism by which potassium promotes nitrogen chemisorption is
usually attributed to the lowering of the surface work function in the vicinity of
a potassium ion. This effect is greatest at sufficiently low coverages (<0.15) where
the potassium-iron bond has strong ionic character, so that the local ionization
potential of the surface iron atoms is greatest. This allows for more electron density
to be transferrred to the nitrogen 27* antibonding orbitals from the surface. This
phenomenon increases the adsorption energy of molecular nitrogen and simul-
taneously lowers the activation energy for dissociation. For example, on the Fe(100)
surface the addition of 1.5 x 10** K atoms per cm?® decreases the work function by
about 1.8 eV and increases the rate of nitrogen dissociation by more than a factor

(o13
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Figure 4.7. The variation in o, with the addition of potassium®* to Fe(100) at 430 K. o, can be
enhanced by a factor of 280 relative to clean Fe(100).



A SURFACE SCIENCE AND CATALYTIC STUDY

145

2
K |
2 ,é/

0

—_—

Nk

| N . A
0

1 2

x10'"* (K atoms cm

4
Z)

Figure 4.8. 0, as a function of potassium coverage on Fe(111) at 430 K.®*¥ ¢, can be enhanced
by a factor of 8 in the presence of potassium.

of 200. This enhancement in rate is accompanied by an increase in the adsorption
energy of nitrogen on Fe(100) by 11.5 kcal mol ™!, which decreases the activation
barrier for dissociation, in the presence of potassium, from 2.5 kcal mol™' to about

0 kcal mol ™.

The coadsorption of oxygen has been found to decrease the promotional effect
of potassium on the rate of nitrogen dissociation over iron. It is shown in Fig. 4.9

Figure 4.9. The effect of oxygen on
a4 (=8,/10°) for a K/Fe(polycrys-
talline) surface.®* The decrease in
o, is attributed to the physical
blockage of surface sites by oxygen.
Y, is defined as the ratio be-
tween the oxygen Auger intensity
and iron Auger intensity (Y, =
16510 v/ Tre s50ev))-

0.38
0.50
0.27
0.46
0.64

0.25

0,50
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that o, decreases continuously with increasing oxygen coverage on a polycrystalline
iron sample. The effect of the oxygen on nitrogen adsorption, in this study, is
attributed to the physical blockage of the iron surface, since if o, is normalized
to the amount of iron surface which is accessible to nitrogen, then o, remains
fairly constant as oxygen coverages are increased. This result implies that the
promoter effect of potassium is not significantly affected by the presence of oxygen.
It is also strong evidence for an adlayer where both potassium and oxygen interact
directly with the iron surface, since potassium sitting on top of oxygen would not
be expected to exert the same promotion as potassium adsorbed alone.

4.4.4. Ammonia Temperature-Programmed Desorption Studies on K/Fe

The temperature-programmed desorption of ammonia from clean Fe(111) and
K/Fe(111) is shown in Fig. 4.10.°” Ammonia desorbs through a wide temperature
range, resulting in a broad peak with a maximum rate of desorption occurring at
around 300 K. With the addition of 0.1 ML of potassium, the peak maximum is
reduced by about 40 K. Using the Redhead analysis'® and assuming first-order
desorption for ammonia, the 40 K decrease corresponds to a 2.4 kcal mol™" drop
in the adsorption energy of ammonia on iron in the presence of 0.1 ML potassium.
The peak maximum continuously shifts to lower temperature with increasing
amounts of coadsorbed potassium. At a coverage of 0.25 ML a new desorption
peak appears at about 189 K. Increasing coverages of potassium now increase the
intensity of the new peak (it also shifts to lower temperatures) and decreases the
intensity of the original ammonia desorption peak. At a potassium coverage of
about 1.0 ML, only a weakly bound ammonia species is present with a maximum
rate of desorption occurring at 164 K. This observation of ammonia adsorption
energy decreasing with the coadsorption of potassium on iron is similar to what
ts found for ammonia desorption from nickel and ruthenium with adsorbed
sodium, 3637

4.4.5. Summary of Surface-Science Results

Many conjectures on the chemical state and role of potassium in ammonia
synthesis can be made from the surface-science results. The potassium TPD results
show clearly that elemental potassium will not be stable at the temperatures
necessary to perform the synthesis of ammonia. The industrial reaction is usually
run between 673 K and 748 K and the TPD results show that elemental potassium
would rapidly desorb at these temperatures. However, with the coadsorption of
oxygen, potassium can be thermally stabilized, and it desorbs at temperatures
greater than 1000 K. Bulk potassium compounds such as K,O or KOH would not
be stable under ammonia synthesis conditions.®® This suggests that the formation
of potassium ferrites in the industrial catalyst results in a chemisorbed potassium
and oxygen adlayer, stable under industrial ammonia synthesis conditions.

The (111) face of iron has been shown to chemisorb nitrogen dissociatively
20 times faster than Fe(100) and 60 times faster than Fe(110). The addition of
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Figure 4.10. Ammonia temperature-programmed desorption from clean Fe(111) and K/Fe(111)
surfaces.*> The desorption temperature of ammonia from Fe(111) is lowered in the presence of
potassium. Thus potassium lowers the adsorption energy of ammonia on the iron surface.

potassium increases the rate of nitrogen dissociation over Fe(100) and Fe(110) by
more than an order of magnitude. The effect over Fe(111) is much less pronounced,
so that the differences in activities, observed over the clean surfaces, is eliminated
in the presence of potassium.

Although essential for the thermal stabilization of potassium, the presence of
oxygen decreases the rate of nitrogen dissociation on iron because it physically
blocks part of the iron surface. A rough inverse proportionality is observed between
0y, the initial sticking coefficient of nitrogen on K/Fe, and the coverage of oxygen.
The K + O adlayer is expected to promote ammonia synthesis by enhancing the
rate-limiting step. The high-pressure studies presented next suggest that a more
important promoter effect of potassium involves lowering the concentration of
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adsorbed ammonia on the iron catalyst, thus making more sites available for the
dissociation of nitrogen. This is supported by the ammonia TPD results, which
show that potassium substantially decreases the adsorption energy of ammonia
on iron. As shown earlier, even in the presence of only 0.1 ML of potassium, the
adsorption energy of ammonia is reduced by 2.4 kcal mol ™.

4.5. COMBINED SURFACE-SCIENCE AND CATALYTIC STUDY OF
THE EFFECTS OF POTASSIUM ON THE AMMONIA
SYNTHESIS REACTION

4.5.1. Effects of Potassium on Ammonia Synthesis Kinetics

Extensive research has been completed in which the effects of potassium on
ammonia synthesis over iron single-crystal surfaces of (111), (100), and (110)
orientations®> have been determined. The apparent order of ammonia and hydro-
gen for ammonia synthesis over iron and K/Fe surfaces has been determined in
addition to the effect of potassium on the apparent activation energy (E,) for the
reaction. In all the experiments which will be mentioned, potassium was coadsorbed
with oxygen since, as shown before, elemental potassium is not stable and only
about 0.15 ML of potassium coadsorbed with oxygen is stable under ammonia
synthesis conditions (20 atm 3 to 1 H, to N, T = 673 K)®52%40_]t has been shown
that the addition of 0.15 ML of potassium to Fe(111) and Fe(100) increases the
ammonia partial dependence from —0.60 for the clean iron surfaces to —0.35 for
the 0.15 ML K/Fe(111) and 0.15 ML K/Fe(100) surfaces under high-pressure
ammonia synthesis conditions (Fig. 4.11). The apparent order in hydrogen has
been found to decrease from 0.76 for clean Fe(111) to 0.44 for the 0.15 ML
K/Fe(111) surface (Fig. 4.12). The Fe(110) is inactive for ammonia synthesis under
these conditions with or without potassium. These changes in both the apparent
order of hydrogen and ammonia occur while there is no change in the activation
energy suggesting that potassium does not change the elementary steps of ammonia
synthesis (Fig. 4.13). The data shows that the promotional effect of potassium is
enhanced as the reaction conversion increases (i.e. increasing ammonia partial
pressure).

These results are consistent with earlier literature'*"’ in which the effects of
potassium on doubly promoted (aluminum oxide and potassium) catalysts were
studied. It was shown that the turnover number for ammonia synthesis is roughly
the same over singly (aluminum oxide) and double promoted iron when one
atmosphere reactant pressure of nitrogen and hydrogen is used."'? This implies
that at low-pressure conditions, the gas-phase ammonia concentration is not high
enough for potassium to exert a promoter effect. As higher reactant pressures are
achieved (5-200 atm), the promoter effect of potassium becomes significant. It was
found that doubly promoted catalysts became increasingly more active than
catalysts without potassium when the concentration of ammonia in the gas phase
increased.“” This implies that potassium makes the apparent order in ammonia
less negative over commercial catalysts, in agreement with the single-crystal work.

(41)
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Figure 4.11. The apparent order in ammonia for ammonia synthesis over Fe(100) and K/Fe(100)
surfaces.®® The order in ammonia becomes less negative when potassium is present. The same
values, within experimental error, are found for the Fe(111) and K/Fe(111) surfaces.

4.5.2. The Effects of Potassium on the Adsorption of Ammonia on Iron under
Ammonia Synthesis Conditions

The changes in the apparent order of ammonia suggest that to elucidate the
effects of potassium on both iron single crystals and the industrial catalyst, it is
necessary to understand the readsorption of gas-phase ammonia on the catalyst
surface during ammonia synthesis. The fact that the rate of ammonia synthesis is
negative order in ammonia implies that the adsorption of gas-phase ammonia
product decreases the rate of ammonia synthesis. Once adsorbed, the ammonia
has a certain residence time (7) on the catalyst which is determined by its adsorption
energy (AH,,) oniron [7 o e(AH,,/ RT)]."® During this residence on the catalyst,
ammonia can either diffuse on the surface or decompose to atomic nitrogen and
hydrogen.®"** In both cases the species produced by ammonia might reside on
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Figure 4.12. The apparent reaction order in hydrogen for ammonia synthesis over Fe(111) and
K/Fe(111) surfaces.®® The order in hydrogen decreases in the presence of potassium.

surface sites that would otherwise dissociatively chemisorb gas-phase nitrogen,
and thus decreases the rate of ammonia synthesis.**> The promoter effect of
potassium then involves lowering the adsorption energy of the adsorbed ammonia
so that the concentration of adsorbed ammonia is decreased. This is supported by
the temperature programmed desorption results, which show that ammonia desorp-
tion from Fe(111) shifts to lower temperatures when potassium is adsorbed on the
surface. Even at a 0.1 ML coverage of potassium (coverage roughly equivalent to
that stable under ammonia synthesis conditions), the adsorption energy of ammonia
is decreased by 2.4 kcal mol~'. Thus, the residence time for the adsorbed ammonia
is reduced and more of the active sites are available for the dissociation of nitrogen.
At higher coverages of potassium, the adsorption energy of ammonia decreases
to an even greater extent, but these coverages could not be maintained under
ammonia synthesis conditions. There also seems to be an additional adsorption
site forammonia when adsorbed on iron at high coverages of potassium as indicated
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Figure 4.13. The activation energy ( E,) for Fe(111) and K/Fe(111).%% Within experimental error
there is no change in E,, suggesting that potassium does not change the fundamental reaction
steps of ammonia synthesis.

by the TPD results. The development of a new desorption peak with coverages of
potassium greater than 0.25 ML might result from ammonia molecules interacting
directly with potassium atoms, the negative end of the ammonia dipole interacting
with the potassium ion on the iron surface.®® This interaction appears to be weak,
since at a potassium coverage of 1 ML, ammonia desorbs from the surface at 164 K.

Additional experimental evidence supporting the notion that ammonia blocks
active sites comes from the post-reaction Auger data. Within experimental error,
there is no change in the intensity of the nitrogen Auger peak between a Fe surface
and a K/Fe surface after a high-pressure ammonia synthesis reaction. This suggests
that potassium does not change the coverage of atomic nitrogen, but instead the
presence of potassium helps to inhibit the readsorption or promote the desorption
of molecular ammonia on the catalyst. High-pressure reaction conditions are
probably needed to stabilize this ammonia product on the iron surface at 673 K,
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so it will not be present in the ultrahigh vacuum environment. Thus, only the more
strongly bound atomic nitrogen will be detected by AES in UHV.

4.5.3. Modeling the Kinetic Data with a Rate Equation

To model a catalytic reaction, some knowledge of the elementary reaction
steps must be assumed. For ammonia synthesis it is usually accepted that the
dissociative chemisorption of nitrogen is the rate-limiting step, a process which
requires two adjacent open sites on the catalyst surface.*> Using Langmuir-
Hinshelwood kinetics the rate of ammonia synthesis (denoted by r) can be
written as

r= klPN203 (4.1)

where k, is the rate constant for nitrogen dissociative chemisorption and 8, is the
fraction of vacant sites on the surface. It is usually assumed that atomic nitrogen
is the majority species on the surface, so that 8, = 1 — 6 where 8y is the fraction
of surface covered by nitrogen atoms determined by the equilibrium (4.4);

Ke

Noq + 1.5H,, = NHy, (4.2)

where K, is the equilibrium constant. Following the method of Langmuir, 6y can
be determined and substituted into equation (4.1) so that

- k1PN2
[1 + (Ke_l)(PNH3/PH}‘5)]2

r 4.3)

However, the kinetic and surface science results suggest that adsorbed
ammonia blocks catalytically active sites, in addition to atomic nitrogen. In this
case 6, = 1 — Oy — Oy, where 6y and Oyy, are determined by the equilibria

KZ
N.q4 + 1.5H,, = NH;,4 (4.4)
and

&

NH;,q = NH;,, (4.5)

where K, and K; are equilibrium constants (note K, = K,K;). Now the rate of
ammonia synthesis is given by

klPszil-,
r= .
[P+ (Pan, K3')N(KS' + PR)Y

(6)
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The constants K; and K, can now be obtained by fitting equation (4.6) to the
experimental data. For the clean surface, K; =0.19 and K, =2.6 x 107>, When
potassium is present, K; = 0.37 and K, = 2.6 x 107>, This model, which accounts
for adsorbed ammonia blocking active sites, suggests that the enhancement in
ammonia synthesis rate seen over the K/Fe surfaces is due to an increase in the
equilibrium constant K; or a shift in the equilibrium from adsorbed to gas-phase
ammonia. The increase in K; might be due to the decreased adsorption energy of
ammonia when potassium is present, as evidenced by the temperature-programmed
desorption results. The decrease in the apparent order in hydrogen is also consistent
with the increase in K induced by potassium. Since the rate-limiting step in
ammonia synthesis is the dissociation of nitrogen, the only role of hydrogen in
the rate expression (4.6) is to create available sites for this step. In the presence
of potassium, K, increases making more sites available as shown by the equilibria
expressions (4.4) and (4.5). This is reflected in the lowering of the apparent order
in hydrogen when potassium is added to the iron surface.

4.5.4. The Effect of Potassium on the Dissociation of Nitrogen under
Ammonia Synthesis Conditions

The experimentally determined ratio of the rate over clean iron to the rate
over K/Fe surfaces as a function of ammonia partial pressure is plotted in Fig.
4.14. The ratio continuously increases as more ammonia is present in the gas phase
(i.e., the promoter effect of potassium is enhanced). If the only role of potassium
was to keep ammonia off the catalyst surface, then in the limit of zero ammonia
partial pressure, the ratio should be unity. Instead, the best fit of the model to the
experimental data occurs when the ratio is 1.3 at zero ammonia partial pressure.
This implies that potassium increases k, (the rate constant for dissociative nitrogen
chemisorption) by 30% on both Fe(111) and Fe(100). If the preexponential factor
for k, is assumed to be the same for clean iron and K/Fe surfaces, then a 30%
increase in rate corresponds to a 0.35 kcal mol™" decrease in the activation energy
(E,) for this step. This change in E, is too small to be resolved in our experiments.
A small change in E, such as this might also explain work, which was carried out
on the industrial catalyst, that found the activation energy for ammonia synthesis
to be only slightly higher on singly promoted (aluminum oxide) iron than it was
on doubly promoted (aluminum oxide and potassium oxide) catalysts.“*'?

Enhancement of the rate-limiting step in high-pressure ammonia synthesis by
potassium is predicted by the surface science research®3?" presented earlier. It
was found that elemental potassium on iron increased the rate of nitrogen
chemisorption (k,) by more than two orders of magnitude while the greatest
enhancement in k; on Fe(111) was found to be a factor of eight.”” The high-pressure
ammonia synthesis results (20 atm reactant pressure and a catalyst temperature of
673 K),®¥ carried out on iron single crystals of (110), (100), and (110) orientations,
suggest that potassium causes only about a 30% increase in k, on Fe(111) and
Fe(100). The Fe(110) surface was found to be inactive, with or without adsorbed
potassium. Under the synthesis conditions used in these studies, oxygen is needed
to stabilize the potassium with respect to thermal desorption. The presence of the
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Figure 4.14. The experimental fit of reaction rates over Fe and K/Fe surfaces to a model which
allows for the blocking of catalytic sites by adsorbed ammonia as well as atomic nitrogen.*> In
the presence of potassium K; is increased.

oxygen might account for the small effect of potassium on k, in the high-pressure
studies since oxygen has been shown to decrease the promoter effect of potassium,
at least in part, by blocking iron sites which are able to chemisorb nitrogen
dissociatively.®® A similar effect might be expected on the industrial catalyst,
because it is well known that the potassium is in intimate contact with oxygen.®*~*®

4.6. COMBINED SURFACE-SCIENCE AND HIGH-PRESSURE
STUDIES OF THE EFFECT OF ALUMINUM OXIDE ON
THE AMMONIA SYNTHESIS REACTION

Most of the early work on aluminum oxide, in relation to ammonia synthesis,
suggests that the role of aluminum oxide in the ammonia synthesis catalyst was
simply to increase the surface area of the iron catalyst and to inhibit sintering
which usually occurs with high surface area metallic particles.*** This belief is
supported by BET measurements, which showed that the surface of the industrial
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ammonia synthesis catalyst increased tenfold when aluminum oxide was added in
the preparation phase.”” Other workers have asserted that aluminum oxide, in
addition to increasing surface area, prevents the conversion of active planes, such
as Fe(111), to less active surfaces [i.e., Fe(100) and Fe(110)] during ammonia
synthesis, but this, until recently, could not be shown owing to the lack of surface
structure probes in this work. Recent surface-science and high-pressure results will
now be presented that were obtained directly from an investigated iron-aluminum
oxide system for ammonia synthesis over Fe(110), Fe(100), and Fe(111) model
single-crystal catalysts."®

4.6.1. Effects of Aluminum Oxide in Restructuring Iron Single-Crystal
Surfaces for Ammonia Synthesis

The initial rate of ammonia synthesis has been determined over the clean
Fe(111), Fe(100), and Fe(110) surfaces with and without aluminum oxide. The
addition of aluminum oxide to the (110), (100), and (111) faces of iron decreases
the rate of ammonia synthesis in direct proportion to the amount of surface
covered.®® This suggests that the promoter effect of aluminum oxide involves
intimate contact with the iron which cannot be achieved by simply depositing
aluminum oxide on an iron catalyst.

Remembering that the industrial catalyst is prepared by fusion of 2% to 3%
by weight of aluminum oxide and potassium with iron oxide (Fe;0,), experiments
were performed in which Al,O,/Fe single-crystal surfaces were pretreated in an
oxidizing environment prior to ammonia synthesis. These experiments were carried
out by depositing about 2 ML of Al,O, on Fe(111), Fe(100), and Fe(110) surfaces
and then treating them in varying amounts of water vapor at 723 K in order to
oxidize the iron and to induce an interaction between iron oxide and aluminum
oxide. After removal of the water vapor, high pressures of nitrogen and hydrogen
were added to determine the rates of ammonia synthesis. The rate of ammonia
synthesis over Al,O,/Fe surfaces pretreated with water vapor prior to ammonia
synthesis is shown in Fig. 4.15. The initially inactive Al,O,/Fe(110) surface
restructures and becomes as active as the Fe(100) surface after a 0.05 torr water-
vapor treatment and as active as the Fe(111) surface after a 20 torr water-vapor
pretreatment. This is about a 400-fold increase in the rate of ammonia synthesis
compared with clean Fe(110)."'® The activity of the Al,O,/Fe(100) surface can
also be enhanced to that of the highly active Fe(111) surface by utilizing a 20 torr
water-vapor pretreatment and this high activity is maintained for over four hours
as in the case for the restructured Al,O,/Fe(110). Little change in the activity of
the Fe(111) surface is seen experimentally when it is treated in water vapor in the
presence of Al O,.

The activity of the Fe(110) and Fe(100) surfaces for ammonia synthesis can
also be enhanced to the level of Fe(111) by water-vapor pretreatments in the
absence of aluminum oxide, but in this circumstance the enhancement in activity
is only transient. Figure 4.16 shows the rate of ammonia synthesis as a function
of reaction time for restructured Fe(110) and Al, O, /Fe(110) surfaces. Both surfaces
have an initial activity similar to the clean Fe(111) surface. The restructured
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Figure 4.15. Rates of ammonia synthesis over clean iron single crystals and water-induced
restructured Al,O,/Fe surfaces.'* Restructuring conditions are given in the figure.

Al,O,/Fe(110) surface maintains this activity for over four hours while the restruc-
tured Fe(110) surface loses its activity for ammonia synthesis within one hour of
reaction.

4.6.2. Characterization of the Restructured Surfaces

The observation that the Al,O,/Fe(110) and Al,O,/Fe(100) becomes as active
as the Fe(111) surface for ammonia synthesis suggests that new crystal orientations
are being created upon restructuring the Al,O,/Fe(110) and Al,O,/Fe(100) sur-
faces in water vapor. A suggested increase in the surface area cannot account for
the enhancement in rate, since it has been shown that about 40% less carbon
monoxide adsorbs on restructured Al,O,/Fe(110) and Al,O,/Fe(100) relative to
the clean respective surfaces'® (i.e., the iron surface area actually decreases).

Auger electron spectroscopy, low-energy electron diffraction, temperature-
programmed desorption, and scanning electron microscopy (SEM) have been used
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synthesis conditions.'>

to characterize the restructured surfaces. SEM micrographs for restructured Fe(110)
and Al,O,/Fe(110) surfaces are shown in Figs. 4.17 and 4.18, respectively. The
Al,O,/Fe(110) surface, restructured with 0.05 torr of water vapor (Fig. 4.17a),
shows features about 1 wm across growing on the Fe(110) substrate [the clean
Fe(100) surface is smooth and featureless]. After a 20 torr water-vapor pretreatment
the surface seems to be completely restructured with features covering the whole
surface (Fig. 4.17b). Auger electron spectroscopy finds that only about 5% of the
iron surface is covered by aluminum oxide, and sputtering the surface with argon
ions reveals aluminum oxide beneath the iron surface.

SEM micrographs of restructured Fe(110) shows none of the features associ-
ated with the restructured Al,O,/Fe(110) surface. Figure 4.18a shows a (110)
surface which has been restructured with 20 torr of water vapor. No LEED pattern
is obtainable from this surface. Its appearance is different than the restructured
iron single crystals which had aluminum oxide present. None of the crystallite
structures associated with the restructured Al,O,/Fe(110) surface are present.
Figure 4.18b shows the restructured Fe(110) surface after one hour of ammonia
synthesis. The features are now gone and the surface has no activity toward
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Figure 4.17. SEM of the restructured Al,O,/Fe(110) surface!'?): (a) after a 0.05 torr water-vapor
treatment and reduction in nitrogen and hydrogen; (b) after a 20 torr water-vapor pretreatment
followed by reduction. The aluminum oxide is located underneath the iron surface, so it does not
block active catalytic iron sites.
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Figure 4.18. SEM of the restructured Fe(110) surface''®): (a) after a 20 torr pretreatment in water
vapor; (b) after one hour of ammonia synthesis. Note that the features smooth out under ammonia
synthesis conditions.
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ammonia synthesis. In addition, it exhibits a (1 x 1) LEED pattern representative
of clean Fe(110).

Temperature-programmed desorption of ammonia from iron single-crystal
surfaces after high-pressure ammonia synthesis proves to be a sensitive probe of
the new surface binding sites formed upon restructuring. Ammonia TPD spectra
for the four clean surfaces are shown in Fig. 4.19. Each surface shows distinct
desorption sites. The Fe(110) surface displays one desorption peak (B;) with a
peak maximum at 658 K. Two desorption peaks are seen for the Fe(100) surface
(B, and B;) at 556 K and 661 K. The Fe(111) surface exhibits three desorption
peaks (B, B., and B;) with peak maxima at 495 K, 568 K, and 676 K, and the
Fe(211) plane has two desorption peaks (B, and B,) at 570K and 676 K. Tem-
perature-programmed desorption spectra for the Al,O,/Fe(110), Al,O,/Fe(100),
and Al,O,/Fe(111) surfaces restructured in 20 torr of water vapor are shown in
Fig. 4.20. A new desorption peak, 8,, develops on the restructured Al,O,/Fe(110)
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Figure 4.19. Ammonia TPD after high-pressure ammonia synthesis.'> The low-temperature peaks
exhibited by Fe(111) and Fe(211) (B, and B,) are attributed to the presence of C, sites.
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Figure 4.20. Ammonia TPD after ammonia synthesis from restructured Al,O,/Fe surfaces.'>
The restructured Al,O,/Fe(110) and Al,O,/Fe(100) surfaces exhibit low-temperature peaks
similar to Fe(111) and Fe(211). Thus, restructuring by water vapor creates active C;, sites.

surface, and an increase in the B, peak occurs on the restructured Al,O,/Fe(100)
surface. The B, peaks from the restructured Al,O,/Fe(110) and Al,O,/Fe(100)
surfaces grow in the same temperature range as the Fe(111) and Fe(211) 8, peaks.
Deactivation of the restructured surfaces by prolonged sputtering at 832 K reduces
the intensity of the 8, peaks on the restructured A1, O, /Fe(110) and Al,O, /Fe(100)
surfaces to the same level as the respective clean surfaces.

The clean Fe(110), Fe(100), and Fe(111) surfaces restructured with 20 torr of
water vapor produce the same TPD spectra as the Al O, restructured surfaces.
Deactivation of the (100) and (110) clean restructured iron surfaces is rapid under
the conditions of ammonia synthesis, and the B, peaks become equivalent in
intensity to those on the respective clean surfaces within one hour of ammonia
synthesis.

The nature of restructuring of the Al, O, /Fe surfaces is indicated by the kinetic
and TPD results. Kinetic data show that, through restructuring, the activity toward
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ammonia synthesis of the Fe(110) and Fe(100) planes approaches that of the clean
Fe(111) or Fe(211) planes, while the Fe(111) plane is not affected greatly by
restructuring. As described earlier in Section 4.3, the activity of the clean Fe(111)
and Fe(211) planes is usually attributed to the presence of C, sites. The clean
Fe(100) and Fe(110) planes lack these sites. This suggests that restructuring of the
surface by water vapor produces highly coordinated C; sites on the restructured
Fe(110) and Fe(100) surfaces. The increase in rates over the restructured Fe(110)
and Fe(100) planes is not attributable to an increase in surface area, since less
carbon monoxide is adsorbed on these surfaces when compared to the respective
clean surfaces. A similar decrease in carbon monoxide adsorption has also been
observed on MgO/Fe ammonia synthesis catalysts that have also been restructured
with ammonia“® (see Section 4.3). These results were interpreted as due to the
formation of C, sites which are not able to adsorb as much carbon monoxide as
lower coordinated sites because of steric reasons. This explanation is applicable
to the present study and it further supports the idea of the generation of C, sites
on restructuring of the surface by the action of water vapor.

The ammonia TPD results point toward the formation of surface orientations
which contain C, sites during water-vapor-induced restructuring. The growth of
the B, peaks upon restructuring of the Fe(110) and Fe(100) surfaces suggests that
the surfaces change orientation upon water-vapor treatment. The 8, peaks also
reside in the same temperature range as the Fe(111) B, peak. It seems likely that
the TPD peaks in this temperature range act as a signature for the C, site since
the Fe(211) surface (Fig. 4.20), which contains C, sites and is highly active in the
ammonia synthesis reaction, also exhibits a 8, peak after ammonia synthesis with
a peak maximum at 570 K. These results suggest that surface orientations which
contain C, sites, such as the Fe(111) and Fe(211) planes, are being formed during
the reconstruction of clean and Al, O -treated iron surfaces, but only in the presence
of Al,O, does the active restructured surface remain stable under the ammonia
synthesis conditions.

4.6.3. The Restructuring of Iron by Aluminum Oxide

The process by which iron restructures seems to involve both oxidation and
reduction. Initial oxidation by water vapor destroys the original morphology of
the iron surface. On reduction with nitrogen and hydrogen, the oxygen is removed
and the resulting metallic iron is left in orientations active for the ammonia
synthesis, such as Fe(111) and Fe(211). The presence of an amorphous surface
after water-vapor pretreatment cannot be ruled out, since by using the industrial
catalyst“® it was shown by in situ X-ray diffraction at high pressures that the
catalyst surface, after reduction, can be amorphous with no discernible crystal
structure. Even if the surface is amorphous, the important point is that C, sites
should be present and, if no support phase is present (i.e., Al,O,), reconversion
of the iron into less active orientations is rapid under ammonia synthesis conditions.
The idea of aluminum oxide stabilizing active planes for ammonia synthesis can
be seen in the literature,'”” but this work is the first direct experimental proof
substantiating this claim.
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With the addition of Al,O,, the mobility of the iron is increased and restructur-
ing can occur at lower pressure of water vapor. The SEM micrographs suggest
that iron forms crystallites on top of the restructured Al,O,/Fe(110) surface
[opposed to the uniform appearance of the restructured clean Fe(110) surface].
AES finds little Al,O, on the surface, suggesting that the iron has diffused through
the Al O, islands, covering them. These findings can be explained by considering
wetting properties and the minimization of the free energy for the iron oxide-
aluminum oxide system.

In vacuum or in a reducing environment (i.e., ammonia synthesis conditions),
metallic iron will not spread over aluminum oxide (metallic iron has a higher
surface tension than aluminum oxide”). Conversely, in an oxidizing environment
(i.e., the water-vapor treatments) iron oxide forms (the surface tension of the oxide
will be lower than the metal®”*® and possibly similar to Al,O,). A chemical
interaction between iron and aluminum oxide might then result as inferred from
the AES results"® shown in Fig. 4.21. It is shown that the 42 eV Auger peak
representative of iron oxide“**® is shifted to about 38 eV in the presence of
aluminum oxide and water vapor, indicating that an interaction results between
aluminum oxide and iron oxide. Both these considerations favor the concept of
iron wetting the aluminum oxide. Using transmission electron microscopy, it has
been shown that iron can wet alumina (Al,O,) in an oxidizing environment or
even in the presence of hydrogen which contains trace amounts of water vapor.®*"
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Figure4.21. AES spectra of oxidized iron and a partially oxidized iron-aluminum oxide surface.>

The 42 eV iron peak shifts to 39 eV in the presence of aluminum oxide.
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The formation of iron aluminate (i.e., FeAl,Q,) in the presence of an oxygen source
was also postulated®? on the basis of microelectron diffraction data.

While 20 torr of water vapor was needed to restructure clean iron single
crystals, only 0.4 torr of water vapor is needed to restructure an Al, O, /Fe surface.
It therefore seems that Al,O, provides an alternate and apparently more facile
mechanism for the migration of iron. Upon reduction, metallic iron is left in a
highly active orientation [such as Fe(111) and Fe(211)] for the ammonia synthesis
reaction, and the Al O, stabilizes the active iron, since if the Al,O, were not
present the iron would move to positions coincident with the bulk periodicity (see
Fig. 4.22 for a schematic representation of the restructuring).

The formation of an iron aluminate during reconstruction of the iron surface
may be responsible for the stability of the restructured Al,O,/Fe surfaces. The
presence of iron aluminate has been postulated from XPS studies on Fe-Al,O,
and Fe;0,-Al,0; systems©®>>® as well as in numerous studies on the industrial
ammonia synthesis catalyst.**-*® The volume of an FeAl,O, molecule is approxi-
mately equal to the volume of seven iron atoms in a bec lattice®® so that FeAl,O,
can exist as a skeleton in the iron lattice with little distortion. The low coverages
of Al,O, on the restructured surfaces suggest that the support effect might be
coming through inclusions of FeAl,O, in the near-surface region. This is supported
by the fact that ions sputtering the restructured surfaces reveal subsurface Al,O,.

Fe (110)

H,O vapor (20 torr)
T=723K

N,/H, (20 atm)
T=673K

FeAl,04 Active Fe overlayer
/(i.e., Fe (111) and Fe (211)

/—\.. ALLO,
XA

Fe (110)

Figure 4.22. A schematic depicting the restructuring process of iron, induced by water vapor, and
in the presence of aluminum oxide. The oxidation of the iron allows iron oxide to migrate on
top of aluminum oxide. An interaction between the aluminum oxide and iron oxide might enhance
this step. Upon reduction in nitrogen and hydrogen the iron is left in active and stable orientations
for ammonia synthesis. The formation of iron aluminate might be responsible for this stability.
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4.7. COMBINED UHV/HIGH-PRESSURE STUDIES ON THE
INTERACTION BETWEEN ALUMINUM OXIDE AND
POTASSIUM COADSORBED ON IRON

The industrial catalysts employed for use in ammonia synthesis always contain
both aluminum oxide and potassium, often in conjunction with other promoters.
Surface-science and catalytic studies will be presented that study the interactions
between the two principal promoters.“®

4.7.1. The Stability of Potassium on Iron when Coadsorbed with
Aluminum Oxide

The Auger spectra of a K/Fe(100) surface prepared prior to carrying out
ammonia synthesis, a K/Fe(100) surface after reaction, and a postreaction K/40%
Al,O,/Fe(100) surface are shown in Fig. 4.23. It is apparent that a surface which
contains aluminum oxide can retain more potassium during ammonia synthesis
conditions than the equivalent surface without aluminum oxide. This suggests that
aluminum oxide binds directly to potassium or that there is an interaction mediated
through the iron surface. To probe these interactions experiments were performed
in which a known amount of Al,O, was deposited on a Fe(100) surface. About
1 ML of potassium was evaporated on the crystal and the sample was heated to
673 K in UHV. The Auger signal from the potassium was monitored periodically.
A rapid decrease occurred in the potassium Auger signal initially which was due
to the low desorption energy of potassium at high surface coverages. After about
20 minutes a steady-state concentration of potassium was established, with the
final coverage of potassium approximately equal to the initial coverage of aluminum
oxide. This result is represented in Fig. 4.24, where the relative concentration of
stabilized potassium is plotted against the relative concentration of stabilized
potassium. An approximate 1:1 ratio is found between the surface concentration
of potassium and aluminum oxide, and this is suggestive of compound formation
between the two additives (i.e., KAlO,), as opposed to a nonstoichiometric Al O, -
K surface layer.®®

4.7.2. The Effects of Coadsorbed Potassium and Aluminum Oxide on the
Ammonia Synthesis over Unrestructured Fe(100)

In Fig. 4.25, the rate of ammonia synthesis versus % free iron surface, as
determined by carbon monoxide TPD (see experimental section), is shown graphi-
cally. The rate of ammonia synthesis decreases roughly in proportion to the amount
of iron covered by the aluminum oxide and potassium.®® The only mechanism
for this reduction in rate is site-blocking, which occurs during initial reaction
conversions (Pyy, ranges from 0 torr to 3 torr during this measurement).

As the reaction conversion increases, the effects of coadsorbed potassium and
aluminum oxide become apparent.*” The partial pressure of ammonia in the
reactor loop versus time for the 0.15 ML K/ Fe(100), clean Fe(100), 0.25 ML K/25%
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Figure 4.23. AES spectra of promoted Fe(100) surfaces before and after ammonia synthesis.**

The prereaction potassium signal corresponds to 1 ML.

Al,O,/Fe(100) and for the 25% Al,O, surfaces is plotted in Fig. 4.26. In these
experiments about 10 torr to 13 torr of ammonia was introduced into the reactor
loop prior to ammonia synthesis. The 0.25 ML K/25% Al,O,/Fe(100) surface
becomes increasingly more active than the 25% Al,O,/Fe(100) surface as the
reaction conversion increases. This is the same behavior observed when the activity
of 0.15 ML K/Fe(100) is compared to Fe(100), as described in Section 4.5. The
presence of potassium on the iron surface results in a reduction of the adsorption
energy of the ammonia product. Thus, the concentration of surface ammonia is
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lowered and more catalytic sites are available for the dissociation of nitrogen.
Frankenburg® has suggested that on the industrial catalyst, potassium neutralizes
weak acidic sites which would otherwise bind ammonia and ammonia synthesis
or decomposition intermediates. This type of promotion might be an additional
effect of potassium when coadsorbed with aluminum oxide, although detailed
experiments have not been carried out to address this possibility.

Even though more potassium can be stabilized on the iron surface when
aluminum oxide is coadsorbed, an enhancement in the promoter effect was not
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Figure 4.26. The amount of ammonia produced in the reaction loop is plotted against time of
ammonia synthesis for the 0.15 ML K/Fe(100), clean Fe(100), 0.25 ML K/25% Al,O,/Fe(100),
and 25% Al,O,/Fe(100) surfaces.“”) The nonlinearity of the curves is due to gas-phase ammonia
readsorbing on the catalyst and blocking catalytic sites for the dissociation of nitrogen.

found when these surfaces were compared to the activity of 0.15 ML K/Fe(100).
The 0.25ML K/25% Al,O,/Fe(100) surfaces exhibits roughly the same rate as the
0.15 ML K/Fe(100) surface, as indicated by the slopes of the curves in Fig. 4.26.
The surface area of the single crystal and the fraction of surface covered by the
additive is taken into account when the rates of ammonia synthesis are determined.
Thus the potassium, which interacts with the aluminum oxide, seems to be rendered
catalytically inactive. Stabilization of more than 0.25 ML of potassium actually
results in a decrease in the promoter effect of potassium. This decrease is probably
due to high coverages of potassium blocking catalytic sites which dissociate
nitrogen,®” and is paralleled by a reduction in the activity of commercial catalysts
should excessive potassium be used in the formulation.

4.7.3. Water-Vapor Pretreatment of Clean and Al,O,/Fe Single-Crystal
Surfaces in the Presence of Coadsorbed Potassium

Coverages of 0.1 ML to 1.0 ML of potassium adsorbed alone on the (111),
(100), and (110) faces of iron failed to produce any promotional effects after
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pretreatments with 0.05 torr, 0.4 torr, and 20 torr of water vapor. Subsequent to
the water-vapor treatments the coverage of potassium was never greater than
0.4 ML, and it did not exceed 0.1 ML after the ammonia synthesis reaction, in
agreement with previous work.®*

The same coverages of potassium coadsorbed with two monolayers of
aluminum oxide on the Fe(110), Fe(100), and Fe(111) surfaces hindered the
restructuring process in water vapor (see Section 4.6). As increasing amounts of
potassium were coadsorbed, more aluminum oxide was detected by AES after
water pretreatments of 20 torr, and less restructuring of the iron occurred (rates
of ammonia synthesis over these surfaces were less than the rates on those surfaces
which were restructured with aluminum oxide alone). There is a one-to-one ratio
between aluminum oxide and potassium on the surface and, in the case where
one monolayer of potassium was deposited on two monolayers of aluminum oxide,
AES showed that no aluminum oxide or potassium migrated from the iron surface
after a 20 torr water-vapor pretreatment and restructuring of the surface failed to
occur.
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Figure 4.27. Ammonia accumulation in the reaction loop is plotted against time for the clean
Fe(100), restructured Al,O,/Fe(100), and for a 0.25 ML K/Al,O,/Fe(100) which had been
restructured before the addition of potassium.*”
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4.7.4. The Effects of Coadsorbed Potassium and Aluminum Oxide on the
Ammonia Synthesis over Restructured Fe(100)

It has been shown that inactive Fe(110) and the slightly active Fe(100) surface
can be restructured with water vapor in the presence of aluminum oxide to produce
new surfaces with activities equivalent to Fe(111) and Fe(211). The coadsorption
of potassium with the aluminum oxide inhibits this restructuring. It seems likely
that the formation of a potassium aluminate retards the interaction between
aluminum oxide and the oxidized iron surface which is needed to change the
morphology of the iron surface. Thus, the promotional effect of both aluminum
oxide and potassium is eliminated if they are added together prior to the restructur-
ing process on single-crystal catalysts.

To realize fully the promotional effects of potassium and aluminum oxide,
the promoters must be added at different times during the preparation of the active
catalyst.“” In Fig. 4.27, the partial pressure of ammonia in the reaction loop versus
the time of reaction for clean Fe(100), restructured Al,O,/Fe(100), and restruc-
tured 0.25 ML K/25% Al,O,/Fe(100) where the potassium was added after the
restructuring procedure is plotted (see the figure for conditions). The restructured
Al,O,/Fe(100) surface with 0.25% Al,O, is about one order of magnitude more
active than the clean Fe(100) surface when the surface areas of the samples are
taken into account. The addition of 0.25 ML K to a restructured Al,O,/Fe(100)
surface increases the activity of the restructured surface twofold at an ammonia
partial pressure of 20 torr. Thus the restructured 0.25 ML K/25% Al,O,/Fe(100)
surface is now 20 times more active than the clean Fe(100) surface. The only way
to achieve this level of enhancement is to restructure the surface in the presence
of aluminum oxide alone, and then to add the potassium.

4.8. AMMONIA-INDUCED RESTRUCTURING OF IRON
SINGLE-CRYSTAL SURFACES

It has been shown throughout this chapter that ammonia synthesis from its
elements over iron is an extremely structure-sensitive reaction, and hence a major
concern in the preparation of an industrial catalyst is to preferentially create and
stabilize active surface orientations [i.e., Fe(111) and Fe(211)]. This objective is
uaually accomplished in the chemical technology by combining magnetite (Fe,0,)
with about two percent by weight of potassium oxide (K,0) and aluminum oxide
(Al,05) and then reducing the catalyst precursor in a stoichiometric mixture of
hydrogen and nitrogen or in an ammonia-hydrogen flow.® Catalytic studies have
found that the industrial iron catalyst is more active when reduced in a
stoichiometric mixture of nitrogen and hydrogen than in pure hydrogen.” Also,
by treating the catalyst with ammonia so as to achieve a higher partial pressure
of nitrogen (through the complete dissociation of ammonia), a nitrogen-induced
restructuring results in an enhancement in ammonia synthesis activity.®

This section presents research®® which studied the effects of ammonia induc-
ing restructuring on the ammonia synthesis activity of Fe(110), Fe(100), and
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Fe(111) surfaces. Also, the effects of the ammonia pretreatment on iron surfaces
with coadsorbed potassium and aluminum oxide are presented.

4.8.1. Clean Iron Single Crystals Pretreated with Ammonia Prior to
Ammeonia Synthesis

Rates of ammonia synthesis over initially clean (110), (100), and (111) faces
of iron are shown in Fig. 4.28, along with the rates obtained after the treatment
of the Fe(110), Fe(100), and Fe(111) crystals with 5 torr of ammonia at 723 K for
30 minutes prior to the ammonia synthesis reaction. The Fe(110) and Fe(100)
surfaces show large increases in activity for ammonia synthesis (Fig. 4.28) after
ammonia pretreatment. The initially inactive Fe(110) face becomes about half as
active as the clean Fe(111) surface. The activity of the Fe(100) surface, for ammonia
synthesis, increases by a factor of four and the Fe(111) surface shows only a small
decrease in activity after ammonia pretreatment. Scanning electron micrographs
of the ammonia pretreated iron single-crystal surfaces are shown in Fig. 4.29. They
clearly show that ammonia pretreatment drastically changes the surface structure
of the (110), (100), and (111) faces of iron.

Synthesis Conditions
Temperature = 673 K
20 atm 3:1 H;N,

Restructuring Conditions
P,“,,J = b5 torr

Temperature = 723 K
Time = 30 min

7, EE Clean Surface
ZZ Ammonia Pretreated Fe

moles NH, per cm?sx10°®
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Fe(11)  Fe(100)  Fe(110
Surface Orientation

Figure 4.28. Rates of ammonia synthesis over clean Fe single crystals of (111), (100), and (110)
orientation and ones pretreated in ammonia prior to ammonia synthesis.*®
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10 pm

Figure 4.29. Scanning electron micrographs of the (a) Fe(111), (b) Fe(100), and (c) Fe(110)
surfaces after they were treated in 5torr of ammonia at 723 K for 30 minutes indicating the
restructuring of all three crystal orientations.*®
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4.8.2. Structural Characterization of the Restructured Surfaces

It was shown in Section 4.6 that the desorption of ammonia after ammonia
synthesis is a sensitive probe of surface structure. It is found that Fe(110) and
Fe(100) surfaces restructured in ammonia exhibit the 8, peak which is characteristic
of a surface containing the C, site. The restructured Fe(111) surface shows little
change in its temperature-programmed desorption profile in agreement with the
observation of the absence of any significant change in ammonia synthesis activity
after restructuring. This suggests that the (111) plane, along with Fe(110) and
Fe(100), is restructured to a surface which also contains C; sites. This contention
is directly confirmed by an SEM analysis of the restructured (111) surface (the
details of the analysis are presented in detail elsewhere) which shows that the new
surface planes formed after ammonia treatment are (211) planes,*® shown in
Section 4.3 to have a similar activity to the Fe(111) surface.

4.8.3. The Effect of Adsorbed and Dissolved Nitrogen on Iron during
Ammonia Synthesis

The presence of adsorbed nitrogen, present during ammonia synthesis, seems
not to affect ammonia synthesis activity under the conditions used in this study.
Surfaces, restructured in ammonia, produce high near-surface concentrations of
nitrogen. The ratio (Cy) of the nitrogen 381 eV AES peak to the iron 652 eV peak
is close to unity after ammonia pretreatment of the (110), (100), and (111) iron
surfaces. This corresponds to a surface coverage, 6y, of about 0.6.°"*® This is in
contrast to a Cy value of 0.17 (65 = 0.09), which is the surface nitrogen coverage
of an iron surface after ammonia synthesis without ammonia pretreatment.
However, the surfaces with the high surface concentration of nitrogen have identical
ammonia synthesis activity to those surfaces with a lower 6y . This result suggests
that the nitrogen detected in UHV does not reside on catalytic sites during ammonia
synthesis, since rates are the same over nitrogen-free and nitrided Fe surfaces after
ammonia pretreatment.

4.8.4. The Effects of Aluminum Oxide and Potassium on the Restructuring of
Iron by Ammonia

The presence of Al,O, on the iron surface inhibits the restructuring process
induced by ammonia and the presence of potassium shows no observable effects
on the process.

Aluminum oxide is found to block the iron surface which could otherwise
dissociate ammonia. This blocking of the restructuring process by Al,O, is in
sharp contrast to the case where aluminum oxide catalyzes the restructuring of
iron in the presence of water vapor prior to ammonia synthesis (Section 4.6). In
this circumstance iron oxide is found to migrate on top of the aluminum oxide
overlayer as a result of the oxidizing environment (water vapor). The major driving
force for this structural transformation is most likely compound formation between
iron oxide and aluminum oxide.
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When nitrogen is the restructuring agent it is not thermodynamically favorable
for iron nitride to cover aluminum oxide, probably because of the absence of a
strong chemical interaction between iron nitride and aluminum oxide. Hence, AES
finds aluminum oxide on the iron surface after Al,O,/Fe surfaces have been
pretreated in ammonia. Contrary to this, in the case of restructuring in water vapor,
AES finds that Al, O, leaves the iron surface region, residing underneath the active
iron surface.

The presence of potassium on iron during ammonia pretreatment has no
additional effect on the restructuring process when adsorbed alone or when
coadsorbed with Al O,. Thus, potassium does not seem to affect the structural
promotion of ammonia synthesis catalyst either during ammonia or water-vapor
pretreatment. However, the presence of potassium on a Al,O,/Fe surface, during
water-vapor pretreatment (Section 4.6), inhibits restructuring. A likely explanation
for this observation is that the formation of potassium aluminate blocks the
interaction between iron oxide and aluminum oxide."®

The effects of water-vapor and ammonia pretreatment on the initial rate of
ammonia synthesis over Fe, Al,O,/Fe, and K/Al,O,/Fe surfaces can be summar-
ized as follows. The presence of aluminum oxide promotes the restructuring of
iron during the water-vapor pretreatment, but it inhibits the ammonia-induced
restructuring. The presence of potassium shows no effect in the ammonia pretreat-
ment and it inhibits water-vapor-induced restructuring of iron. These results suggest
that to form the most active ammonia synthesis catalyst, the iron should first be
restructured in ammonia before aluminum oxide is added. After aluminum oxide
is added the surface should be treated in water vapor, and finally potassium should
be added to serve as a promoter at high ammonia synthesis reaction conversions.

4.9. SUMMARY OF THE PROMOTER EFFECTS OF POTASSIUM
AND ALUMINUM OXIDE

In this section, the surface-science and catalytic data on the promotional
effects of both aluminum oxide and potassium for ammonia synthesis over iron
single-crystal surfaces is summarized. The promotional effects of potassium on
ammonia synthesis have been investigated over the Fe(110), Fe(100), and Fe(111)
surfaces under high-pressure conditions. A coverage of 0.15 ML is the maximum
amount of potassium that can be stabilized on the iron single crystals under
ammonia synthesis conditions, and adsorbed potassium has no promotional effect
on the inactive Fe(110) surface. However, adsorbed potassium increases the rate
of ammonia synthesis markedly over the Fe(111) and Fe(100) crystal faces. The
promotional effect becomes more significant as the reaction conversion increases.
For example, at an ammonia partial pressure of 20 torr there is a twofold increase
in the rate of ammonia synthesis over Fe(111) and Fe(100) in the presence of
potassium. In the presence of potassium the ammonia reaction order from —0.6
to —0.35 on the (100) and (111) faces of iron is changed, and adsorbed potassium
also decreases the reaction order in hydrogen from 0.76 to 0.44 on Fe(111).
However, within experimental error, there is no change in the activation energy,
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when potassium is present, suggesting that the mechanism for ammonia synthesis
is not being changed.

The kinetic data can be explained by a model which accounts for the blocking
of catalytic sites which have the ability to dissociate nitrogen, by adsorbed ammonia
and atomic nitrogen. The presence of potassium results in lowering the concentra-
tion of adsorbed ammonia on the surface, thus making more sites available to
chemisorb nitrogen dissociatively and further increasing the rate of ammonia
synthesis. The model suggests that an additional promotional effect of potassium
is a 30% enhancement in the rate of nitrogen dissociation on Fe(111) and Fe(100),
which increases the rate of ammonia synthesis still further. This is in qualitative
agreement with nitrogen chemisorption studies on iron and K/Fe surfaces in UHV
(Section 4.4).

Treatment of the (110), (100), and (111) faces of iron with 20 torr of water
vapor causes surface restructuring. The restructured Fe(110) and Fe(100) surfaces
become as active as the clean Fe(111) surface for ammonia synthesis. The restruc-
tured Fe(111), however, exhibits a slight decrease (about 5%) in activity when
compared to the clean Fe(111) surface. The restructured (110), (100), and (111)
surfaces reconvert to their unrestructured orientations within one hour of ammonia
synthesis and lose their increase in activity.

The same restructuring on the Fe(110), Fe(100), and Fe(111) surfaces can be
performed with water vapor in the presence of aluminum oxide. In this case, 20 torr
of water vapor restructures the Al,O,/Fe(100) and only 0.4 torr of water vapor is
needed to restructure the Al,O,/Fe(110) surface so that they become as active as
the Fe(111) face in ammonia synthesis. The restructured Al,O,/Fe(110) and
Al,O,/Fe(100) surfaces maintain their activity for longer than four hours in the
ammonia synthesis conditions in contrast to the Al,O,-free surface. The formation
of iron aluminate in the region near to the iron surface is invoked to explain the
stability of the restructured Al,O,/Fe surfaces.

The studies on reaction rates and ammonia temperature-programmed desorp-
tion suggest that planes containing C, sites, such as the Fe(211) and Fe(111)
surfaces, are being created during the water-vapor pretreatments whether aluminum
oxide is present or not. However, only when aluminum oxide is present will these
active surfaces remain stable and not reconvert to less active surfaces [i.e., Fe(110)
and Fe(100) planes].

The coadsorption of potassium with aluminum oxide inhibits the restructuring
process. Thus, to realize the full promotional effects of both aluminum oxide and
potassium, the surfaces should first be restructured with aluminum oxide alone
and potassium should be added afterward. Using this procedure, the activity of
the Fe(110) surface can be increased by a factor of about 800 at an ammonia
partial pressure of 20 torr (Py, = 5 atm and Py, = 15 atm). Restructuring leads to
about a 400-fold increase in the activity of Fe(110), and the addition of potassium
contributes a further twofold increase.

The application of these results to industrial catalysts seems to be warranted.
Industrial catalysts are prepared by fusion of 1% to 3% by weight of aluminum
oxide and potassium to iron oxide with subsequent reduction to the active catalyst
in a stoichiometric mixture of nitrogen and hydrogen. This procedure has been
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reproduced in the combined UHV/high-pressure studies presented in this chapter.
The promotional effects of aluminum oxide in the industrial catalyst probably
result from its interaction with the iron oxide during the preparation stage. This
interaction results in the formation of solid solutions which could prevent planes
such as Fe(111) and Fe(211) formed during reduction from converting to more
thermodynamically stable planes, such as the low-activity Fe(110) and Fe(100)
surfaces. The presence of potassium seems to have little to do with this structural
promotion. Its presence during this step might even inhibit the full promotional
effect of aluminum oxide from being realized. Its interaction with aluminum oxide
is seen to result in the formation of a potassium aluminate which retards the
interaction between iron oxide and aluminum oxide during the restructuring
process.

Pretreating iron single crystals in high pressures of ammonia prior to ammonia
synthesis have been shown to induce a surface restructuring. Both the Fe(110) and
Fe(100) surfaces are found to approach the Fe(111) activity after ammonia pretreat-
ment. Treatment of the Fe(111) surface in ammonia causes a surface transformation
to Fe(211). The presence of aluminum oxide on the iron surface inhibits ammonia-
induced restructuring and potassium shows no observable effect.
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CHEMISORPTION AT MORE
ELEVATED PRESSURES ON
INDUSTRIAL AMMONIA
SYNTHESIS CATALYSTS

J. W. Geus and K. C. Waugh

5.1. INTRODUCTION

This chapter is concerned with the adsorption of hydrogen, nitrogen, and carbon
monoxide on promoted iron catalysts in the reduced state at pressures up to about
1 atm. In Chapter 3, Ertl discusses adsorption of hydrogen and nitrogen on iron
single crystals with and without added potassium. Schlogl, in Chapter 2, deals
with adsorption of nitrogen on industrial ammonia synthesis catalysts. Both Ertl
and Schlog! consider only measurements in which the surface coverage is deter-
mined by modern surface analytical techniques, such as XPS, UPS, and Auger
electron spectroscopy. Since these modern techniques can only be operated at low
gas pressures, coverages at higher pressures are not discussed. It is relevant therefore
to compare the data described by Ertl and Schidgl with older results measured at
higher pressure on reduced iron catalysts. In this older work, the extent of adsorp-
tion has been measured both volumetrically and gravimetrically. The properties
of hydrogen are particularly interesting. Adsorption of hydrogen on reduced
catalysts is generally an activated process, while adsorption on sputter-cleaned
single crystals and vapor-deposited iron films is not activated even at low tem-
peratures.

The reactivity of oxygen adsorbed on iron surfaces or present in the surface
layer of iron toward hydrogen is highly important in the case of industrial ammonia
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synthesis catalysts. To activate the catalysts, hydrogen reduction of the iron oxide
phases present in the fresh catalysts must first be carried out. The efficiency of
removal of oxygen from the iron surface by reaction with hydrogen has a major
influence upon the subsequent activity in the ammonia synthesis reaction. Further-
more, it has been found that oxygen-containing compounds, such as carbon dioxide,
carbon monoxide, and water, poison reversibly the subsequent activity of iron
catalysts at concentration ratios far below those at which bulk iron oxides are in
thermodynamic equilibrium with bulk metallic iron.

Calculations relating adsorption properties measured on clean single-crystal
surfaces at (very) low pressure with actual rates of ammonia synthesis at high
pressures described later in this chapter require some measurement of the free
metallic iron surface area of the reduced synthesis catalysts. The free metallic iron
surface area is generally calculated from the extent of chemisorption of carbon
monoxide. In view of the importance of the free metallic iron surface area in work
dealing with the mechanism of ammonia synthesis, it is important to review the
adsorption of carbon monoxide on different iron surfaces reduced under different
conditions.

Finally, the chapters by Schlogl and Somorjai deal with the effects of water
on the action of the promoters, in particular alumina, with an oxidized iron surface.
The structure and catalytic properties obtained by the iron surface after reduction
appear to be affected significantly by previous exposure to water vapor (and
hydrogen) at high temperatures. The small amount of alumina present in industrial
synthesis catalysts renders assessment of the interaction of the excess oxidized
iron with the alumina difficult. We therefore will review some resuits obtained on
iron catalysts supported on alumina at a much lower iron content.

Since the properties of iron catalysts depend strongly on the detailed reduction
procedure, the chapter will begin with a discussion of the reduction of alumina-
supported iron catalysts. The interaction of alumina with iron(I1) formed during
the reduction will be evident.

Subsequently, the reactivity of oxygen present on reduced iron surfaces toward
hydrogen will be considered. Experiments on single crystals of iron have demon-
strated that the reactivity of the monolayer of oxygen atoms toward hydrogen is
strongly dependent upon the structure of the iron metal surface. The results of the
experiments on single crystals can rationalize a number of the experimental
observations detailed in the other chapters.

The literature on the interaction of iron surfaces with carbon monoxide will
then be reviewed. It will become apparent that the interaction of iron with carbon
monoxide is much more complicated than the interaction of carbon monoxide
with metals such as platinum or nickel.

Interaction of iron surfaces with molecular hydrogen will be the subject of
the next section. The considerable differences in the interaction of molecular
hydrogen with reduced and unreduced iron surfaces will be discussed, followed
by a section devoted to a discussion of the interaction of reduced catalysis with
molecular nitrogen.

Finally, rates of ammonia synthesis at industrially relevant conditions of
temperature (450 °C) and pressure (100 bar) predicted by models based on the
kinetics of adsorption and desorption derived both from the single-crystal studies
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of Ertl and co-workers and from studies of singly and doubly promoted catalysts
by Brunauer and Emmett and also by Scholten and co-workers will be compared
with those obtained in practice.

5.2. REDUCTION OF ALUMINA-SUPPORTED IRON CATALYSTS

In contrast to nickel and copper, the reduction of iron oxide to the metallic
state calls for a fairly high hydrogen-to-water ratio to become thermodynamically
viable. At lower hydrogen-to-water ratios, reduction of bulk iron(III) oxide (alfa-
Fe,0, or alfa-FeOOH) proceeds only to magnetite (Fe;0,). At temperatures below
about 570 °C, magnetite should react with hydrogen to give metallic iron and water.
According to the phase diagram, bulk FeO (wustite) is stable only at temperatures
above about 570 °C, and should not be formed during mild reduction.®")

Both Schlogl and Somorjai report on the interaction between oxidized iron
and the promoters, mainly alumina and potassium oxide. In particular, the interac-
tion with the structural promoter, alumina, can alter significantly the crystallog-
raphy of the metallic iron surfaces formed during reduction. Since supported iron
catalysts can contain much more alumina than normal for the industrial ammonia
synthesis catalyst, any interaction between the iron oxide being reduced and the
alumina support is much more easily observed. Some results, indicating unam-
biguously the effect of the interaction of iron with the alumina, will therefore be
reviewed.

Wielers and co-workers'” have investigated the reduction of alfa-FeOOH
(goethite) deposited (25 wt% Fe) on alumina (Degussa) BRD, with a surface area
of 100 m? g™', by Mossbauer spectroscopy. To ascertain that neither slow transport
of water through the highly porous alumina nor the small size of the supported
iron oxide particles determined the course of reduction, the authors measured also
a physical mixture of small goethite particles and the same alumina support. The
surface area of the unsupported goethite was 403 m”> g™!, which corresponds to a
particle size of 3.5 nm (density 4.28 gml™"). In Fig. 5.1 the Mossbauer spectra of
the fresh catalyst and the fresh physical mixture of goethite and alumina measured
at temperatures of 300, 77, and 4.2 K are shown. At 4.2 K the spectrum of goethite
was exhibited. Since the small goethite particles are superparamagnetic at 300 K,
a doublet characteristic of high-spin Fe(III) was measured at this temperature. At
77 K, the spectra of goethite and of the high-spin Fe(III) were superimposed.
From the temperature dependence of the resonant absorption spectrum, the size
of the goethite particle can be estimated. For the alumina-supported goethite, a
particle size of 8.5 nm was calculated. In the case of the unsupported goethite
particles, a size of 2 to 3 nm was calculated, in excellent agreement with values
derived from the surface area measurement.

The Mossbauer spectra of the supported goethite and the goethite in the
physical mixture measured at 300 K after successively more severe reduction
treatments with hydrogen are shown in Fig. 5.2. The unsupported goethite reacted
at 673 K readily to form magnetite. The Mossbauer spectrum is consistent with
the presence of large magnetite particles, which indicates severe sintering of the
small goethite particles during reduction. Simple dehydration of the goethite had
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Figure 5.1. Mossbauer spectra of fresh alumina-supported iron catalyst and a physical mixture
of geothite and alumina; spectra were measured at 300, 77, and 4.2 K.

led already to substantial sintering and calcination at 573 K caused the surface
area to fall to 48 m”>g~' (particle size 24 nm; density 5.24 g ml™'). Reduction for
9 h at 873 K completed the reduction to metallic iron.

From Fig. 5.2 it is apparent that the reduction of goethite deposited on alumina
proceeded in a rather different manner to that of unsupported goethite. Reduction
at 673K led to a strongly broadened spectrum of magnetite together with the
spectrum consistent with a significant amount of residual Fe(III). Raising the
reduction temperature led remarkably to a strong decrease of the spectrum due to
magnetite. An intense Fe(II) spectrum was exhibited. Under conditions where,
thermodynamically, the magnetite should be reduced to metallic iron, as shown
in the case of the unsupported goethite, the supported magnetite reacted in the
first instance to give Fe(II). Further reduction for 9 h at 873 K resulted slowly in
the formation of metallic iron, though a significant amount of Fe(II) was still
present.

The results of Wielers and co-workers‘®? have shown that Fe(II) is stabilized
by some interaction with alumina. The stabilization may be due to the formation
of FeAl,O, or, more probably, to an interaction between ferrous oxide and an
alumina or iron(II) aluminate surface. Kock and co-workers'® demonstrated the
stabilization of Fe(II) by alumina using magnetic measurements. The authors
studied the reduction of goethite (FEOOH), hematite (Fe,0,), a physical mix of
FeOOH and alumina, and FeOOH deposited on alumina with carbon monoxide.
They raised the temperature of their samples held in a flow of 5% carbon monoxide
in helium, with a heating rate of 4.8 Kmin™" up to a temperature of 770 K and
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Figure 5.2. Mossbauer spectra of alumina-supported iron and physical mixture of goethite and
alumina after increasingly severe thermal treatments.

subsequently decreased the temperature to 300 K at the same rate. Simultaneously
the magnetization of the samples at a field strength of 0.52 MA m~! (6500 Oe) was
recorded. The Curie temperatures of the reduced samples were evaluated from the
magnetization curves measured at decreasing temperatures. The Curie temperatures
indicated that a considerable fraction of the unsupported iron oxides had been
converted to iron carbide. The freshly reduced iron catalyzed the Boudouard
reaction, namely, the disproportionation of carbon monoxide to carbon and carbon
dioxide. The resulting carbon was responsible for the formation of iron carbide.
A particularly high fraction of carbide was found in reduction of the physical
mixture of goethite and alumina. Surprisingly, the supported iron oxide was
reduced initially to a ferromagnetic compound (Fe;0,, magnetite), which sub-
sequently was further reduced to a nonferromagnetic compound, FeO. Since the
carbon monoxide was shown by analysis to be converted completely to carbon
dioxide, no iron carbide was formed, in agreement with the magnetization-versus-
temperature plot, which indicated the presence of mainly nonferromagnetic com-
pounds.

In the first instance, the results of Kock and co-workers® have demonstrated
the stability of iron(II) oxide (FeO) supported on alumina. Moreover, the formation
of FeO on alumina apparently prevents further reaction to give iron carbide, even
with carbon monoxide, which in the absence of alumina leads readily to carbide
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formation. Graphite layers, which cover partially the surface of metal particles
such as nickel and iron, are susceptible to rapid hydrogenation giving methane
and some higher hydrocarbons.“> However, when the metal surfaces are com-
pletely encapsulated by graphitic carbon, dissociation of hydrogen cannot proceed
readily and the carbon skin is stable to hydrogenation. When small metal particles
interact strongly with a support such as alumina, complete encapsulation by carbon
does not proceed readily. Even a small fraction of bare metal surface is sufficient
to bring about rapid removal of carbon by hydrogenation. The appreciable interac-
tion between iron and the structural promoter, alumina, is therefore consistent
with the observation that ammonia synthesis catalysts are not readily poisoned by
carbon in contrast to unsupported iron specimens. Furthermore, iron catalysts, in
which the iron particles are not bonded significantly to the alumina support, are
not stable toward carbon poisoning.

Kock and co-workers® have also studied the effect of deposition of hydrated
iron oxide onto magnesia. Earlier Boudart and co-workers®® had studied exten-
sively iron particles supported on magnesia; the catalysts investigated by Kock,
however, had a much higher loading of iron, viz., 20 wt%. Kock and co-workers
studied both magnesium hydroxycarbonate and magnesium oxide as a support to
assess the effects of the evolution of carbon dioxide and water from the magnesium
hydroxycarbonate supports. The magnetic properties were measured after increas-
ingly severe reduction treatments on both catalysts. The reduction was performed
with hydrogen. The magnetization first increased and subsequently decreased to
a low value, which then rose slowly to the value expected for metallic iron. The
intermediate fall in magnetization indicates unambiguously the formation of an
FeO species before the final reaction to metallic iron proceeded. The FeO was
stabilized by the magnesia support. It could not be established whether formation
of a mixed (Fe, Mg) oxide, or the interaction of FeO with the magnesia surface,
was the reason for the stabilization.

Strongin and Somorjai, in Chapter 4, described the effect of water on the
interaction between iron oxide and alumina in the presence of hydrogen. Boellaard,
Geus, and van der Kraan® used an alternative procedure to prepare alumina-
supported iron catalysts to investigate the effect of water on the interaction of iron
oxide with alumina. Finally divided Fe(II),[ Fe(III)(CN),] was deposited on the
alumina by injection of an iron(II) acetate solution into a suspension of alumina
(Degussa-C, BRD 100m?g™!) in a solution of ammonium iron(III) cyanide.
Oxidation of the product at about 400 °C resulted in decomposition of the cyanide
complex with the formation of small iron(1II) oxide (Fe,0;) particles on the
alumina support. The size of the iron(III) oxide particles was about 30 nm. Since
reduction of the anhydrous iron oxide releases much less water than that of the
alumina-supported hydrated iron oxide investigated by Wielers and co-workers,®
reduction of the catalyst prepared from the Fe(III) cyanide complex proceeded
in the presence of a much lower partial pressure of water vapor. The Mossbauer
spectra shown in Fig. 5.3 indicate that reduction of the iron oxide in the catalysts
derived from ferric cyanide also led initially to magnetite that subsequently formed
FeO, wustite, which in turn was reduced slowly to metallic iron. However, all of
the reduction steps from ferric oxide to magnetite, wustite, and finally to metallic
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Figure 5.3. Mossbauer spectra of an alumina-supported iron oxide catalyst prepared from Fe(III)
cyanide after different reduction treatments; during reduction the amount of water present is
relatively small.

iron, are now seen at lower temperatures. The smaller effect imposed by the support
will also be apparent in the infrared spectra of adsorbed carbon monoxide which
will be presented later in the chapter.

It can be concluded from the above experimental results that the interaction
of hydrated iron oxides with supports such as alumina greatly affects the course
of the reduction process. An intermediate wustite (FeO) species is stabilized by
the support. It is difficult to assess the extent to which stabilization depends on
the formation of ferrous compounds, such as Fe(I1I)Al,O, and [Mg, Fe(1I)] oxide.
However, the results obtained in the presence of relatively small amounts of water
vapor suggest that wustite (FeO) species are strongly stabilized without the simul-
taneous formation of an appreciable amount of Fe(II)Al,O,.

Industrial ammonia synthesis catalysts are activated by hydrogen reduction
of the oxide precursor, which contains a very high proportion of iron oxide and
which is prepared by a fusion process. During the reduction process the water
vapor content of the process gas is kept below 3000 ppm as mentioned by Gramatica
and Pernicone in Chapter 6. To keep the water vapor content low, high gas hourly
space velocities of the reduction gas are required. Scholten® investigated the effect
of the space velocity by monitoring the weight loss of a 150 g sample of a singly
promoted catalyst was reduced at 450 °C for 170 h and subsequently at 535 °C for
240 h, but at a higher space velocity of 2000 h~'. The rate of weight loss after
of 100 h™'. At the end of the final reduction treatment, the catalyst was still losing
weight at a rate of 0.1 mg oxygen per hour. A second identical sample of singly
promoted catalyst was reduced at 450 °C for 170 h and subbsequently at 535 °C
for 240 h, but at a higher space velocity of 2000 h™'. The rate of weight loss after
this second treatment indicated a release of oxygen of 0.01 mg oxygen per hour.
The rate of adsorption of nitrogen at 200 °C was no less than a factor of 1000
higher for the catalyst reduced at the higher space velocity. The effect of the
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removal of the last traces of oxygen on the adsorption of nitrogen is in complete
agreement with Vink’s observation®!V on the Fe(100) surface, to be discussed in
the next section.

Usually, supported metal catalysts are produced by deposition of hydrated
precursors onto the support. During calcination, the water is evolved and this can
cause reaction between the active precursor and the support, which can lead to
severe inhibition of the subsequent reduction. Moreover, the surface area of the
support is generally much larger than that of the final active metal in the case of
typical supported catalysts. Adsorbed water is fairly strongly bonded by the support
and transport of water out of the pore system of typical supported catalysts will
therefore be much more difficult than out of an industrial ammonia synthesis
catalyst. The iron surface area per unit volume of a conventional ammonia synthesis
catalyst is also large; the high iron content easily compensates for the relatively
large size of the iron particles, i.e., about 40 nm in diameter. It is therefore difficult
to produce supported catalysts that can compete with the overall activity of the
conventional ammonia synthesis catalyst prepared by fusion. Nevertheless,
Scholten® obtained results which suggested the presence of a considerable amount
of water adsorbed onto the surface of his catalysts. The amount of water was
estimated from the weight loss observed during evacuation of catalysts, which had
been reduced for a prolonged period of time with highly pure hydrogen.

5.3. REACTIVITY OF OXYGEN ADSORBED ON IRON
TOWARDS HYDROGEN

A model for the reduction procedure of the iron oxide component of the
ammonia synthesis catalyst can be obtained using iron single crystals by exposing
the clean iron surfaces to molecular oxygen, which thus establishes a layer of
oxidized iron on the surface. Subsequently, the oxidized iron surface can be exposed
to reducing gases, such as hydrogen or carbon monoxide at different temperatures.
The decrease in the amount of oxygen at the iron surface during reduction can be
established by Auger electron spectroscopy (AES) or by a combination of ellip-
sometry and Auger electron spectroscopy.

The sticking coefficient of oxygen is high with all of the crystallographic
surfaces of the iron. Furthermore, even after the take-up of a monolayer of oxygen,
the sticking coefficient still remains high. After low exposures to oxygen, LEED
studies suggest the presence of a number of surface structures exhibiting a multiple
mesh of the clean surface, which indicates ordered arrays of adsorbed oxygen
atoms. After high exposures and at higher temperatures, formation of FeO can be
seen. Vink and co-workers!'? studied the effect of thermal treatment on iron
(100) surfaces, which had taken up more than a monolayer of oxygen atoms at
298 K and which displayed a disordered surface layer. The authors observed that
iron oxide nucleates at 573 K and migrates into the bulk iron. A large proportion
of the oxygen present at the surface is thus transported to the iron oxide crystallites,
which extend into the metal (Fig. 5.4).
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Figure 5.5. Effect of adsorption of oxygen on the electrical resistance of a vapor-deposited metallic
iron film. Oxygen admitted at 77 K. Electrical resistance measured at 77 K both before () and
after heating to 273 K (¢) and also at 273 K (x).

This formation of iron oxide nuclei still leaves a monolayer of oxygen atoms
at the surface. It is remarkable that the surface covered by the remaining monolayer
of oxygen exhibits a very sharp (1 x 1) LEED pattern. The pattern is the same as
that displayed by the clean surface. The ordering of the surface, however, seems
to be more perfect as the LEED pattern is sharper than that of the clean surface.
The presence of the monolayer of oxygen is evident from studies using AES. The
remaining monolayer of oxygen atoms is indicative of high stability of the oxygen
present at the surface. On subsequent exposure, the surface takes up further oxygen
at 298 K, which again migrates to the iron oxide crystallites at 573 K, still leaving
behind a monolayer of adsorbed oxygen atoms. The effect caused by nucleation
of the iron oxide is evident from the fact that transport of oxygen from the surface
proceeds more rapidly after the initial nucleation of the iron oxide.

Vink and co-workers made a highly important observation with the Fe(100)
surface that has not been published. When the iron surface was completely free
from oxygen, adsorption of nitrogen was observed to proceed readily at room
temperature. In marked contrast, adsorption of molecular nitrogen at temperatures
up to about 473 K is completely suppressed by only about 10% of a monolayer of
oxygen atoms at the surface. The effect of oxygen therefore certainly does not
arise through a simple site-blocking mechanism. It appears that the presence of
some adsorbed oxygen atoms renders the (100) surface more rigid and thus prevents
accommodation of nitrogen atoms between the iron surface atoms. A sharp LEED
pattern is observed and is consistent with a higher rigidity of the surface. The
strong poisoning effect of oxygen is also apparent in results obtained from commer-
cial ammonia synthesis catalysts.

The extent of oxygen adsorption can be determined more accurately with
vapor-deposited metal films, since multilayer adsorption is difficult to measure
using AES. The interaction of a vapor-deposited iron film with oxygen after
exposure to a dose of oxygen at 77 K and subsequently raising the temperature to
273 K is presented in Fig. 5.5.'°'” The effect on the electrical resistan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>