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G E N E R A L I N T R O D U C T I O N

A m e r i c a n C h e m i c a l S o c i e t y S e r i e s of

Scient i f ic a n d T e c h n o l o g i c M o n o g r a p h s

By arrangement with the Interallied Conference of Pure and
Applied Chemistry, which met in London and Brussels in July,
1919, the American Chemical Society was to undertake the pro-
duction and publication of Scientific and Technologic Mono-
graphs on chemical subjects. At the same time it was agreed
that the National Research Council, in cooperation with the
American Chemical Society and the American Physical Society,
should undertake the production and publication of Critical
Tables of Chemical and Physical Constants. The American
Chemical Society and the National Research Council mutually
agreed to care for these two fields of chemical development.
The American Chemical Society named as Trustees, to make
the necessary arrangements for the publication of the mono-
graphs, Charles L. Parsons, Secretary of the American Chemical
Society, Washington, D. C ; John E. Teeple, Treasurer of the
American Chemical Society, New York City; and Professor
Gellcrt Alleinan of Swarthmore College. The Trustees have
arranged for the publication of the American Chemical Society
series of (a) Scientific and (b) Technologic Monographs by the
Chemical Catalog Company of New York City.

The Council, acting through the Committee on National Policy
of the American Chemical Society, appointed the editors, named
at the close of this introduction, to have charge of securing
authors, and of considering critically the manuscripts prepared.
The editors of each series will endeavor to select topics which
arc of current interest and authors who are recognized as author-
ities in their respective fields. The list of monographs thus far
secured appears in the publisher's own announcement elsewhere
in this volume.

The development of knowledge in all branches of science, and
especially in chemistry, has been so rapid during the last fifty
years and the fields covered by this development have been so
varied that it is difficult for any individual to keep in touch with
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4 GENERAL INTRODUCTION

the progress in branches of science outside his own specialty.
In spite of the facilities for the examination of the literature
given by Chemical Abstracts and such compendia as Beilstein's
Handbuch der Organischen Chemie, Richter's Lexikon, Ostwald's
Lehrbuch der Allgemeinen Chemie, Abegg's and Gmelin-Kraut's
Handbuch der Anorganischen Chemie and the English and
French Dictionaries of Chemistry, it often takes a great deal of
time to coordinate the knowledge available upon a single topic.
Consequently when men who have spent years in the study of
important subjects are willing to coordinate their knowledge
and present it in concise, readable form, they perform a service
of the highest value to their fellow chemists.

It was with a clear recognition of the usefulness of reviews of
this character that a Committee of the American Chemical
Society recommended the publication of the two series of mono-
graphs under the auspices of the Society.

Two rather distinct purposes are to be served by these mono-
graphs. The first purpose, whose fulfilment will probably render
to chemists in general the most important service, is to present
the knowledge available upon the chosen topic in a readable
form, intelligible to those whose activities may be along a wholly
different line. Many chemists fail to realize how closely their
investigations may be connected with other work which on the
surface appears far afield from their own. These monographs
will enable such men to form closer contact with the work of
chemists in other lines of research. The «second purpose is to
promote research in the branch of science covered by the mono-
graph, by furnishing a well digested survey of the progress
already made in that field and by pointing out directions in
which investigation needs to be extended. To facilitate the
attainment of this purpose, it is intended to include extended
references to the literature, which will enable anyone "interested
to follow up the subject in more detail. If the literature is so
voluminous that a complete bibliography is impracticable, a
critical selection will be made of those papers which are most
important.

The publication of these books marks a distinct departure in
the policy of the American Chemical Society inasmuch as it is
a serious attempt to found an American chemical literature with-
out primary regard to commercial considerations. The success
of the venture will depend in large part upon the measure of
cooperation which can be secured in the preparation of books
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dealing adequately with topics of general interest; it is earnestly
hoped, tlicrefore, that every member of the various organizations
in the chemical and allied industries will recognize the impor-
tance of the enterprise and take sufficient interest to justify it.

A M E R I C A N C H E M I C A L S O C I E T Y
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P r e f a c e

When—because of the prodigality of his brother, Epimetheus, in be-
stowing upon the animals of his creation all of the splendid gifts of the
gods—Prometheus had no worthy blessing to give his master work, man,
he ascended to heaven, lighted his torch at the chariot of the sun, and
brought down fire. With fire man could then conquer the earth and mold
it to his use.

Other than in mythology and in the imagination of erstwhile historians,
we have no intimation of the origin of fire on the earth. However, man's
own record shows that for many thousands of years he knew and used
fire, and the progress of civilization may be measured in terms expressing
the extent to which fire has been used. The oldest writings of India
taught that fire was one of the elements, and the history of alchemy teems
with speculations on its cause and use. Long ages passed before the em-
pirical knowledge of primitive man and the speculations of the alchemists
were woven with scientific observations into a credible theory and explana-
tion of fire, combustion, and oxidation.

Although oxidation is one of the commonest reactions known and is
widely used as a source of energy, it is only within the past fifty or sixty
decades that concerted efforts have been made to study individual reac-
tions systematically and to apply them in the formulation of useful
processes. It is only natural that the effect of catalysts should have re-
ceived early attention, and it is worthy of note that some of the earliest
observations of catalytic effects had to do with oxidation reactions. In
some cases development has been rapid and industrial processes have hern
worked out; in other cases, troublesome obstacles have been encountered
and development delayed.

It has been the purpose of the authors to consider the facts regarding
both developed and undeveloped processes and to review these critically
in so far as possible. The subject could have been approached from sev-
eral angles but it was believed that a consideration of the reactions involved
and products formed constituted the most satisfactory method of treat-
ment for the present purpose. This method of approach has made it
possible to show to better advantage the effects of different catalysts on
the various individual reactions and to classify the catalysts according to
activity and directive power. A consideration of catalyzed decomposition
reactions has been necessary in the case of aliphatic compounds because
such reactions are of great importance in the oxidation processes.
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8 PREFACE

The various reactions have been carried through historic sequences
from laboratory scale experiments to technical developments wherever
possible. When sufficient data were available, industrial practice has been
discussed. In many cases, the discussion could not be made as critical
as desired because trade secrecy prevented the use of industrial data as
illustrative material, because the multiplicity of conditions used in^ vapor
phase oxidations made adequate comparisons and confirmations impos-
sible, and because the paucity of data, published or otherwise, made it
difficult to obtain sufficient knowledge of certain reactions. Nevertheless,
a large amount of information has been gleaned from the scattered litera-
ture and arranged according to the scheme already mentioned.

It has been necessary in some cases to make free use of the patent
literature because of the scarcity of other sources of information. This
is an unsatisfactory solution because of the recognized unreliability of the
patent literature relating to catalysts. Many patents are undoubtedly the
result of sound observations and may be relied upon as sources of infor-
mation; many, however, are crowded with claims that constitute wide
extrapolations from any experimental evidence and, hence, are not to be
relied upon as supports for theories and explanations. This uncertain
nature has been recognized in the present use of the patent literature and
patents have been depended upon principally to indicate the trend of
activity in the various fields.

The authors are especially indebted to Mr. J. M. Weiss and Dr. C. R.
Do-vvns for having seen the possibility of a book on catalytic oxidation of
organic compounds and for having instigated the present volume. They
are also indebted to these men for critically reviewing the manuscript,
especially those parts dealing with' aromatic hydrocarbon oxidation, and
for furaisliing valuable information regarding industrial methods and
apparatus. They gratefully acknowledge the aid of Prof. J. H. James and
Mr. Chester E. Andrews in critically reviewing the entire manuscript.

L. F. M.
r . . . D. A. H.
Cambridge,
Massachusetts,
June, 1932,
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C h a p t e r I

I n t r o d u c t i o n — C a t a l y s i s

The fact that chemical action between two or more given compounds
may be influenced by the presence of a relatively small quantity of an
extraneous substance was recognized very early in the development of
chemical theory, but the first generalization in regard to the nature of
the forces which operate in such cases was made by Berzelius x in 1836
when for purposes of convenience he applied the term "catalytic force"
to explain processes of this kind. Early studies in catalysis were limited
almost exclusively to the action of platinum2 although Dulong and
Thcnard •' showed that gold, silver, and even glass, possess the same prop-
erty at higher temperatures, and Faraday 4 carried on a detailed investi-
gation regarding the power of metals and other solids to induce the com-
bination of gases. The correlation of catalysis with the laws of chemical
reaction velocity was made by Wilhelmy D as early as 1850 and his initial
researches were later extended to a detailed study of the influence of
changes in concentration, temperature and pressure by Lowenthal and
Lcnnsen," Berthclot,7 Harcourt and Esson,8 Warder,0 Urcch,10 Van't Hoflf,
Arrhenius, and many others.

The potentialities of the application of catalytic methods in industry
were foreseen by Ostwald X1 when he prophesied that a scientific knowledge
and control of catalytic phenomena would lead to immeasurable results
technically. This prophecy has been fulfilled in a large measure, and
today the problems associated with catalysis are recognized as being of
far reaching and fundamental importance to the chemist. Catalytic effects
are present in even the most ordinary operations. Frequently, processes
eminently successful in laboratory glass apparatus are doomed to failure
when transferred to the plant with its iron, steel, or copper equipment
simply because of some catalytic effect of the container wall. On the other
hand, processes which a few years ago were considered laboratory curi-

lJahrcsbcr. 15, 237 (1836); Ann. chim. (Ill) 61, 146 (1836).3 Dobeveiner, Schrvcippcr's Jl. 34, 91 (1822); 38, 321 (1823); also Turner, Edin. Phil. Jl. 11,
99 and 311 (1834) and Davy, Phil. Trans. 97, 45 (1817).8 Ann. chim. (II) 23, 440; 24, 380 (1823).4 l-'araday, Phil. Trans. 114, 55 (1834).nPogg. Ann. 81, 413, 499 (1850).

*J. prakt. Chcm. (i) 8S, 321, 401 (1862).
' Compt. rend. 59, 616 (1864); Ann. chim. (iv) 18, 146 (1869).
*Phil. Trans. 167, 117 (1867).0 Am. Chcm. J. 3, 203 (1881).taBcr. 16, 762 (1886); 17, 2165 (1884); 20, 1836 (1887).

"Ostwald, Z. Elcktrochem. 1, 995 (1901).
II



12 CATALYTIC OXIDATION OF ORGANIC COMPOUNDS

osities or even impossibilities ate today being operated on a tremendous
S L with the aid of catalysts. As examples of these one may point to
the synthetic ammonia industry, the synthetic methano industry, and the
rapidly expanding development of the hydrogenation of coal and oil.

Although it was early recognized that application of pressure to the

system

would give a favorable conversion at elevated temperatures it was not until
Haber applied the theoretical generalizations of catalysis to the process
that it was possible to obtain reaction rates of sufficient velocity to make
the synthesis a commercial success. In this instance pressure offsets the
effect of temperature but it would require enormous pressures to give
favorable equilibrium conditions at the temperatures necessary to obtain
reaction in the absence of catalysts. The use of catalysts permits opera-
tion at lower temperatures and hence, at lower pressures, which is equiva-
lent to saying that a catalyst is a substitute for high temperatures.

The present study of this very complicated subject aims to present
types of oxidation processes in which a catalyst has been found to play
an important role. In general, the various theories as to the mechanism
of catalysis will not be considered except for a few introductory remarks.
The discussion will be limited in the case of each of the reactions studied
to the development of the given chemical transformation under different
conditions, to industrial application, or to the point where the highest
yields have been obtained. In every instance this development has been
accompanied by the perfection of the necessary apparatus and mechanical
devices. It has been slow, often proceeding tediously as the result of the
efforts of many investigators and stretching over a considerable period of
time. For this reason, the development may often be followed to advan-
tage by indicating the historical sequences.

Controlled or directed oxidation is of great technical importance.
Especially in the field of hydrocarbon oxidation, where a great number of
side reactions are possible, it is essential that selective catalysts be found.
The discovery of a catalyst capable of directing the oxidation of such
hydrocarbons as are found in natural or refinery waste gases to formalde-
hyde alone without at the same time accelerating the oxidation of this com-
pound to waste products would be extremely valuable, since the availability
of very cheap formaldehyde would make possible cheap synthetic resins
having such unique uses as in the manufacture of furniture or automobile
bodies.

In the case of hydrocarbon oxidation the spread in value between the
hydrocarbon raw material and the possible products is generally so large
that relatively small yields may be economically exploited. Formaldehyde
admixed with acetaldehyde and some methanol and obtained in the removal
of oxygen from natural gas before transmission over long distance lines to
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prevent corrosion is finding its way on the market.* A more general
practice of this oxygen removal would result in making available large
quantities of formaldehyde, especially as the natural gas industry increases
in size. This production of formaldehyde is largely a matter of economic
balance, however, and its net worth will determine the extent of its pro-
duction.

The definition of certain general terms is necessary before proceeding
to a more detailed discussion. A catalyst is a substance which in minimal
amounts will bring about the transformation of large quantities of the
reacting substances and which will be found unchanged in its chemical
composition at the end of the reaction. This docs not imply that the
physical state of the catalyst remains unaltered, since it is known, for
example, that platinum wire or gauze actually does change during the
process of catalytic oxidation, becoming pitted or spongy and presenting
a grayish appearance under the microscope. A catalyst is generally sup-
posed to modify the velocity of two inverse reactions to the same degree
and, therefore, does not affect the final state of equilibrium in any given
chemical system. In other words, the state of equilibrium is independent
of the nature and quantity of the catalyst. The modification or the initia-
tion of a reaction by a catalyst is referred to as positive catalysis when the
reaction velocity is accelerated. When the reaction itself develops sub-
stances which themselves accelerate the reaction, the process is referred
to as auto-catalytic. I'roinolcrs are substances which by admixture with
the catalyst enhance its positive catalytic effect. For example, iron, nickel
and cobalt (or their oxides) frequently show a marked increase in their
catalytic action in the presence of the oxides of chromium, thorium,
uranium, beryllium, antimony, etc. In general, the promoter differs con-
siderably from the catalyst in respect to valence, chemical basicity, case of
reduction, etc. Such a mixture is usually prepared by the evaporation of
a solution of definite concentration of salts such as nitrates, acetates, etc.
These are frequently deposited upon a suitable base and then treated in
such a way as to insure a deposit of either the metals or their oxides in
finely divided condition. The terms negative catalysis (or retardation)
and auto-reiardation may be readily understood as denoting the reverse of
the processes which have just been defined. Catalytic poisons arc sub-
stances which reduce the activity of solid catalysts. Investigation alone can
determine the extent to which a given catalyst may be activated or poisoned
by the presence of other substances. Carriers is a term which is used to
designate materials either of a porous nature, such as unglazed porcelain,
pumice, charcoal, asbestos masses, alundum, infusorial earth, etc. which
when impregnated with the catalyst afford it a greater surface per unit of
bulk; or of compact surfaces, such as that afforded by iron pellets, granu-
lated aluminum, etc. on which a catalyst is plated or deposited. Material
employed in this way should be free from impurities which might poison

* Compare Chapter VI.
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the catalyst, should be incapable of chemical reactions with the catalyst and,if possible, be positively (though weakly) catalytic to the reaction in whichit is to be employed. Contact mass -is a term which is used to designatesuch combinations of the active substance with the carrier as actually func-tion in the process of catalysis.In practice it is customary to express the capacity of a given system interms of space velocity, which-is denned as the volume of reacting gas,measured at normal temperature and pressure, passed in contact with onevolume of catalyst per hour. In a given system as the space velocity ̂  isincreased from zero, the conversion to products, starting from the equilib-rium value, begins to fall off until when the space velocity reaches a veryhigh value, the conversion may be quite small,due to the decreased time of contact of reactantswith the catalyst. At the same time, however,the yield per unit time, i.e. the product of thespace velocity and the conversion, rises from alow value, passes through a maximum and thendecreases. When the space velocity is low, theconversion may be at or near equilibrium andyet only low yields result. Even under experi-mental conditions the final approach to equi-librium is so slow that it is often necessary tomake the approach from both sides of the reac-tion in independent experiments in order thatno uncertainty may exist as to the final state. If,as the space velocity is increased, the conversionis not markedly affected at first, a condition frequently met with, the yieldrises somewhat in proportion to the amount of material treated per unittime. Then, unless the reaction rate is very rapid, the conversion may de-crease with increase in velocity of reactants through the catalyst faster thanis proportional to space velocity increase. In such a case the yield beginsto decrease as more material is treated per unit time. Obviously, unless thereaction rate is infinitely rapid, the conversion approaches zero as the spacevelocity approaches a large value and the yield consequently approacheszero under such conditions. Thus, in actual operation it is usually the prac-tice to be content with conversions less than equilibrium in order to obtainhigh yields. At the same time the extent of reaction and amount of materialcapable of treatment per unit time depends upon the capacity of the equip-ment to add or remove heat. The power required to circulate the gasesthrough the catalyst increases rapidly as the space velocity is increased, dueto the increased skin friction at the catalyst surface, and is a factor to beconsidered industrially. On the whole, the determination of the properspace velocity to use with a given reaction and equipment is a complexproblem in economic balance dependent on a number of variables, too in-volved for discussion here.

cu rt E&LTST nitFIG. 1.—Effect of space\elocity on conversionand yield in the case ofa heterogeneous reac-tion.
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The functions which a catalyst may perform depend upon the nature
and complexity of the reactions involved. These functions may be broadly
grouped under two headings: (1) to increase the rate of a given reaction
or, as is usually the case, to lower the temperature at which a reaction will
occur at a desirable rate, and (2) to direct a reaction along a particular
path when several are possible. The distinction between these two func-
tions is not sharp since it is quite possible for a catalyst to do both. Thus,
a selective catalyst is ordinarily one that increases the reaction rate as well
as directs the reaction. Industrially, both of these functions are important
since it is not only desirable to obtain high yields of a pure product but
also to obtain high yields rapidly. In numerous cases, however, the selec-
tion of a catalyst for a given process or reaction may depend only on its
ability to perform one or the other of these functions, so that it is justifiable
to discuss these functions more or less separately.

The energy contribution of a catalyst to a reacting chemical system is
zero, since the catalyst emerges from the reaction without loss or chemical
change and is capable of inducing changes in an indefinite quantity of react-
ing materials. It follows from this that a catalyst can cause no change in
a chemical equilibrium, otherwise the introduction of a catalyst could be
Lit>ed to shift the equilibrium in either direction and thus by alternately
introducing and removing the catalyst to set up a sort of perpetual motion,
an impossibility.1-' The final state of equilibrium of a reversible reaction
depends only upon the ratio of the velocities of the two inverse reactions
and since this final state remains unaltered by the introduction of a catalyst,
it may be deduced that the catalyst affects the two reaction velocities to
the same extent in order to keep their ratio constant. Also, since the final
state of equilibrium is independent of the catalyst, it may be observed that
the state of equilibrium is independent of both the reaction and the quantity
of the catalyst. Thus, in the case of the contact process for sulfuric acid
manufacture, it is not the equilibrium, but only the velocity of its attain-
ment which is allected by the use oE vanadium pentoxide or iron oxide in
place o [ platinum.

It should be quite obvious, then, that if the catalyst is markedly altered
in its physical or chemical nature by a reaction occurring in its presence,
the equilibrium of the reaction would not be independent of the catalyst
particularly if the ratio of catalyst to reactants is large. However, if the
term catalyst be so defined and understood as to preclude such alterations
in character or at least to confine the alterations to relatively small changes
in an insignificant amount of material compared to the reacting substances,
then it is possible to ignore any possible effect of the catalyst on the equilib-
rium of a system.

Actually, due to the fact that other influences are present, these theoreti-
cal criteria are not strictly adhered to. Because of side reactions occurring
at the same time as the main reaction and involving the catalytic material,

u Cf. Van't Iloff, "Lectures on Theoretical Physical Chemistry," 1898, p. 215.
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the catalyst may not emerge from the system without loss or chemical
change. Because of the accumulation of poisons at the catalyst surface
due to impurities present in the reactants or formed by side reactions, the
catalyst may not be capable of inducing changes in an indefinite quantity
of material. The practical limitations make it necessary that the catalysts
be renewed or reactivated periodically, often at considerable trouble and

expense. ,
The generalization that a catalyst does not affect the equilibrium ot a

reversible system and must, hence, influence the rate of both forward and
reverse reactions equally has not only been substantiated experimentally
but has been used in the selection of proper catalysts for a given reaction.
Thus, Lemoine Vi demonstrated completely that in the reversible system

Ha + Ia " 7 ^ 2HI

for all temperatures, the same point of equilibrium was reached from both
directions, when a catalyst such as platinum was used.

In searching for catalysts good use has been made of the fact that
catalysts affect both the forward and reverse reaction rates. The reverse
reaction of the one desired is tested over different catalysts and the char-
acter and amount of the decomposition products noted. The catalyst
giving the desired reverse reaction at a suitable rate is then chosen for use
in studying the forward reaction. This procedure is especially valuable
in studying catalysts for reactions to be conducted under pressure since
it is far simpler and more rapid to make decomposition experiments at
atmospheric pressure than synthesis experiments under high pressure.
That this expedient is of considerable industrial utility may well be, since,
according to Patart, the isolated experiments of Sabatier on catalytic de-
composition of methanol served as a guide in the search for contact sub-
stances for the synthesis of the alcohol. The experimental utility of the
scheme has been demonstrated in the numerous publications that have ap-
peared recently in regard to the high pressure synthesis of various organic
compounds from mixed gases.

Sabatier and Mailhe14 showed that the route over which a reaction
could be made to occur depended upon the presence of certain catalysts.
Thus, ethanol decomposes in two ways:

G 6 O CJi* + HaO
GH6OH = CH..CHO + Ha

With thoria as a catalyst the first reaction takes place almost exclusively
with silver or copper, the second occurs practically alone; and with most
catalysts both occur simultaneously. This apparent ability of a catalyst to
direct a reaction over a certain route is due to the selective influence in
accelerating the rate at which a single reaction of a number of possible
ones, occurs. In no case are the equilibrium conditions affected.

"Ann. chim. phys. (5), 12, 14S (1877).
" Ann. chim. phys. (8) 20, 341 (1910).
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The influence of catalysts in affecting the route of the alcohol decom-
position reaction is intimately associated with the ability of the catalysts to
adsorb selectively hydrogen or water vapor. When passed over such
catalysts as reduced nickel, copper, or iron, materials known to promote
other hydrogenation and dehydrogenation reactions and to adsorb hydro-
gen strongly, the alcohol is almost quantitatively broken down to aldehyde
and hydrogen. When passed over alumina or thoria, the alcohol decom-
poses exclusively to olefin and water. The conclusion, then, is that such
catalysts must adsorb water vapor very strongly. It has indeed been
shown lr> that alumina will retain a certain proportion of water even after
prolonged exposure to phosphorous pentoxide, which has a very high
affinity for water, thus showing that it, at least, fits the explanation.
Catalysts such as titania, on the other hand, affect the alcohol decomposi-
tion in such a way that both of the reactions occur and both aldehyde and
ulelhi are formed. However, the relative proportions of the two reactions
may be controlled to some extent over this catalyst. Thus, by using
aqueous ethanol the reaction giving olefin and water is suppressed in favor
of the dehydrogenation reaction and by using hydrogen with the alcohol
vapor the dehydration reaction is favored.J0 These results do not mean
that the equilibria in the system are in any way affected but that the rela-
tive rates of the two reactions are so changed as to give the variant results.

This ability of certain catalysts to increase the reaction rate of one
reaction without influencing the rates of other possible ones has made it
possible to synthesize practically pure methanol from mixtures of hydrogen
and carbon monoxide. Although it was early shown that a great variety
of aliphatic compounds could be synthesized from mixtures of hydrogen
and carbon monoxide, the results obtained were of no practical signifi-
cance since very complicated mixtures, impossible to separate, were pro-
duced, llowever, the extensive researches of l'atart and the Badische
Anilin u. Soda Fabrik soon showed that it was possible to use catalysts
of sufficient selectivity to enable the production of pure methanol to be-
come an economic possibility. The same is true of mixtures of carbon
dioxide and hydrogen and today enormous quantities of pure methanol are
being manufactured at a very low price from both mixtures. The work at
present has taken on another aspect, the synthesis of alcohols higher than
methanol from the same mixtures, a reaction requiring still greater selec-
tivity on the part of the catalysts used.17

Although the simplest and most commonly recognized effect of catalysts
is to accelerate the rate of a chemical change or exert positive catalysis,
it is possible in certain instances for a catalyst to retard a reaction or exert
a negative effect. Negative catalysis should be distinguished from the
inhibition of positive catalysis brought about by the action of poisons which

111 Johnson, J. Am. Chctn. Soc. 34, 911 (1912).10 Hancroft, /. Phys. Chan. 21, 591 (1917).17 In this reKard_ note that higher alcohols have actually been manufactured for a. number of
years on an industrial scale from mixtures of hydrogen and carbon monoxide. Crane, Intl. Jinn.
Chcm. 22, 799 (1930).
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destroy the normal activity of a positive catalyst, since it is an entirely
distinct effect, independent of any incidental influences This term, nega-
tive catalvsis, is somewhat misleading as has been pointed out in connection
with oxidation reactions. Moureu and Dufraisse18 prefer to speak of
anti-oxygenic activity, since, as they point out, the use of the word nega-
tive" applied to catalysis might lead to the obvious misunderstanding that
a catalyst was able to reverse the course of an otherwise spontaneous reac-
tion, which it is not capable of doing. Numerous examples of this negative
or retarding effect may be found and the effect divided into groups as
with positive catalysis: a definite decrease in reaction rate, and an acceler-
ated decrease in reaction rate (auto-retardation). The principle of nega-
tive catalysis has found most widespread use in vapor phase reactions in
the suppression of detonations which occur under certain conditions of
operation of internal combustion engines.

The simplest explanation possible for this phenomenon is based on
the assumption that the negative catalyst combines with one or more of
the substances involved in the reaction, and in this way decreases its effec-
tive concentration. While some experimental evidence has been advanced
to support this theory, some of the existing facts seem to indicate a more
complex mechanism. Thus, Moureu and Dufraisse18 in determining the
inhibiting action of certain compounds toward the oxidation of benzalde-
hyde, acrolein, etc. found that virtually no oxidation of the vapors occurred,
notwithstanding that they were saturated with oxygen and contained none
of the inhibitor, which had a very low vapor pressure and was present in
only minute amounts in the liquid. It is difficult to account for this in-
hibiting action on the basis of removal of one of the reactants from the
field ot reaction since enormous excesses of both must have existed. The
recognition of these negative effects has considerably broadened, the field
of catalysis but has at the same time further complicated the problem of
explaining the fundamental mechanism. To give examples here of the
results obtained by numerous workers would lead too far, particularly as
it is only desired to give some idea of the general trend.

A theory that an intermediate compound, which is not reactive under
the conditions of the reaction, forms between the catalyst and the reactants
lias been proposed by Taylor18 and Underwood20 as an explanation for
negative catalysis. The idea of chain reactions has also been advanced a i

as an explanation. In this case, the negative catalyst functions by absorb-
ing the energy of the active molecules and thus breaking the reaction chain

It has been found that in certain instances mixtures with one constitu-
ent present m preponderance have a much greater catalytic activity than
any of the components of the mixture taken singly and greater than may
be accounted for on the basis of an additive effect. This action has been

" Chan. Rev. 3, 113 (1926).
»/. Phys. Chem. 27. 322 (1923).
« ProAl -ya-L Acad- Sci- u> 78 (1925).
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termed promotion and is directly opposed to the action of poisoning since
il represents the activation of the catalyst. Although innumerable examples
of the effect exist, no satisfactory explanation has been offered to show
the mechanism. The X-ray study of catalysts composed of mixtures
should furnish a fertile field for investigation of this extremely interesting
and complicated subject.22

To review completely the numerous examples of promoted catalysts,
most of which are mentioned in the patent literature, would be entirely
init of place here. It is, however, interesting to note that the term was
used and the effect noticed early in the industrialization of the water gas
reaction.23 Additions of the oxide of chromium, thorium, uranium, beryl-
lium, and antimony to the nickel, iron, or cobalt catalysts was found to
increase greatly the activity of these materials toward this reaction.24

From a study of the mechanism of the poisoning action of water vapors
and oxygen on iron ammonia catalysts 2S and by making certain assump-
tions, Almquist-0 has been able to calculate that in pure iron catalysts
about one atom in two thousand is active toward ammonia synthesis,
whereas in iron catalysts promoted by alumina about one atom in two
hundred is active. This shows the remarkable added activity obtainable by
(he use of promoters. That the effect is complicated beyond any simple
explanation is evidenced further by some of the results of Almquist and
Ulack. These workers have shown that whereas an iron-alumina catalyst
.shows greater activity toward ammonia synthesis at atmospheric pressure
than an iron catalyst containing both alumina and potassium oxide, the
latter catalyst is 50 per cent more active when the pressure is raised to
HX) atmospheres.

The presence of small amounts of certain materials in the reacting
gases can completely destroy the activity of a catalyst. Certain side reac-
tions occurring along with the main reaction may produce substances which
deposit on the catalyst and destroy its usefulness. These effects are known
as poisoning, and are of the utmost industrial importance since it is
probable that the greater part of the replacement or revivication of catalysts
necessary in industrial operation is made so by the action of minute traces
of poisons contained in the reacting materials. It was not until the dis-
covery o£ the effect of certain foreign materials, especially arsenic com-
pounds, in destroying the life of the platinum catalysts that the contact
method of sulfuric acid manufacture was industrially successful. Traces of
water vapor rapidly reduce the activity of the promoted iron catalysts in
the synthesis of ammonia; consequently the mixtures of hydrogen and
nitrogen must be rigidly dried. Traces of the compounds of sulfur,
selenium, tellurium, etc. in the mixtures of hydrogen and carbon monoxide
made from low grade coals and used in the synthesis of,metrianol, poison

*Scc page 31 and Aborn and Davidson, /. Phys. Chetn. 34, 522-30 (1930).
» Writ. Pat. 19249 (1910) Badische Anilin u. Soda Fabrik.
M Brit Pat. 27963 (1913) Badische Anilin u. Soda Fabrik.
« Almquist andBlack, J. Am. Chem. Soc. 48, 2814 (1926).
w Almwilst, J. Am. Cha*. Soc. 48, 2820 (1926).
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the metallic oxide catalysts very rapidly. The extensive literature on the
action of poisons and methods used to combat their effect, contained largely
in patents, indicates two methods of approach to the solution of the prob-
lem. One of these, the strict purification of reactants and catalytic mate-
rial, is of most immediate benefit and the only way out in some instances.
Considerable progress, however, has been made in the development of
catalysts resistant to the specific poisons that it is necessary to tolerate in
industrial applications. In general, the more active catalysts are the most
sensitive to poisons and the industrial trend has been toward the use of
rugged catalysts with only moderate activity.

The mechanism of the poisoning action is somewhat obscure and prob-
ably varies with the catalysts as well as the poisons. In the case of the
metalloid poisons a non-volatile compound is probably formed with the
active catalyst points which destroys the activity. The activity of the
metallic catalysts is probably destroyed by the formation of non-volatile,
irreducible oxide films by traces of water vapor,a7 carbon oxides, oxygen,
etc. present in the reaction mixtures. Catalysts used in reactions where
a large amount of polymerization or condensation may occur between
organic molecules are frequently smothered by layers of the polymerized
mass. Overheating of the catalyst may cause a sintering effect, or semi-
melting, especially of the active surface points which are as a result per-
mitted to come closer in contact with the main body of catalyst atoms and
thus to become more nearly saturated in valence with loss of activity. The
oxide catalysts so successfully used in a number of oxidation processes
are relatively free from many of the poisoning effects that so easily de-
teriorate the metallic catalysts. Sintering or fusion has even been found
to improve the activity of the vanadium pentoxide catalysts; and the chief
difficulty with foreign matter in the raw materials is contamination of
product rather than destruction of catalyst activity. This apparently
rugged nature of these oxide catalysts may in large part be due to the
mechanism in which they are active, i.e. through a succession of reductions
and oxidations.

The ability to express the effect of various factors mathematically is a
distinct aid in studying a catalytic reaction and in determining the set of
conditions which will give the best practical results and thus increase the
commercial value of the process. The intelligent application of theoreti-
cal principles is, under these circumstances, extremely useful. It must be
borne in mind, however, that only in rare cases can the suitability of a
catalyst for a particular reaction be predicted on the basis of theoretical
reasonings. Such predictions have been made successfully in cases where
a given catalyst is known to accelerate a given reaction and it, therefore,
has seemed reasonable to assume that under the proper combination of
external forces the same catalyst might accelerate the reverse reaction. A
notable illustration of this is to be found in the fact that the application of

* Emmett and Brunawer, J. Am. Chem. Soc. 52, 26S2 (1930).
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iron and nickel as catalysts in the synthesis of ammonia from hydrogen and
nitrogen, resulted from a consideration of the activity of these metals in
promoting the decomposition of ammonia into its elements at high tempera-
tures. In general, however, the only way to determine what catalyst "to
use to accelerate a given reaction is by the purely empirical method of trial
and error. For example, the fact that vanadium oxide is known to be a
good oxidizing catalyst, is of no specific assistance in determining the effect
which it will produce upon a given hydrocarbon in the presence of air,
the direction which the oxidation will take or the intermediate products
which will be formed. The most direct way to arrive at conclusions in
these matters is not by speculations which represent little more than guess
work but by actually experimenting to see what happens. More often than
not the result'? will be entirely new and unexpected. While the value of
purely theoretical investigations, such as those on the absorptive powers of
various catalvsts for a component or product of a given reaction, cannot
be questioned, it nevertheless seems probable that the same amount of time
and effort might prove of more immediate industrial value if expended in
determining exactly what hannens to different chemical reactions under
different sets of conditions. The accumulation of exact experimental data
in the form of empirical facts must always precede the formulation of
generalizations of any value. Each year new reactions of a catalytic
nature are discovered which could not have been or at least were not
predicted on the basis of anv data previously known. It, therefore, seems
reasonable to conclude that real aid to the advancement of a knowledge of
the subject of catalysis will come principally through the accumulation of
experimental data and not through speculations based on relatively meagre
data which may be available.

The great majority of catalytic reactions which have been applied
technically as industrial processes are those where solid catalytic material
acts on gaseous material. They, therefore, represent one type of hetcro-
qeneous catalysis. In such cases, theoretical considerations, especially those
based upon the laws of mass action, do not apply in the same way as in
cases where the system is homogeneous, i.e. where the catalyst together
with all of the components of the reaction are in the same state of aggre-
gation as, for example, when all are either liquids or gases.

In cases of homogeneous catalysis, in which the catalyst remains in in-
timate mixture with the components of the reaction, it acts by its mass,
and in many instances the value of the velocity coefficient varies in direct
proportion to the concentration of the catalyst. For a comparison of the
efficiency of different catalysts in such systems, values for velocity coeffi-
cients may be obtained which often provide an accurate basis for estimating
the relative activity of the catalysts under question.

However, in the case of heterogeneous catalysis, i.e. where the catalyst
is solid and cannot be in a condition of true admixture with the components
of the reaction, it is impossible to apply reaction velocity formulae with the
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same assurance. Careful study of cases of he t e rogeneous^«^V°*
quantitative lines has revealed the fact that other fact°? ^ * ? ° * 2
action are controlling. This has been very clearly and pointedly brought
out by the experiments of Bone and Wheeler" on the combination of
hydrogen and oxvgen at hot surfaces. _ £ 1 * 1 * : , .

These experiments were made by circulating mixtures of electrolytic
hydrogen and oxygen over fragments of unglazed porcelain contained in
a tube and maintained at constant temperature. As the reaction

proceeded, the pressure fell regularly and provided a record of the change
taking place. From this pressure change record it was possible to calculate
the velocity of the reaction and the order. Since both hydrogen and
oxygen disappear during the reaction, hydrogen twice as rapidly as oxygen,
it might be expected that the reaction would show the characteristics at
either a bi- or tri-molecular type. However, calculation of the velocity
constants showed that the reaction was unimolecular in order. Experi-
ments were then made in which hydrogen and oxygen were present in
other than combining proportions and in which the partial pressures of
each of the reacfants as well as the total pressure was determined as the
reaction progressed. A unimolecular constant calculated for the rate of
disappearance of each reactant showed that the reaction was unimolecular
with respect to hydrogen alone, i.e. the rate of change was proportional to
the partial pressure of the hydrogen.

The results of this work have shown that the catalytic formation of
steam from hydrogen and oxygen does not depend upon the ordinary
mass action laws, but is an indirect process dependent upon a primary
change at the catalyst surface involving hydrogen. Evidently the catalytic
action of porcelain in this case is dependent upon some phenomena occur-
ring at the surface and dependent upon the presence of hydrogen at that
surface. It is probable that the interaction of oxygen with this "occluded"
hydrogen is very rapid, perhaps instantaneous. Hence, in determining the
reaction velocity of such heterogeneous reactions, the actual velocity of a
chemical reaction is not being measured but rather a purely physical
process, the rate at which hydrogen moves up to the surface and is acti-
vated. The operation of the law of mass action is completely masked
since it is impossible to determine the concentrations of the reactants and
products at the actual zone of interaction on the catalyst surface.*

It has been shown that the rate of heterogeneous reactions depends upon
the rate at which the reacting components of a mixture can diffuse up to
the surface of the catalyst, become activated, and react. Still another
factor is involved, however, and this is the rate at which the product can

Trans. Roy. Soc. 206 A, 3-75 (1906).
interesting to note in the light of h

ns. Roy. Soc. 206 A, 375 (1906).
It is interesting to note in the light of what has been said previously regarding spe

Znh^&'iFv"?**^ thi- Jene- ,of «Peri?«ts led directly to the development Sfcombustion in England as an industrial process for generation of heat.
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disengage and diffuse from the catalyst surface. This factor is of
utmost importance since if the products of reaction were not removed from
the active surface of the catalyst, it would become poisoned and further
reaction would cease due to the impossibility of any reactant reaching the
surface.

Nernst29 considered that the equilibrium at the interface of two phases
was established very rapidly, instantaneously compared to the rate of dif-
fusion. The diffusion equation is similar in form to that of a monomolecu-
lar reaction and it is, hence, probable that measurement of the rate of
heterogeneous reactions which appear to be monomolecular is really meas-
urement of the rate of diffusion. Thus, heterogeneous reactions are de-
termined as to rate by the velocity at which the reacting molecules can
diffuse to the catalyst surface and penetrate or partly displace the adsorbed
film. In the light of Langmuir's discoveries this view must be modified
since not all of the surface may be active. The rate is then fixed by the
rate of movement of reactants to active portions only of the catalyst and
by the proportion of active surface present.

With a given reaction mixture and catalyst the rate of the hetero-
geneous reaction will be directly proportional to area of catalyst surface
exposed. A homogeneous reaction by its very nature will be independent
of surface area.80 Contrary to what is true in the case of homogeneous
reactions, the real order of heterogeneous reactions cannot be determined
from the effect of pressure on the reaction velocity. Special conditions
must be fulfilled which cannot be discussed here.31

From the very nature of heterogeneous catalysis it may be seen that
the character of the surface of the material used as the catalyst is a very
critical factor in determining the activity. Because of this sensitivity, it is
difficult to reproduce catalysts in any desired condition of activity, a factor
that has led to much dispute among experimental workers. Methods used
in the preparation of the catalyst and the treatments given prior to use
determine to a large extent the activity of a given material as a catalyst.

The porcelain surfaces used by Bone and Wheeler -8 in their combustion
experiments were stimulated markedly in their activity by previous treat-
ment with hydrogen and were reduced in activity by treatment with oxygen.
The literature contains many other instances of where previous history has
a marked influence on catalytic activity. Thus, finely divided metallic
nickel varies greatly in activity depending upon its source and the tem-
perature at which it is reduced. Nickel prepared by heating the nitrate
and reducing the oxide formed during the heating is almost without
catalytic activity toward the hydrogenation of vegetable oils. Reduction of
the hydroxide prepared by precipitation from nickel sulfate gives a catalyst
with considerable activity. Use of the nitrate rather than the sulfate re-

20 Nernst, Z. fihysik. Chem. 47, 52 O904").30 Refer to Hinshelwood. "Homogeneous Reactions," Chemical Reviews 3, (]92fi).91 For a discussion see ITinslielwood, '"Hie Kinetics of Chemical Changes in Guseous Systems,"
1926, p. J2S; Oxford, Clarendon Press.
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suits in a catalyst of great activity. Ignition of nickel carbonate at 400°
to 450° C. followed by reduction at 400° C gives a poor catalyst whereas
ignition and reduction at 250° to 300° C. results in a highly active catalyst.
The sheet metal is practically devoid of catalytic activity.

Silica is also very characteristic in its action as a catalyst. Moderately
calcined, precipitated silica dehydrates ethanol to ethylene at IW u
When calcined at a higher temperature the silica does not decompose the
alcohol until a higher temperature is reached and then the decomposition
is partly dehydrogenation and partly dehydration. Pulverized quartz is
still less selective in its action, causing the decomposition of ethanol^ to
occur by dehydration and dehydrogenation at equal rates.^ In considering
these various" catalytic activities of silica, the striking variety of forms^ in
which silica may exist must be considered. Silica formed by the addition
of acid to sodium silicate or by the passage of silicon fluoride vapors into
water is micro-amorphous in character, i.e. the atomic structure does not
follow any regular order. In a general way the properties of this modifica-
tion of silica resemble those of very finely ground vitreous silica. This has
been shown by the use of X-ray powder photographs. Silica as quartz
is stable up to 870° C. ± 10°. Above this temperature and up to 1470°
C. ± 10° the stable form of silica is tridymite. From this temperature and
up to 1710° C, the melting point, cristobalite is the stable form. All of
these temperatures are based on atmospheric pressure conditions and con-
stant and uniform temperatures.* It is unfortunate that the nomenclature
applied to the various forms of silica, such as quartz, did not become
standardized until after much of the experimental work with it had been
done. As a result, uncertainty regarding the actual forms used as
catalysts prevents clear cut comparisons to be made between the catalytic
effects and the structure.

In the atmospheric pressure synthesis of hydrocarbons from hydrogen
and carbon monoxide, Elvins 32 showed experimentally that reduced un-
supported catalysts of cobalt, copper, or manganese prepared by ignition
of the nitrates gave much greater conversions than the reduced precipitated
oxides.

In practice, catalysts are frequently used in the form of a thin film on
the surface of some more or less inert support. In this way it is possible
to obtain granular catalysts having considerable physical strength, present-
ing a large exposure of surface, and necessitating the use of only minimum
amounts of active material, which is frequently expensive.

Other and quite noticeable effects are also obtained in the activity of
the catalyst by the use of certain supporting materials. Thus, a nickel
catalyst supported on alumina is subjected to an effect similar to that of
a protective colloid or a colloidal sol in that the reduced nickel is able to
withstand higher temperatures without sintering or loss in activity and

gr^o^^T^SJ^<&^i!^
ama' '<The Properties of Silica'"

te Elvins, J. Soc. Chetn. Ind. 46, 473T (1927).
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usually has an enhanced activity compared to that of an unsupported mass
of metal. It is possible that the individual active points of the nickel are
separated from each other in such a way by the molecules of the irreducible
support that the tendency of the active atoms to cohere due to the effect
of high temperatures is to some extent prevented, and the active atoms per-
mitted to function as catalysts for a longer period of operation than is
ordinarily possible. The same is true of the iron-aluminum oxide catalysts
used in ammonia synthesis.

Many of the industrial vapor phase catalytic processes, especially those
involving oxidation reactions, are decidedly exothermic in character and
must be conducted within rather narrow temperature ranges for optimum
results. Since reaction occurs at the surface of the catalyst in these in-
stances, the heat evolved is liberated in a restricted zone at the very sur-
face of the catalyst, and causes the temperature here to rise considerably
above that which may be recorded by instruments in the catalyst mass or
on tlie surface of the reaction vessel. To moderate this abnormal tempera-
ture rise, and, hence, to prevent the improper and undesirable reactions
from occurring as well as to prolong the life of the active material, at-
tempts have been made to use catalyst supports of good heat conducting
material. To this end the catalyst is spread in a thin layer on the surface
of metallic balls, turnings, or granules with the hope that the heat will be
conducted away rapidly from the seat of the reaction, the catalyst sur-
face. While this expedient is of considerable benefit in maintaining a more
uniform temperature distribution in the individual catalyst particles, it does
not insure the rapid conduction of heat from the center of the catalyst
mass to the walls of the reaction chamber since thermal contact between
the individual metal particles is usually poor because of the point type of
contact between them. For this reason the expected results of good heat
conduction have not always been realized by the use of metallic supports,
especially where tubular reaction chambers of relatively large diameter
have been used. Where small diameter catalyst-containing reaction tubes
are used and the heat generated in the reaction has but a short distance to
travel before it is dissipated from the tube wall, it is possible that decided
improvement in operation will result from the use of good heat-conducting
catalysts.

Numerous types of non-metallic supports are used and the catalyst
added by soaking the granulated supporting material in a solution of the
catalytic substance, by spraying on a solution containing the catalyst, by
spreading on a paste or by simultaneously or consecutively precipitating
the catalyst material together with a difficultly soluble carrier. This lattcr
procedure permits of a more uniform distribution of catalyst over the
carrier as well as a better control of the catalyst concentration relative to
the support. The use of solid, porous granules, however, has the advan-
tage in that only the surface need contain the active material, a point of
considerable importance when such expensive catalysts as platinum,
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osmium, ruthenium, and others are to be used. Although practically all of
the inert supporting materials are bad heat conductors, they have other
virtues which warrant their use. Thus, some are chosen primarily for
resistance to high temperatures and good physical strength, others are
chosen for their extreme porosity and hence, large surface, still others are
used for their protective action in prolonging the life of the active material.
These substances may range from broken fire-brick and pumice, to porous
materials such as kieselguhr, silica gel, and active carbon, to protective ma-
terials such as alumina or magnesia. Asbestos makes an excellent carrier
on account of its bulky nature and hence, very extended surface per unit of
weight. On the other hand, it has the disadvantage of packing together
under relatively small pressures and hence, of requiring use in thin layers.

Special consideration must be given to physical characteristics in the
choice of catalyst support. Since asbestos fibers are not porous to any
extent, catalysts supported on asbestos are held in the inter-fibrilar spaces.
When asbestos is used, precautions must be taken to prevent the felt-like
mass from compacting and increasing the resistance to gas flow. For this
purpose, asbestos-supported catalysts are used in numerous thin layers,
each layer on a separate perforated plate. Despite its resistance to tem-
perature effects, asbestos is not favored as a support and the more rigid
materials preferred.

Infusorial earth, a compacted mass of siliceous fossils deposited by
sedimentation processes, presents unique characteristics. It has a very
high, useful porosity due to the enormous numbers of inter-fossil spaces.
During calcination of the silica fossils some of the porosity may be de-
stroyed but the calcined material still possesses a very high degree of po-
rosity. The surface exposure is enormous due to the flake-like structure of
the porous individual fossil shapes. This material may be used as a sup-
port in a number of different ways. The earth may be moistened, molded
by pressure into various shapes, calcined for increased strength, and then
impregnated with the catalyst. The catalyst may be mixed with the dis-
integrated earth and the whole molded or formed into granules. For liquid
reactions, such as the hydrogenation of vegetable oils, the catalyst may be
deposited on the disintegrated earth particles and used as a suspension.

In the case of porous catalyst carriers, impregnated throughout with
active catalytic material, the catalyst within the pores of the individual
granules is at least partly effective. The increased catalyst exposure thus
obtained comprises one of the advantages of porous carriers. The relative
effectiveness of the catalyst in the interior pores is, of course, dependent
upon the rate at which the reactants can reach it, the rate at which the
products can leave, and the velocity at which the reactants pass over the
catalyst mass. With slow gas rates the "interior" catalyst can be more
effective, whereas with high gas rates the proportion of reaction which
occurs within the pores is diminished. However, the longer exposure of
reactants to catalyst possible in the pores may have a detrimental effect in
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certain reactions where secondary reactions, requiring a longer time for
completion, may result in a lbss of material. The apparent specific gravity
of a porous carrier is not a direct index to its value in thus increasing
the catalyst exposure, because, as in the case of pumice, some of the pores
are closed bubbles with no outlet to the surface. It is only pores which
extend to the surface that are effective in this sense. It should not be
overlooked, however, that the evaluation of this increased surface effect is
almost impossible and that its efficiency must vary with the reaction
occurring.

Aside from this effect, porous carriers have an advantage in their ability
to hold the catalyst firmly in place. Solid catalyst carriers, such as granu-
lar metal, should simulate the porous carriers in having a rough surface
to which the active catalyst material may be firmly bonded. This is espe-
cially important in the case of reactions which are conducted at high space
velocities where the tendency is to blow the catalyst from the support and
out of the reaction chamber.

When a choice of catalyst size and shape may be made as in the case of
molded supports, consideration should be given to the effect of granule
configuration on the free space for passage of the reacting gases relative to
the amount of surface exposed. The use of small particles or mixed sizes
results in high resistance to the passage of reacting materials, a practice
to be avoided because of the cost of compression of reactant gases and
vapors. In practice, catalyst supports molded in spherical, cylindrical, and
tubular shapes have been used. Each form of support fulfills a special
purpose and the forms are generally not directly interchangeable.

Time of contact, or time of exposure of reactants to catalyst and tem-
perature, is determined by calculation from such data as pressure, gross
voids between the granules of the catalyst mass, volume of gases under-
going reaction per unit of time, and temperature. The time of contact is an
important factor in the study of catalytic, gas phase reactions, and the lack
of details and standardized nomenclature in the literature often make it
difficult to interpret results in a logical way. The pressure is easily meas-
ured, the gross voids in the catalyst mass determined by displacement of a
liquid, the amount of material undergoing reaction measured by use of
meters or orifices, and the temperature averaged from measurements made
over the catalyst mass. Negligence in reporting on these factors has de-
tracted from the value of much experimental work.

Various theories have been advanced to explain the mechanism of
catalysis, some of which may be considered briefly. In general, they may
be classified as being based on (a) purely physical, (b) physical-chemical,
and (c) more or less purely chemical conceptions.

Explanations which may be regarded as belonging to the first class
have been chiefly concerned with the part played by adsorption (and, there-
fore, by surface) in catalytic processes. The fact, for example, that metals
such as platinum and palladium which act as catalysts in hydrogenation and
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dehydrogenation reactions, are known to possess the property of adsorbing
hydrogen in large quantities, led to the view that the function of the metal
as a catalyst depended in some way upon its purely physical properties.
That some such relationship exists would seem to be substantiated, more-
over, by the observation that variations in the condition of the surface of
a given adsorbent, due to differences in its method of preparation, produce
marked changes both in its adsorptive power and in its catalytic activity.
Thus, for example, platinum black takes up considerably larger quantities
of hydrogen than does platinum sponge and is at the same time a much
more active catalyst in reactions involving hydrogen.

Adsorption in such cases is regarded simply as an accumulation of the
gas at the surface of the metal and the increase in catalytic activity is
assumed to be due to an increase in the velocity of the reaction arising
from an increase in the concentration of one of the components of the
reacting system. If this assumption is true it follows, however, that
catalytic activity should vary directly with adsorptive power. Catalysis
would then be as Ostwald 38 defined it, only the acceleration of a chemical
phenomenon which otherwise would take place slowly. This aspect of the
problem has been made the subject of exhaustive investigation and an
effort made to prove or disprove certain deductions which depend upon
the veracity of the theory: viz.,

(1) Those gases which are most readily liquefied should be adsorbed
to the greatest extent by a given catalyst. This relationship has been
studied in its various aspects by Benton88 Lamb, Bray and Frazer,34

Taylor and Burns,35 Langmuir 36 Mond, Ramsay and Shields37 and others.
Their results would seem to indicate that while in certain cases a striking
parallelism exists, it is not possible to demonstrate any definite relationship
between any two sets of properties.

(2) An adsorbent should not show specific adsorption for different
gases. Here the exact opposite has been noted so frequently that preferen-
tial adsorption would seem to represent the rule rather than the exception.
It has been shown,80 however, that the relative amounts of oxygen, nitro-
gen, hydrogen, carbon monoxide, carbon dioxide, and argon adsorbed on
glass or mica were in the same order as the boiling points of the gases,
showing that the forces involved were secondary valence forces such as
those involved in liquefaction. In the case of platinum, however, the
phenomena were such as to indicate that the gases were held by primary
valence forces at high temperatures and by secondary valence forces at
liquid air temperatures. The layer adsorbed on the solid was never more
than one molecule or atom deep.

(3) The affinity of the adsorbent for the adsorbed substance would
38 Benton, J. Am. Chetn. Soc. 45, 887 (1923).
"Lamb, Bray and Frazer, J. hid. Eng. Chem. 12, 213 (1920).
"Taylor and Burns, J. Am. Chcm. Soc. 43, 1273 (1921).38 Langmuir, J. Am. Chcm. Soc. 40, 1361 (1918).37 Mond, Ramsay and Shields, Z. fihysik. Chcm. 25, 657 (1896).
* Ostwald, Rev. Sri. 1902, (1), 640.
"J. Am. Chem. Soc. 39, 1904-5 (1917).
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be of the nature of mass for mass and so would be unaffected by the
presence of minute quantities of foreign substances. It follows, moreover,
that the reacting film should be of unlimited thickness. Neither deduction
is in accord with the actual facts of experiment.*" Other deductions fol-.
lowing from this purely physical conception of catalysis are equally un-
tenable and it would, therefore, seem reasonable to conclude that the
mechanism of catalysis cannot be fully accounted for on the basis of purely
physical conceptions.

Without wholly discarding these conceptions a second group of
theorists seek to explain the phenomena on what may be called a physical-
chemical basis. In doing so they emphasize the importance of surface
action. They differ from those holding to the purely physical conception
by supposing that the surface attraction of the catalyst for one or more
components of the reacting system is not merely that of mass for mass,
but that some form of loose chemical reaction is involved. In this way
they attempt to account for the observed phenomena of specific adsorption,
while at the same time discarding the idea that intermediate compountls of
definite composition are formed during the course of any given catalytic
reaction. Adsorption by the catalyst of one or more components of the
reacting system is understood in general to imply the formation of a uni-
molecular layer of one of the reactauts on the surEacc of the catalyst and
is assumed to be due to the existence on this surface of unsaturated fields
of force.

That surface, even in the case of what may be termed catalytically in-
active substances, has an important influence upon the velocity of chemical
reactions has been repeatedly demonstrated. For example, the introduction
of glass wool has been found to increase the rate of reactions taking place
in glass vessels in proportion to the increase in surface. In studying this
action of various surfaces it has been found that the condition of the sur-
face plays a prominent part in determining the velocity of chemical reac-
tions. Beyond the visible unevennesses of surfaces (where catalytic influ-
ences might be explained as resulting from an increase in concentration
due to capillary absorption) the manner in which a given surface has been
laid down would seem to be of the utmost importance. Thus, for example,
electrolytic copper is not effective as a catalyst in the dehydrogeimtiou of
alcohol, whereas copper prepared in other ways may be extremely active."

Differences in the catalytic activity of one and the same metal under
different conditions of physical aggregation is generally conceded by
theorists of this school to be due to differences in the number and degree
of unsaturation of surface fields of force. This view is supported by
certain lines of experimental evidence. For example, an X-ray study of
crystal structure has shown that the atoms are evenly .spaced. Thus, the

40 Compare a. Von Ilemptinne, J. Phys. Client. 27, 42 ||Sf I lu • ' '
$oc. 38, 2268 (1916); c. Lowry and Hufett, J. Am. Chcti Ur\Mk .... *-ID B'lorya

«a. Hinshelwood, J. Client. Soc. 123, 2725 (I'JJ.I); 12 MflfKVW AM M u | r "e
Soc. 110A, 298 (1926); also compare c. (Snuser, J. Am. Cf
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molecule is probably not the unit of the crystal but the crystal itself is a
unit in the interior of which each atom has its affinity neutralized in all
directions by its neighboring atoms. Under these conditions it is obvious
that an atom on the surface would be partially unsaturated. Langmuir 4-
has developed these and similar ideas in great detail.

The corollary to this hypothesis is that a layer of atoms not exceeding
unity in thickness would be attracted and held by such a layer of unsatu-
rated surface atoms. Experimental evidence in support of this deduction
has been furnished as a result of investigations by Gauger and Taylor 43

and by Constable4i upon the effect of pressure on adsorption. That the
whole surface of the catalyst is not uniformly active would seem to be
established from consideration of the following facts: (1) The quantity of
poison which is sufficient to reduce catalytic activity to zero is frequently
so minute, that it would not possibly cover more than a very small fraction
of the total surface of the catalyst.40 (2) The saturation capacity of nickel
for hydrogen varies with the temperature, thus indicating that the number
of spaces which.can be occupied by gas molecules is less at high tempera-
tures than at low.40

Assuming then that surface phenomena play an important role in
catalysis and that unsaturated centers or fields of force exist on these sur-
faces, it follows that the mechanism of catalysis depends primarily upon
the precise way in which these function. According to Taylor 47 the dis-
tribution of such centers is pictured in terms of peaks and valleys. Just as
an atom on the surface of the catalyst might be assumed to possess a
greater degree of unsaturation than an atom in the interior, so a peak atom
might be regarded as being still more unsaturated. Variations in the
degree of unsaturation might thus be assumed to determine the potentiality
of activity of different active centers, peak atoms having the highest poten-
tial. Palmer and Constable,48 on the other hand, are inclined to think that
the key to the situation lies in the orientation of the surface atoms and
attempt in this way to account for differences in activation which result
from differences in the method of preparation of a given catalyst. Their
views are based upon the fact that they have been able to demonstrate the
existence of a definite orientation in their film of metal and that certain
planes have been found to be more effective than others in catalytic reac-
tions. Still another theory attempts to explain differences in degree of
activation as due to differences in the size of atomic or molecular pores, or,
in other words, as due to differences in the actual distances which exist
between active centers. This theory is supported by a large body of experi-

43 Langmuir, J. Am. Chem. Soc. 38, 2221 (1916).43 Gauger and Taylor, ibtd. 45, 920 (1923),-44 Constable, Proc. Roy. Soc. 107A, 279 (1924).40 Armstrong and Hilditch, Trans. Faraday Soc. 17, 670 (1922).48 Gauger and Taylor, he. cit; also compare Pease, J. Am. Chem. Soc. 45, 1195 and 2235
(1923).

^ Proc. Roy. Soc. 108A, 105 (1925).48 a. Palmer, Proc. Roy. Soc. 98A, 13 (1920); 99A, 412 (1921); 101A, 175 (1922); b. Constable,
ibid. 108A, 355 (1925); U0A, 283 (926); c. Constable and Palmer, ibid. 106A, 250 (1924):
107A, 255, 270, 279 (1925).
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mental evidence. For example, Adkins lfl in studying the catalytic effect
of alumina prepared in different ways upon the reaction'—

HCOOH = CO + H,0

has been able to demonstrate that the velocity of the decomposition varies
with the actual size of the pores, being greatest in the case of colloidal
alumina (crystal units of the order of 4~7 cm.) and least in the case of
alumina prepared from the isopropoxide (crystal units of the order 8~"
cm.)

Methanol catalysts composed of zinc and copper oxides arc decidedly
crystalline in structure as evidenced by an X-ray examination. Although
catalysis is ordinarily thought to be a surface effect, it seems to be closely
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is only slightly affected, showing that the principal effect of catalyst com-
position is to determine the selectivity in directing the reaction. An expla-
nation for this singular relationship has not been advanced, but may be
involved in the changes induced in the residual forces as valences of the
surface atoms by the changing interatomic distances.

In the preceding discussion it will be noted that while the iA~~ f

chemical attraction has been introduced in order to account for u^ selec-
tive action of the catalyst, no attempt has been made to define the chemical
character of any of the combinations which are assumed to result from
union of the catalyst and the reacting particles. Indeed such combinations
are specifically assumed to be of a physical-chemical rather than of a purely
chemical nature and the resulting compounds would, therefore, of necessity
be of a more or less indefinite and indeterminate character.

Another school of thought attempts to define the nature of such addi-
tion products somewhat more exactly by supposing that they represent
perfectly definite though very unstable chemical compounds which result
from the interaction of the catalyst with one or more of the components of
the reacting system and which later decompose with the liberation of the
catalyst and the formation of the end products of the reaction. This
theory, based as it is upon the assumption of the formation of intermediate
compounds, is primarily concerned in defining and demonstrating the actual
existence of such substances.

A consideration of the following facts will show that in the course of
the study of the mechanism of catalysis considerable support has from time
to time been given to this theory. Rice and Marcet as early as 1828 postu-
lated the formation of an oxide of platinum in order to account for its be-
havior in certain catalytic reactions.51 The preparation of ether from
alcohol by the action of sulfuric acid is a well-known reaction which is
commonly interpreted as due to the formation and subsequent decomposi-
tion of an intermediate compound, namely C2Ho-HS04, and in this case
the supposed intermediate has actually been isolated. In studying the
catalytic decomposition of potassium chlorate in the presence of manganese
sulfate, Dhar C2 was able to detect the presence of potassium permanganate.
Since the latter is known to decompose at 250° C. while potassium chlorate
decomposes at 450° C , the conclusion was reached that catalytic decom-
position was due to the formation of potassium permanganate as an inter-
mediate compound.

Langmuir has postulated that the only difference that exists between
tungsten oxide and the adsorption complex formed between oxygen and
tungsten is that in the case of the oxide the linkages between tungsten
atoms are completely obliterated whereas in the case of the adsorption
complex the tungsten atoms remain linked together. When nickel acts
as a hydrogenation catalyst the nickel-hydrogen complex differs from

61 Sec Engler and Wohler, Z. anorg. Clicm. 29, 1-21 (1902).
" Dhar, J. Phys. Chetn. 28, 948 (1924).
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nickel hydrides only in that the hydrogen is not sufficiently powerful to pull
the nickel atoms from each other in the case of the complex. Carbon
monoxide, however, is sufficiently powerful to pull nickel or iron atoms
from each other and form gaseous metallic carbonyls of definite composi-
tion. The physical view of adsorption as influenced by chemical forces

1 \v:il' "•tv-Licxy or secondary valences is considered to be identical with
trie chemical hypothesis of unstable intermediate compound formation in
hydrogenation reactions over metallic catalysts.™ The primary reaction is
the formation of a compound between the catalyst and one of the reactants;
this compound then reacts further with the other reactant to give the final
product which separates from the catalytic surface to allow the cycle to
De repeated.

Even when the actual compound itself cannot be isolated, the formation
of intermediate products during the course of catalytic reactions would
seem to be indicated from a study of color and other changes in the catalytic
mass. Thus, for example, in the decomposition of hydrogen peroxide in
the presence of mercury, there is visible evidence of the formation of a film
which later breaks down. In oxidations of gaseous hydrocarbons in the
presence of vanadium oxide, definite changes in the color of the catalyst
from blue-green to orange have been observed. Since these have been
found to accompany changes in the relative percentages of the oxides of
vanadium (V2O3, V2O.i, and V2UD) present in the catalytic mass at differ-
ent temperatures, the phenomenon has been associated with alternate oxida-
tions and reductions of vanadium, but is probably much more complicated/1'
Again, in the oxidation of ammonia to nitric acid in the presence of man-
ganese dioxide, a definite color change from black to a light yellowish
brown takes place. If, however, a promoter such as silver oxide or copper
oxide is used, very little reduction is observed and this is explained by
assuming that in the process of alternate oxidation and reduction, oxygen
is continuously supplied to the manganese by means of the promoter.1'1'
Still another illustration is to be found in the familiar phenomenon of the
oxidation of mixtures of methyl alcohol and air to formaldehyde by means
of copper. In this case, the color changes are most readily interpreted by
assuming alternate oxidation of the copper to copper oxide and reduction
to the metal or a lower oxide/"1 The extreme of a chemical viewpoint on
this subject is expressed by Ipaticw r'7 who goes so far as to state that only
those metals which are readily oxidized and reduced can serve as effective
catalysts in the oxidation of the alcohols.

That the same phenomenon is susceptible of more than one interpreta-
tion is, however, shown by the fact that Sabatier and Sendereus r'H offer
a very plausible explanation of the oxidation of the aliphatic alcohols by

^ Armstrong and Hilditcli, a series of papers on "Catalytic Actions at Solid Surfaces" pub-
lished in Proc. Roy. Soc. {London), 1819 to 1921.

"Weiss, Down and Burns, J. Ind. Una. Chem. 15, 90S (192.1).05 Piggot, J. Am. Chcm. Soc. 43, 2034 (1921).
"flirP34"CS94d3sSr1(I90ri)'4m" ^''^ S°C' **' ̂ ^ (1 'J2I); 44' lb37 (VJ~2)-
" Compt. 'rind.' 134, 691 (1902).
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assuming that the process is one of dehydrogenation and that the metal
functions in the formation of an unstable hydride. This view has obtained
a considerable amount of support from study of certain metallic hydrides.50

Some quantitative calculations in regard to intermediate compound
formation have been possible in the synthesis of ammonia over active iron
catalysts. Almquist26 has calculated that the difference in free energy
between crystalline iron and the more active iron atoms is of the order of
12,000 calories per gram atom of iron. In supporting the theory of inter-
mediate nitride formation, Emmett and Brunauer00 compared their own
results with the calculations of Frankenburger/11 who showed that an
excess free energy of 12,000 calories or more per gram atom for the active
iron would permit the formation of Fe2N on the active atoms by a pressure
of three or four atmospheres of nitrogen at 377° C. The new calculations
show that at 444° C. a pressure of 100 atmospheres of nitrogen is neces-
sary to form Fe4N at the active points, a result that makes the reduction
of surface Fe4N by hydrogen to form ammonia seem an entirely feasible
mechanism for the synthesis.

Even when there seems to be no direct evidence for the formation of
intermediate compounds in catalytic reactions, sufficient indirect evidence
frequently exists to make this a plausible hypothesis. For example, a
study of the absorption curves of several unsaturated oils have led Arm-
strong and Hilditch a2 to assume the formation of an intermediate com-
pound between the catalyst and the organic residue in certain types of
reactions. The catalytic action of iron in the formation of methane from
carbon monoxide and hydrogen has been accounted for by assuming the
formation of iron carbonyl.88 The action of nickel, functioning in the same
reaction, has been interpreted similarly.04 Another explanation of the
synthesis of methane depends, however, upon the assumption that the
intermediate formation of formates of the different metals which may
be used as catalysts plays an important part in this reaction.*15 This
mechanism is particularly interesting because of the fact that it can be used
to account for a number of different catalytic processes.00 Analogous to
such cyclic formations and decompositions of formates is the process by
which acetone is now manufactured. The earlier procedure involved the
preparation of calcium or barium acetate and its subsequent decomposition
under the action of heat. Both processes may now be made to take place
simultaneously by passing the vapors of acetic acid through heated iron
tubes containing barium hydroxide.

B0 Mond, Ramsay and Shields, Chem. News 76, 317 (1897).00 J. Am. Chan. Soc. 52, 2682-93 (1930).
"a. Z. Elektrochem. 34, 632 (1928); also b. Ullmann, "Enzyklopadie der Technischen chemie,"

Berlin, 1928, Vol. I., p. 393.
1Z™ci Roy'A

SSF- 96-f' 137» 322 <1919>; 97A, 259 (1920); 98A, 27 (1920); 108A, 111 (192S)."Fischer and Tropsch, Brennstoff Chcm. 2, 193 (1923).
anMe£?foi?htr-7- Ckem- Soc. 123, 1453 (1925). Also compare Mond, Chcm. News 62, 97
O2}; ' lrtz and CowaP» J- Chem- Soc- 97. 798 (1910); Mond and Wallis, ibid. 121, 29-32
M Vignon, Am. Chem. Phys. (9) 15, 42 (1921).
••Hofmann and Schibsted, Ber. 51, 1389, 1398 (1918); Brit. Pat. ] 73,097 (1920) BadischeAmhn u. Soda Fabrik.
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In explaining the action of free metals as contact catalysts in auto-
oxidative phenomena, Moureu and Dufraisse ** suppose that the catalyst
auto-oxidizes to give an unstable oxide, which then decomposes to give up
the oxygen and regenerates the metal. Other catalysts probably behave in
die same way. Thus, a number of organic substances are oxidized in the
presence of active charcoal at ordinary temperatures, and carbon monoxide
is oxidized completely at room temperature by the catalytic action of a mix-
ture of metallic oxides known as "hopcalite."

In summary it may be said that while a variety of different mechan-
isms may be employed to interpret the same phenomenon and while no
single hypothesis would seem in any case to be entirely satisfactory to all
investigators, it at least seems certain that both physical and chemical fac-
tors must be taken into account in seeking for a final explanation of
catalytic phenomena. From an experimental viewpoint, however, the
theory based on the formation of temporary unstable intermediate com-
pounds between the catalyst and one of the reactants, is useful because of
the possibility of toreseeing reactions. This idea furnished a valuable guide
to Sabatier in his numerous and extensive investigations on catalysis."7

For further speculations—representing it is true a wide divergence of
opinion—on this subject the reader is referred to such classical treatises
as have been published from time to time by (Jstwald,<lS Van't Hoff,uu

Mellor,70 Rideal and Taylor,71 lingler and Weissberg T- and others.73

The essential object of the present volume is the assemblage and
critical review of facts. It has seemed wise, therefore, to espouse no creed
and to venture upon no generalizations as to the causes of catalysis, the
more especially since so tar there has been no one explanation which fits
all of the known facts. Indeed, it even appears at present as if the phe-
nomena observed in different cases were the result of different causal
agents. This being the case, true progress in this Held can be obtained only
through a persistent effort to accumulate definite and proven facts until
the data are sufficiently extended and complete to justify broad generaliza-
tions along tenable lines.

It should be noted that particularly in the case of operations on the
commercial scale many other facts besides the nature and physical form of
the catalyst itself must be taken into consideration. For example, the
progressive loss in activity of a given catalyst, if too rapid, may act as a
very serious obstacle to the ultimate success of a commercial process.
This is sometimes due to impurities in the reacting substance,—a so-called

d7 Sabatier, Ber. 44, 2001 (1911).88 Ostwald, "Uber Catalyse, Vers. Ges. Deutsch Nnturforschcr und Artze," Hamburg, 1901.09 Van't Hoff, "Lectures on Theoretical Physical Chemistry" (Translated), 1899.10 Mellor, "Chemical Statics and Dynamics," London, Longmans, Green & Co., 1904.71 Rideal and Taylor, "Catalysis in Theory and Practice," New York, Macmillan Co., 1919.
" Enffler and Weissberg, "kritische Studieu uber die Vorgange Autoxydation," Braunschweig,

1904.73 Consult also a. Bancroft and Taylor, Reports of the Committee an Contact Catalysis, /. Ind.
Eng. Chem. 14, 326, 444, S4S and 642 (1922); J. Phys. Chcm. 27, 801-941 (1923): ibid. 28,
897-942 (1924); b. Taylor, Proc. Roy. Soc. 113A, 77-86 (1926), A Review; c. Frankenburacr, Z.
angew. Chem. 41, S23-31, 561-7 (1928). Bibliography.


