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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).



INTRO D UCTION—CA TALYSIS 29

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.
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poison,—such as for example, arsenic in the sulfuric acid contact process or
sulfur compounds in certain hydrogenations. Sometimes this deterioration
has been found to be due to a chemical combination between the catalyst
and the supposedly inert material used as the support. In purely academic
investigations the length of runs is usually too short for the determination
of the factors affecting- catalyst deterioration and these problems must be
solved in commercially feasible processes which should operate for twenty-
four hours per day for months at a stretch without catalyst replenishment.
The thermal input and output of the reaction when undertaken on a large
scale also present problems which are far more vital in the plant than in
the laboratory. This phase of the subject, particularly as applied to exo-
thermal reactions, will be dealt with in greater detail in a later chapter.
Other factors demanding consideration are the influence of materials used
in the construction of the reaction chamber, the mechanical effects in gas
mixing, etc. One very important factor is the physical or mechanical
stability of the catalyst. With high gas velocities any loss of catalyst due
to dusting from the surface of the carrier gradually results in decreased
productivity. At high temperatures the vapor pressure of the catalyst
itself may be of great importance. Also, the possibility that impurities in
the reacting substances may react with the catalyst to form volatile sub-
stances must be considered. Thus, in the manufacture of contact sulfuric
acid with vanadium catalysts loss of catalyst by volatilization may be due
to the use of smelter gases containing fluorine. The change in form of
platinum during the oxidation of ammonia with the possibility of loss of
catalytic material is an important subject of study. The possible increase
in resistance to the flow of large volumes of gases and the blanketing of the
catalytic surfaces by inert dust introduced in the gases alTect the produc-
tivity of the catalyst. These and a multitude of other mechanical details
must by their very nature be considered in their relation to speeiiic reac-
tions and will, therefore, be reserved for discussion later in this volume.
It must not be forgotten, however, in any resume of the theories of
catalysis that these and similar factors present serious problems in the
actual carrying through of any catalytic plant project.

SUIU'LEMLNTAKY R.KFKKI.NCES
General Nature of Catalysis
1. Rideal and Taylor, "Catalysis in Theory and Practice," New Yuik, Mncmillan Co., 1919.
2. Falk, "Catalytic Action" (1922), New York, Chemical Catalog Co., live, 1922.
3. Sabatier and Reid, "Catalysis in Organic Chemistry," New York, D. Van Nubtinnd Co., 1922.
4. Sabatier and lunkelsteiu, "Catalysis in Organic Chemistry," Leipzig Akud., Verlugs Gebdl.

1914.
5. I l i ld i tch, "Cata ly t ic Processes in Appl ied C h e m i s t r y , " London , C h a p m a n a n d H a l l , 1929.
6. Green, " I n d u s t r i a l Ca ta lys i s , " New York, Macmil lun Co. , 1928.
7. l l inshelwood, " T h e Kine t i c s of Chemical Change in Gtibcous S y s t e m s , " London , Oxfo rd

Univers i ty P r e s s , 2nd. Ed . , 1929.
8. Rice, " M e c h a n i s m of Homogeneous Organ ic Reac t i ons , " N e w York , Chemical Catalog Co. ,

Inc . , 1928.
9. Reports of the Amer i can Commit tee on Contac t C a t a l y s i s : Intl. Eng. Chetn. 14, 326, 444,

545, 642 ( 1 9 2 2 ) ; / . Phys. Chctn. 27, 801 ( 1 9 2 3 ) ; 28, 897 ( 1 9 2 4 ) ; 30 , 145 ( 1 9 2 6 ) ; 3 1 ,
1121 ( 1 9 2 7 ) ; 32, 1601 ( 1 9 2 8 ) ; 33 , 1441 (192JJ); 34, 2129-79 ( J 9 3 0 ) .

10. Taylor , "Chemica l React ions nt S u r f a c e s , " Chem. Rev. 9 , 1-46 ( 1 9 3 1 ) .



C h a p t e r I I

C a t a l y t i c D e c o m p o s i t i o n o f A l c o h o l s

Numerous difficulties are presented by catalytic processes which in-
volve the oxidation of even simple organic compounds. In the case of
such substances, the problem is complicated not only by the fact that a
large number of parallel reactions which involve different types of oxida-
tion are possible, but also by the fact that all organic molecules tend to
undergo complex dissociations and polymerizations at elevated tempera-
tures. The polymerization and condensation products may in turn be
oxidized, either partially or completely. As a result, the final products of
the oxidation of even relatively simple organic compounds may result in
the formation of very complex mixtures, difficult to separate and prac-
tically useless from an economic standpoint. In order to obtain pure sub-
stances in good yield, as the result of any given oxidation it is necessary
to study the reaction experimentally under the greatest possible variety of
conditions.

As an aid to a better understanding of some of the difficulties presented
by the catalytic oxidation of organic compounds in the vapor phase, par-
ticularly from the chemical reaction standpoint, the problems involved in
the oxidation of alcohols and the means used to overcome them have been
chosen for discussion first.

In the case of any given organic compound the study of oxidation
processes is best preceded by a preliminary investigation of its behavior
under the action of elevated temperatures alone and in the presence of
catalytic materials. Since ethanol has been studied in greater detail than
any other alcohol and affords an exceptionally good illustration of the be-
havior of primary alcohols when subjected to catalytic oxidation in the
vapor phase, the chemistry of this particular substance will be discussed
first. The actions of alcohols higher than ethyl will be discussed, where-
ever data are available, in general, as they are related to the actions of
ethyl. Because it occupies a unique position by virtue of being the lowest
member of the aliphatic alcohol series, methanol will be discussed as a
separate subject.

The decompositions which alcohols undergo at the temperatures used in
oxidation processes and in the presence of active oxidation catalysts are of
sufficient importance and have been studied in such detail that special con-
sideration is necessary. It is the purpose of this chapter to point out these
pyrolytic and catalytic reactions from a chemistry standpoint. No at-
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tempt has been made to indicate industrial methods of the applications of
such decompositions except as they are incidental to the discussion.

Decomposition Reactions of Ethanol

When ethanol is subjected to elevated temperatures it tends to undergo
one or more of the following major transformations:

I. GH.OH = CH3CHO + H,
II. GH0OH = CHy=CH. + H,0

III. 2GEL0H = (C»Ha)»O + HaO.

Under certain conditions, such as exposurejto particular catalytic materials,
each of these reactions may give yields as"jiigh as 50 per cent or more of
theoretical. Each of these reactions are reversible, practically completely
so, under certain conditions where side reactions and decompositions are
largely eliminated. Secondary decomposition of acetaldehyde to methane
and carbon monoxide, reduction of the ethylene by hydrogen to ethane,
break down of ether to lower molecular weight compounds, polymeriza-
tions, etc., so involve any equilibrium relations that the relative rates of
the diffei-ent reactions as well as the equilibria are difficult to obtain ex-
perimentally. Even where specific and directive catalysts are used, side
reactions are present and complicate any precise analysis of the decompo-
sition mechanism.

The three major reactions shown above belong to two general classes
or types of chemical transformations: (1) dehydrogenation and (2) de-
hydration processes. These two types are usually associated with specific
catalysts which favor one process to the more or less exclusion of the
other. Consideration of the two types of reaction, particularly in regard
to the catalytic activity of various materials in furthering them and in
inducing or suppressing side reactions will serve to show the limitations
that must be placed on the oxidation process to prevent loss of material
or complication of recovery.

When the reactions are brought about by elevated temperatures and in
the absence of ox)gen or other oxidizing gases, the actual method usually
consists in passing the substance in the form of vapor through heated
tubes, the walls of which may or may not act as catalysts toward the
reaction. In the case where no catalytic action occurs, the initial tempera-
ture for reaction must be higher than when catalysts are present. Thus,1

ethanol when passed through a hard glass tube at 700° C. shows only
slight decomposition and simply distils over through the tube without
appreciable loss in weight. At 800° C. decomposition becomes noticeable
and is accompanied by the formation of gases and traces of acetaldehyde.
At 820° to 850° C. decomposition becomes energetic. The temperature at
which the reaction is made to occur is not the only factor affecting the
non-catalytic decomposition. It is evident that the length of time that

1 Ipatiew, Bar. 34, 3S79 (1901).
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the vapors are subjected to the temperature, i.e., the time of contact, is an
important factor. Thus, long times of contact at low temperatures may
give decompositions of the same magnitude, although not necessarily of
the same kind, as short times of contact at high temperatures. Thus, a
temperature of 500° C. has been reported as the initial temperature for
ethanol decomposition in contrast to the much higher value given by
Ipatiew for comparable experimental conditions.2 It is probable that
either differences in time of contact or differences in methods of tem-
perature measurement would account for these discordant results. Under
the conditions of the higher temperature experiments the yields of acet-
aldehyde are low because of the fact that the dehydrogenation of the
alcohol is always accompanied (a) by simultaneous dehydration of the
alcohol with the formation of "ethylene, (b) by decomposition of the
aldehyde with the evolution of carbon monoxide and methane and (c) by
a variety of other minor reactions the nature of which is not always clearly
understood. In cases where ethanol vapors are passed through heated
tubes the walls of which are capable of acting catalytically, the initial tem-
perature of the decomposition is very much lower and the decomposition
itself is much more complete. The reaction, moreover, proceeds much
more definitely in the sense (a) of aldehyde formation (dehydrogenation)
or (b) of ethylene or ether formation (dehydration), depending upon the
catalytic nature of the material which constitutes the walls of the tube.

Processes of this sort have been classified under the general name of
pyrogenic decomposition and may be differentiated into two types: (1)
those which take place under the action of heat alone, and (2) those which
take place under the action of heat in the presence of a catalyst. Tn the
former case the product of the reaction frequently consists of a very com-
plex mixture, the character of which is determined by the temperature,
pressure and time of contact.8 In the latter case, the course of the reac-
tion may in certain instances be so controlled as to favor the formation
of a single product. The procedure may be varied by passing the vapor
of the substance through a tube or chamber the walls of which arc them-
selves inactive but into which an appropriate catalyst has been introduced.
This latter modification of the reaction has been made the subject of
careful investigation by Ipatiew, who was indeed the first to call attention
to the definite quantitative differences in the amounts of (a) acetatdehyde
and (b) ethylene which resulted from the pyrogenic decomposition of
ethanol under the action of specific catalysts.

Dehydrogenation Reactions of Ethanol

As has been stated above,1 when alcohol vapors are passed through a
glass tube at 700° C. very little decomposition occurs. At 800° to 830° C.

'Bertholet and Jungfleisch, "Traite ekmentaire de Chemie orgnnique," 1886, 2nd. Ed.,Vol. I., p. 256.
» Compare the work of Bethelot (Joe. cit.)', Ipatiew, Sabatier, Senderens and E. Peytral,Bull. soc. chim. (4) 27, 34 (1920).
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about 80 per cent of the alcohol which is decomposed is converted into
acetaldehyde and hydrogen while 20 per cent yields ethylene and water.
If the tube is made of platinum, ^active decomposition begins at a lower
temperature (780° C.) and a much greater percentage of alcohol is decom-
posed. Of this, approximately 86 per cent is converted into acetaldehyde
and 14 per cent into ethylene. In this case, however, about 90 per cent of
the aldehyde which is formed decomposes to methane and carbon mon-
oxide. In the presence of zinc the reaction occurs at an even lower tem-
perature—the zinc remains unchanged and the proportion of aldehyde
to ethylene decomposition varies with the physical condition of the metal.1

When rods of zinc are used in a glass tube at 620° to 650° C, the yield
of aldehyde amounts to 80 per cent of the alcohol decomposed and very
little ethylene is produced. In this case only a relatively small amount of
the aldehyde is lost as a result of secondary decompositions. When zinc
dust4 is employed in a glass tube at 550° C , approximately one-half of
the alcohol is converted into acetaldehyde and one-half into ethylene and
water. Secondary reactions which involve the decomposition of aldehyde
and also of a large part of the water take place under the above conditions.
With filings of brass containing 33 per cent of zinc in a glass tube at
660° C , results are obtained which are practically identical with those
which have been described in the case of zinc rods. The conclusion drawn
by Ipatiew from a comparative study of the action of a large number of
metals, i.e., sodium, magnesium, aluminum, manganese, nickel, iron,
cadmium, copper, tin, bismuth, antimony, and zinc as catalysts in the
decomposition of ethanol was that only those which decompose water
readily (i.e, are easily oxidized and reduced) have the power to lower
the temperature for alcohol decomposition. The mechanism of the process
is explained by Ipatiew on the assumption that ethanol first breaks down
to give ethylene and water. The water then reacts with the metal, form-
ing free hydrogen and the metallic oxide (Fe2O8, PbO2, MnO2, SnO2,
CuO, ZnO, etc.), the latter being immediately reduced by the action of a
second molecule of alcohol.

GH80H = GH4 + H,Q
Me + H,0 = MeO + H*O
GHB0H + MeO = CH8CHO + HSO + Me

This view of the phenomena led Ipatiew to a study of the behavior of
alcohol in the presence of various metal oxides Da but as the results of this
investigation snowed that the oxides of zinc, iron and tin produced effects
which were practically identical with those of the corresponding metals,
he did not pursue the study further.

This mechanism which Ipatiew proposed was based on his idea that
the normal reaction was dehydration and has been consistently refuted by

* For the action of zinc dust on alcohol at 300 to 350° C in a fflass tube compare Jahn, Ber. 13,
987 (1880) At tins temperature the product consisted largely of CaH* + HaO while at red heat
CO and CH* were obtained.

"» Ipatiew, Bur. 35, 1047 (1902).
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subsequent workers. Sabatier showed that no trace of ethylene or water
occurred among the decomposition products over copper catalysts and
that the dehydrogenation reaction took place directly. Copper does not
reduce water even at 800° C.6b

The lower aliphatic alcohols are, in general, easily dehydrogenated to
form aldehydes and ketones by passage over reduced copper at tempera-
tures of about 300° C.° Copper catalysts do not promote the secondary
decomposition of acetaldehyde to methane and carbon monoxide as do
several of the other metallic catalysts. Sabatier and Senderens 7 have
shown by their experiments that finely divided copper is preeminent among
the metals in its ability to facilitate aldehyde formation from alcohols.
They claim that in order for the metal to show its fullest efficiency it must
be prepared by the reduction of a semi-light oxide at a temperature of
about 180° C. and without incandescence. If a heavy oxide is used, the
catalyst is apt to be poor and if a too light oxide, it is apt to be so active
as to bring about destructive decomposition of the alcohol. Properly re-
duced copper catalyzes the dehydrogenation reaction at temperatures of
from 220° to 300° C. Above 300° C. aldehyde decomposition takes place
with formation of methane and carbon monoxide. The homologs of
ethanol behave in the same way, although at somewhat higher temperatures.
Copper in a solid form does not act as a good catalyst in alcohol decom-
position.

Since copper is also readily oxidized and reduced it can easily be made
into highly porous and rigid forms.8 This has been accomplished as fol-
lows : Fused cuprous oxide is made by either melting black cuprous oxide
or by burning copper turnings in air at a temperature of about 1200° C.
The resulting oxide is bluish black and may be granulated to the desired
size particles. This oxide is reducible at temperatures as low as 220° to
300° C. and retains its size during reduction so that very porous masses
of spongy copper high in catalytic activity may be thus formed. These
porous granules are hard and strong physically, very desirable features
for a catalyst to have as the use of deep layers is permitted without the
possibilities of packing and channeling. With alcohols of low molecular
weight, such as ethyl or isopropyl, the copper oxide may be reduced by the
alcohol at temperatures of 280° to 300° C. and the use of hydrogen for
the reduction dispensed with. For this purpose, the alcohol is merely
vaporized from a still, preheated to about 300° C. in a copper coil and
passed over the oxide material which is also heated.

CthO + CaH0OH = 2Cu + H,0 + CHaCHO

With the higher alcohols, preliminary reductions of the oxide with hydro-
gen is necessary.

""Maier, Ind. Eng. Chcm. 22, 916 (1930).8 Sabatier and Senderens, Compt. rend. 136, 738, 921, 983 (1903).Ta. Sabatier and Senderens, Ann. chim. phys. (VIII.) 4, 319-431, 433-488 (1905): b. also
Sabatier. Ber. 44, 1984-2001 (1911).8 Brit. Pat. 173,004 (1920) Legg and Adam.
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The dehydrogenation of ethanol over copper catalysts is not complete
at 300° C. when moderate times of contact are used; but if the tempera-
ture is raised to 350° C. or higher, secondary reactions become more and
more evident. At temperatures above 350° C, copper catalysts begin to
activate the decomposition of acetaldehyde to methane and carbon mon-
oxide, to induce polymerization of the aldehyde, to cause dehydration
processes to set in, to cause hydrogenation of the ethylene, and, in general,
to promote secondary decompositions and condensations which complicate
the product and destroy the activity of the catalyst. Hence, for the pro-
duction of aldehydes and ketones it is desirable to use moderate temperatures
of about 300° C. and to obtain maximum yields from the decomposition
rather than maximum decomposition of alcohol per pass over the catalyst.

The presence of water in the ethanol improves the yields of acetalde-
hyde relative to the hydrogen produced by suppressing decomposition
reactions. Armstrong and Hilditch ° showed that at 300° C. in the
presence of copper catalysts anhydrous ethanol gave an aldehyde-hydrogen
ratio of 67 per cent, whereas alcohol containing 8 per cent water gave a
95 per cent ratio showing that aldehyde decomposition had been largely
suppressed. Very little methane and carbon monoxide are present in the
gas when aqueous ethanol is used. Acetaldehyde when passed over the
same catalysts at 300° C. decomposes to the extent of only 15 per cent
when water is present in excess of the aldehyde. With approximately
equal amounts of water and aldehyde present the decomposition is 24 per
cent, while with only small amounts of water as much as 50 per cent of
the aldehyde may be lost. The experimental data do not, however, give
the various times of contact so that a strict interpretation is not possible
although the aldehyde decomposition results qualitatively check those ob-
tained in the alcohol decomposition.

Palmer 10 found that although ethanol decomposed to acetaldehyde in
the presence of copper at 300° C. without the formation of secondary
decomposition, this was not true when aldehyde alone was used. If
hydrogen and acetaldehyde are passed over copper at 250° to 300° C. much
of the aldehyde decomposes into secondary products. This anomaly,
Palmer explains on the basis of the alcohol being selectively adsorbed by
the catalyst surface so that the copper surface is covered with a layer of
alcohol molecules which prevent the adsorption and consequent destruction
of the aldehyde. The three steps in the dehydrogenation reaction were
postulated to be: (1) adsorption of alcohol, (2) activation of certain
alcohol molecules, (3) evaporation of hydrogen and acetaldehyde from
the catalyst surface.

Acetaldehyde decomposes into methane and carbon monoxide when
heated in borosilicate glass tubes at 300° to 350° C.u In the presence of

»Armstrong and Hilditch. Proc. Roy Soc. 97A, 259 (1920). U. S. Pat. 1,764,962 (1930)
Lacy, assr. to Van Scnaack Bros. Chem. Works.10 Palmer, Proc. Roy. Soc. 98A, 469 (1900).

"Bone and Stockings, J. Chem. Soc. 85, 724 (1904); 87, 910 (1905).
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porous porcelain and at a temperature of 450° C. the reaction is more
complex, polymerization and condensation reactions occurring, followed
by the decomposition of the resulting larger molecules. The gas analysis
of such a decomposition shows the presence of 58.5 per cent CO2, 6.7 per
cent CO, 31.0 per cent CH4, 3.1 per cent H2, 0.7 per cent CaH*. Croton
aldehyde and other unsaturated aldehydes may form. The porcelain evi-
dently induces aldol condensation and the elimination of a water molecule
results in the formation of croton aldehyde. These reactions are slow,
however, and relatively long times of contact are required compared with
those effective in the presence of active catalysts, such as some of the
finely divided metals. The passage of air with acetaldehyde vapors over
catalysts having several degrees of oxidation or over heated metals as
copper, silver, nickel, platinum, etc., may result in the formation of
formaldehyde.12

Various copper alloys have been proposed for the purpose of prolong-
ing the life of the catalyst,18 and methods have been devised for forming
active surfaces on copper masses. Copper metal in the form of particles
is treated to form a salt on the surface or copper salts are deposited on
the surface of such particles. This salt is then precipitated on the metal
surface in a readily reducible form such as hydroxides, and reduced in situ
to form a highly active catalytic surface on the copper particles.11 The
activity of the reduced copper catalysts is promoted by the addition in a
finely divided state of difficultly reducible oxides or phosphates.15 Readily
decomposable copper compounds such as copper formate are also used to
give porous masses which are very active catalytically.10

The work of Constable and Palmer17 regarding the mechanism of
catalyst action when alcohol is decomposed in the presence of copper
catalysts, has contributed valuable information from a physical-chemical
standpoint on the manner in which catalysts act. In the presence of their
catalysts, the rate of dehydrogenation of ethanol, propanol, and butanol
was the same notwithstanding that the length of the hydrocarbon chain
had doubled in the series of alcohols. With isopropanol the velocity was
five times that of the others. All primary alcohols, however, contain the
— CHoOH group at the end of the hydrocarbon chain and to explain the
action of these alcohols these workers have undertaken to show that the
primary alcohols are adsorbed by the catalyst surface with the —CHoOH
group in contact with the surface and the hydrocarbon chains perpendicular
to that surface. Such an orientation would then make all of the alcohols
alike as far as the catalyst surface was concerned and, hence, make their

"Brit. Pat. 178,842 (1923) Consortium Elek. Ind.
18 U. S. Pat. 1,555,539 (1925) Williams to Roessler and Ha3slacher Cliem. Co.
"U. S. Pats. 1,375,345 T1921); 1,375,665 (1921) Backhaus, u.ssr. to U. S. Industrial Alco-hol Co.10 French Pat. 675,076 (1929) I. G. Farbenind.
"Brit. Pat. 158,906 (1922); 175,238 (1922); U. S. Pat. 1,410,223 (1922) Badische Anilin

u. Soda Fabrik.
"Constable and Palmer, Proc. Roy. Soc. (a) 98A, 13 (1920); (b) 99A, 412 (1921); (c) 101A,

178 (1922); (d) 106A, 250 (1924); (e) 107A, 255-69 (1925). "
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rates of decomposition the same since reaction was supposed to occur in
an adsorption film covering the catalyst which at 280° C. was one molecule
thick.

Reduced nickel is a much more active catalyst than copper toward the
dehydrogenation of ethanol. At 250° C. reaction is pronounced, but even
at this low temperature nickel is a powerful catalyst for aldehyde decom-
position :

CH,CHO = CH* + CO.

This is shown by the facts that the aldehyde-hydrogen ratio is only 35.7
per cent and the gas composition shows 60 per cent hydrogen, 20 per cent
carbon monoxide, and 15-17 per cent methane. The presence of 8 per
cent water in the ethanol apparently has no protective effect on the alde-
hyde as it does in the presence of copper catalysts." Because of this
undesirable activity in promoting aldehyde decomposition, nickel catalysts
are not applicable to the dehydrogenation of ethanal or alcohols in general.

In common with other catalysts nickel varies greatly in its activity
according to the methods that have been used in its preparation. Nickel
reduced at 350° to 420° C. is twice as active a dehydrating catalyst toward
alcohol as nickel reduced from the same oxide at 300° to 400° C.18

The action of nickel is so much more powerful than that of alumina
that the dehydrating action of the latter is practically eliminated when
catalysts containing mixtures of reduced nickel and alumina are used. In
fact, the alumina apparently only acts as a support for the active metal.
However, comparative measurements have shown that the oxides of alu-
minium, iron, magnesium, and calcium may act as strong promoters for
nickel catalysts. This effect has been explained as a mechanical effect,
viz., the development of a large surface by which relatively more active
metal is effectively exposed.10 When only small amounts of oxide are
present the effect is predominantly that of support. The increased addition
of oxide may increase the catalytic activity up to a certain point beyond
which it only serves to dilute the catalyst and reduce its selectivity. Other
explanations of the promoter action postulate the removal of catalyst
poisons by the oxide, or regeneration of the active metallic catalyst by
oxidations and reductions.20

Platinum sponge is even more active than nickel toward the decom-
position of both alcohol and aldehyde. Metallic cobalt stands about mid-
way between copper and nickel in activity.

Although acetaldehyde may generally be more economically produced
from acetylene by hydration, the high yields that may be obtained by the
dehydrogenation of ethanol show the excellent directive powers of the
copper catalysts for this reaction. By operating at temperatures below

"a. Adkins and La2ier, J. Am Chcm Soc 46, 2291-2305 (1924); 47, 1719-22 (1920); sec also
b Rideal, Proc. Roy. Soc. 99A, 1S3, 162 (1921); c. Milligan and Reid, J. Am. Chcm. Soc 44,
202 (1922). '19 Armstrong and Hilditch, Proc. Roy. Soc. IMA, 586 (1923).M Schotz, "Synthetic Organic Compounds," New York, D. Van Nostrand Co., 19.2.$, p. 64,
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300° C. with such rates of flow that only 25 to 30 per cent of the alcohol
reacts per pass yields as high as 90 to 92 per cent of acetaldehyde are
obtainable. Continuous operation, however, causes the catalyst to become
coated with condensation products which lower the activity. The catalyst
activity is restored by oxidation of the organic matter with hot air fol-
lowed by reduction of the metallic oxide with alcohol. Technically, the
aldehyde-alcohol mixture resulting from such a process is separated by
fractionation in columns heated with steam. The aldehyde is distilled from
the alcohol and condensed. The permanent gases such as hydrogen, with
traces of carbon monoxide and dioxide pass out with the aldehyde through
the condenser and to a water scrubber where the remainder of the aldehyde
is recovered. The alcohol is returned to the dehydrogenating system.
Such a process is quite readily made continuous.

Under such conditions the exit gas mixtures may consist of unde-
composed alcohol, aldehydes or ketones, hydrogen, and small amounts of
carbon oxides and hydrocarbons. This mixture is fractionated in columns
built in two sections the lower of which delivers unreacted alcohol, and
the upper gives the final alcohol stripping and delivers the aldehyde. The
non-con densible gases pass to a scrubber for final recovery of aldehyde or
ketone.

Industrially, the dehydrogenation of alcohols to aldehydes and ketones
in the presence of metal catalysts is conducted in some instances in appa-
ratus similar in principle and construction to a water tube boiler with
inclined tubes. In this case, however, the tubes contain the catalyst and
vapors of aldehyde and hydrogen are removed in place of steam.-1 The
catalyst may be so distributed in the tubes and the rate of alcohol feed
so regulated that the proper time of contact of alcohol vapors is main-
tained at the correct operating temperature. —

Dehydration Reactions of Ethanol

The majority of the metallic oxide catalysts behave with respect to
primary alcohols as mixed catalysts, with simultaneous dehydration and
dehydrogenation actions. For some of them such as thorium oxide, alu-
minum oxide, the blue oxide of tungsten, chromium oxide, and silica the
dehydrating capacity is predominating. In another group comprising
titanium oxide, beryllium oxide, zirconium oxide, uranium oxide, blue
molybdenum oxide, ferric oxide the two properties are more nearly equal.
A third group containing vanadium pentoxide, zinc oxide, manganese
oxides, tin oxide, cadmium oxide, and magnesium oxide the dehydroge-
nating capacity predominates.-3

, JiYo SVPot\1'rlS4/609 (1923) Winter, asbr. to U. S. Industrial Alcohol Co.; sec also U. S. Pat.1,437,483 (1922) Backhaus, asar. to U. S. Industrial Alcohol Co.
41 a. Beauveault, Bull. soc. Mm. (4) 3, 50, 119 (1908). b. Weismann and Garrard, I. Chcm.

. is. Industrial Alcohol Co., description of apparatus and means for purification.
" Compare Sabatier and Mailhe, Ann. chim. phys. (8) 20, 341 (1910).
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In investigating the action of carbon as a catalyst, Ipatiew employed
a form of graphite mixed with clay which was in general use at the time
for the manufacture of crucibles and other forms of laboratory apparatus.
This substance, heated in a glass tube at 500° to 600° C, catalyzed the
decomposition of alcohol almost completely according to the equation:

CH.0H = OH* + H,O.

It afforded, therefore, a new method for the preparation of practically
pure ethylene.-'1 In studying this reaction further, Ipatiew found that the
silica present in the clay was not a good catalyst for alcohol decomposition
at 600° C. but that alumina in a copper tube had the power to decompose
alcohol vapor almost completely at temperatures as low as 380° C. to give
ethylene in yields of about 97 per cent.25 The discovery had previously
been made by Grigorief that ethyl and isobutyl alcohols are decomposed
by alumina to give olefinic hydrocarbons almost exclusively and that ethers
undergo the same decomposition.20 It remained, however, for Ipatiew to
show that the reaction was a general one which was applicable to all alco-
hols and to establish it upon a quantitative basis.

Following the study of the effect of temperature and pressure upon
the catalysis of ethyl alcohol to acetaldehyde or, in general, of dehydroge-
nation phenomena, Ipatiew extended his investigations into the field of
dehydration phenomena using similar apparatus and employing similar
methods but varying the type of the catalyst in such a way as to promote
the desired reaction. And since previous experimentation had convinced
him that practically pure ethylene could be prepared by decomposing
alcohol at ordinary temperatures in the presence of alumina he selected
clay or kaolin as providing a suitable contact-mass for use in this further
investigation. In this connection it may be stated at once that the efficiency
of the catalyst was found to vary greatly according to its method of prepa-
ration. It is especially important to avoid too high a temperature during
the process of calcining since clay so treated was observed to lose its power
to dissolve in alkali and in sulphuric acid and also its efficiency as a catalyst.
Operating under pressure in iron tubes he found that, in the presence of
clay, active decomposition of the alcohol began at 400° C. as compared
with 300° C. at ordinary pressures, while in copper tubes the correspond-
ing temperatures are also respectively somewhat higher. In general, it
may be said that ethanol decomposition under pressure in the presence of
alumina was found to suppress the formation of ethylene with the sur-
prising result that the product of the reaction consisted almost exclusively
of ethyl ether:

2CH.0H - 7 ^ (CH0,O + H,O.

*• Ipatiew, Ber. 35, 10S7 (1902). Compare Lott and Christiansen, J. Am. Phartn. Assn. 19,
570-1 (1930).

» Ipatiew, Ber. 36, 1990 (1903).
"Grigorief, J. Russ. Phys. Sx..33, 173 (1901).
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As represented above, this reaction is reversible. Evidence in support of
this is found in the fact that the pressure in the apparatus quickly becomes
constant, indicating the existence of a condition of equilibrium.-T

At 450° C. ether begins to decompose to give ethylene and from this
point on up to 530° C. alcohol, ether, water and ethylene are all four
present as an equilibrium mixture which varies in its percentage compo-
sition with the temperature. At 530° C. the pressure of the gaseous system
reached a maximum and at this point the ether content of the mixture
was equal to 30 per cent. At still higher temperatures the decomposition
of the alcohol followed the same general course as has been described as
taking place in an iron tube under ordinary pressures. At 620° C , for
example, decomposition was accompanied by the formation of carbon,
water and a mixture of condensation products.

If ether was substituted for alcohol the same equilibrium mixtures
were obtained at all temperatures up to 450° C , which have been men-
tioned above, provided, of course, that other conditions are identical. This
appears to substantiate Ipatiew's opinion that a condition of equilibrium
is maintained in the system. Above 450° C. ether decomposes energeti-
cally to give ethylene, this latter reaction being in all probability non-
reversible. The statement is made, however, that the addition of water
vapor to ether seems to hinder decomposition of the ether since no ethylene
is tormed under these conditions even at temperatures well above 450° C.
It is interesting to note that at higher temperatures diolefins were detected
among the products of the decomposition of ether. ,Heated in the presence
of an iron catalyst at 570° C. under pressure, ether decomposed to give
acetaldehyde as the main product of the reaction.

'I he use of long times of contact and pressure in ethanol decomposition
results in the formation of complex mixtures. Thus, ethanol heated to
425° C. for two hours under high pressure gave a gaseous mixture con-
taining 10.2 per cent carbon dioxide, 31.8 per cent methane, 8.0 per cent
ethylene, 7.6 per cent carbon monoxide, 36.6 per cent ethane and the rest
hydrogen.28

The activity of alumina as a catalyst for alcohol dehydration varies
considerably with the method of production of the active material. With
hydrated alumina on pumice, ground, screened, and heated at 300° C ,
Goris20 concluded that the aldehyde reaction was predominant up to
450° C , below which the ethylene reaction was relatively unimportant but
increased rapidly at higher temperature. Several other workers have failed
to obtain appreciable decomposition of ethanol to ethylene over alumina
at temperatures below 270° C.ao In contrast to this, Moser obtained yields
of 50 to 60 per cent of ethylene over alumina at 250° to 300° C.ai Other

37 Ipatiew, Bar. 37, 2986 et seq. (1904). Compare van Alplien, Rec. trav. chitn. 49, 7S4-61(1930).
** Herndon and Reid, /. Am. Chctn. Soc. SO, 3066-73 (1928).M Goris, Chimie & Industrie 11, 449-52 (1924).Ma. Pease and YUUR, J. Am. Cham. Soc. 46, 2397 (1924); b. Jatkar and Watson, 7. Ind.

Inst. Sci. 9A, 71 (1926).ai Moser, Monatsh. 44, 141-50 (1923).
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workers have also obtained considerable yields of ethylene at these low
temperatures. Thus, Kesting32 claims a yield of 95 per cent over alumina
at 400° C. Ordinarily, alumina exerts its maximum activity in the tem-
perature range of 350° to 400° C.38 for a number of different reactions.

Alumina having strong catalytic action may be prepared by precipi-
tating the aluminum from a one to two per cent aluminum nitrate solution
with dilute ammonia. The precipitate is washed by decantation six times,
washed on the filter several times, dried over phosphorous pentoxide for
24 hours, heated in an air oven at 240° C , and ground to pass a 200 mesh
sieve. After operating for five hours at a temperature close to 500° C.
this catalyst showed but a slight decrease in activity.84 An 80 per cent
yield of 98 per cent ethylene was obtained from absolute alcohol at 490° C.
When water and alcohol were passed in together somewhat more aldehyde
decomposition was obtained.

Alumina in non-vitreous condition may be activated as a dehydrating
catalyst by the addition of small proportions of the oxides of the heavy
metals of the first, sixth, seventh or eighth group or with compounds of
these metals which are convertible into oxides under the conditions of
operation.88

Sabatier 30 summarized the actions of the catalysts, alumina, titania,
and thoria, in the decomposition of ethyl acetate as follows:

(A1.O.) — 2CH.COOGH. = (CH3)aCO + 2GH* + CO, + HSO
(TiO,) — CH.COOGH. = CHSCOOH + GH.
(ThOi) — 2CH.C00GH. = (CH,)aCO + GH* + CO, + GH.0H.

Adkins 3T was unable to confirm these actions experimentally, and con-
cluded that the method of catalyst preparation was of more importance
than the particular metallic element present in the catalyst as far as these
materials were concerned. The decomposition of the organic compound
was not determined by the relative stability of the salts of the acid or
alcohol. In the decomposition of ethanol the relative capacities of the
catalysts for adsorption of hydrogen or water which was at first used as
a basis for explaining the directive capacities of catalysts for either de-
hydrogenation or dehydration reactions, has been largely abandoned,38 and
a mechanism substituted which postulates a rearrangement of the electrons
within the organic molecule so that a split occurs in the molecule. This
hypothesis, first advanced by Langmuir,89 involves the intermediate forma-
tion of a compound between the alcohol and the catalyst surface atoms,
which compound differs in the case of catalysts of copper and alumina in
such a way that the splitting is characteristic of the catalyst material.

M Keating, Z. angew. Chcm. 38, 362-3 (192S).
"Boswell and Dilworth, J. Phys. Chcm. 29, 1489-1506 (1925).
"Engelder, J. Phys. Chem. 21, 683 (1917).30 French Pat. 67y.998 (.1930) I- G. Farbenind.M Sabatier, "La Catalyse en Chemie Organique," New York, D. Van Nostrand Co., 1920, p.

341.
w Adkins, J. Am. Chem. Soc. 44, 385, 2175 (1922).a" Taylor, J. Phys. Chan. 30, 169 (1926).w Langrmuir, Trans. Faraday Soc. 17, 617 (1922).
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By altering the mode of preparation of alumina catalysts in such a way
that the molecular porosity was affected, Adkins i0 has been able to activate
preferentially the catalyst for either decarboxylation or dehydration. This
was experimentally accomplished by forming aluminum hydroxide and
hydrated alumina by precipitation from salts or esters in water or xylene
solution and by preparation by the action of water vapor on aluminum
'alk-oxides, pure and supported on pumice. Variation in "ethylene
efficiency" from 34 to 150 was obtained in the different catalysts. On the
basis of the results, Adkins advanced the hypothesis that molecular
porosity of the catalysts determined the directional activity and that large
pores favored decarboxylation and small pores dehydration reactions.

'Silica prepared by powdering quartz or decomposing silicon fluoride
shows no appreciable catalytic action toward alcohol decomposition.41

Silica prepared by neutralizing sodium silicate with hydrochloric acid
is active and exerts a mixed effect on the decomposition, with the de-
hydrating tendency predominating. The gas evolved during ethanol
decomposition over such a catalyst at temperatures of 380° to 500° C.
usually has a composition of 80 to 85 per cent ethylene and 15 to 20 per
cent hydrogen.

Zirconia prepared by igniting the nitrate exerts a catalytic action
toward accelerating ethanol decomposition but without selective action,
since the evolved gas consists of almost equal proportions of ethylene and
hydrogen. It is apparently without effect in causing the hydrogenation of
ethylene since Engelder obtained no ethane in the gas from the decompo-
sition of either absolute or 50 per cent alcohol.

At temperatures of 320° C. titania, prepared by the dehydration of the
hydroxide, is very selective toward dehydration of alcohol. At tempera-
tures of 360° to 400° C, however, it loses its extreme selectivity and a
gas containing about 60 per cent ethylene and 40 per cent hydrogen is
obtained. When absolute alcohol is used the decomposition may be more
selective toward dehydration since it has been shown that the presence of
water displaces the decomposition by weakening both the selectivity and
the activity of the catalyst.84 Titania also has the capacity to accelerate
the hydrogenation of ethylene, so that quite large amounts of ethane are
obtained, especially at temperatures near 400° C. Aldehyde decomposition
is not marked and small quantities only of methane and carbon monoxide
are obtained. At 490° C. titania causes some decomposition of ethylene
with formation of carbon although this is not serious at moderate times
of contact. At 520° C. the non-catalytic decomposition of aldehyde is
complete, croton aldehyde, methane, ethylene, carbon oxides and some
ethane resulting. At 400° C. the decomposition is slight and not as complex
as at the higher temperature. In the presence of titania at 400° C. the
decomposition is not markedly accelerated nor made more complex.

40 Adkins. J. Am. Chetn. Soc. 44, 2175 (1922).
41 Sabatier and Mailhe, Ann. chim. phys. (8) 20, 325 (1910).
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Thorium nitrate heated suddenly to a high temperature42 by being
dropped into a red hot crucible forms a very light, porous thoria through
rapid decomposition. The apparent density is very low, 7.0 grams occupy-
ing a volume of 200 cubic centimeters. Because of the enormous surface
exposed this catalyst was thought to be a very active one, but on trial was
found to be inactive. Apparently, the surface structure is a very important
factor in activity. This has been shown in the case of the oxidation
catalysts of vanadium pentoxide where very dense, fused material has the
highest activity.

Hoover and Rideal4S have found that thoria prepared by precipitation
with ammonia yields approximately equal volumes of ethylene and hydro-
gen by the decomposition of ethanol contrary to the findings of Sabatier
but in agreement with the results of Brown and Reid.44 Explanations for
the dual role played by the catalyst surface in promoting the two reactions
of dehydrogenation and dehydration of alcohols have been brought for-
ward by various workers and a considerable part of the data available on
alcohol decomposition has originated in the work done to support the
various theories of catalyst action. In the case of the thoria catalysts for
ethanol decomposition, water vapor and acetaldehyde, as poisons, decrease
the dehydration reaction to a greater extent than the dehydrogenation
reaction. Chloroform in small amounts promotes dehydration and poisons
dehydrogenation. Dehydration' is also favored by low pressures (1 to
6 mm.). A supported thoria catalyst prepared by heating the nitrate in
air promotes the dehydration reaction almost exclusively. This latter effect
shows the great importance of the method of catalyst preparation on the
activity. A discussion of the different theories that have been offered in
explanation of the effects found with such catalysts is too involved for
admission here and rightly belongs in treatises on catalytic action.45 In
the case of the catalyst used here the specific surface was evaluated by
adsorption of copper ions to be about 23 square meters per gram with
about 1.3 per cent of the total surface strongly adsorbing and probably
catalytically active.40

In the presence of Japanese acid clay ethanol decomposes mainly into
ether at 200° C. with formation of only traces of aldehyde and ester. At
300° to 400° C. ethylene is the main product, alcohol and ether being
almost absent in the liquid product which comprises 92-96 per cent
water.47" With a clay catalyst, Hisamura47b has obtained a yield of
ethylene of 83 per cent in a product that was 98 per cent pure ethylene
at 400° C.

Although some of the most effective catalysts have been found to

« Kramer and Reid, J. Am. Chcm. Soc. 43, 882 (1921).
« Hoover and Rideal, /. Am. Client. Soc. 49, 104 (1927).
** Brown and Reid, J. Phys. Chcm. 28, 1077 (1921).40 For, the basis of Rideaf's theory sec also Rideal, "An Introduction to Surface Chemistry,"

London, Cambridge University Press, 1926.40 Hoover and Rideal, J. Am. Chem, Soc. 49, 116 (1927).
"a. Kashima, Bull. Chem. Soc. Japan 4, 177-90 (1929); b. Hisamura, Chem. Abstracts 18,813.
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catalyze both dehydrogenation and dehydration, one of these activities may
be diminished or suppressed by the addition of suitable "repressers."48

The addition of basic oxides, hydroxides, etc., of the metals of the first
and second groups of the periodic system suppresses the dehydration
effect, and the addition of acid oxides, such as those of manganese, sulfur,
chromium, phosphorus, arsenic, silicon, titanium, tin, boron, aluminum, or
acid salts suppresses the dehydrogenation effect. Thus, when isopropyl
alcohol is passed over a zinc oxide catalyst containing 4.5 per cent of
sodium carbonate at 400° C , 99 mols of acetone form to every mol of
propylene. The substitution of 7 per cent of zinc sulfate for the sodium
carbonate results in the production of 60 mols of propylene to every 40
mols of acetone.

*" The catalytic dehydration of alcohols proceeds at much lower tem-
peratures in the presence of fused sodium bisulfate than of the aluminum
catalysts.40 Crystalline sodium bisulfate or fused potassium bisulfate are
inferior. Ethanol starts to decompose at 175° C. and a maximum yield
of ethylene is obtained at 260° C. above which temperature considerable
charring occurs. Larger yields of ethylene are obtainable by use of
alumina or aluminum salts but the reaction does not start below a tem-
perature of 250° to 270° C. in this case. The fused sodium bisulfate
catalyst is efficient in the case of dehydration of the higher alcohols since
the lower temperatures that may be used prevent in a large measure the
complicating polymerization and condensation reactions that otherwise
result. Such strongly acidic catalysts are very active, however, in causing
the "cracking" or dissociation of hydrocarbons and at sufficiently elevated
temperatures, such as are possible to result from poor temperature control
of the reaction, cause the destruction of considerable amounts of the alco-
hols by breaking down the olefins to carbonaceous matter and hydrogen.
For this reason their use is limited even though they are more active toward
alcohol decomposition at low temperatures than alumina. Steam may be
introduced with the alcohol vapor for the purpose of controlling the action
of these catalysts particularly when such highly reactive substances as
the diolefins are being formed by dehydrating reactions.00

Passage of ethanol vapors over pyro-phosphoric acid at a temperature
of 250° to 300° C. results in a 90 per cent yield of ethylene 99.6 per cent
pure, no ether and 0.4 per cent of an impurity, possibly a saturated hydro-
carbon.61 Such catalysts exert a powerful polymerizing action on olefins
and short times of contact must be used to prevent secondary decompo-
sitions. At temperatures of about 150° C. sulfuric acid gives only low
conversions to ethylene. Such catalysts as the phosphoric acids and sul-
furic acid when used on inert supports for the vapor phase decomposition
of alcohols are much more difficult to control in their actions than when

*• Rrit. Pat. 323,713 Marks, assr. to E. I. duPont de Nemours & Co., Inc.48 Senderena, Compt. rend. 190, 1167-70 (1930).
"French Pat. 679,997 (1928) I. G. Farbenind.01 Moser and Lindinger, Monatsh. 44, 141-50 (1923); compare Senderens, Compt. rend. 192,
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used in the liquid phase reactions. This is due to the higher temperatures
usually used in the vapor phase reactions and the difficulty of maintaining
a unitormly moderate temperature throughout the catalyst mass. Vapor
phase reactions do, however, permit of more exact control of the time of
contact of the reacting substances with the heated catalyst and also permit
the better control of such reactions in which a gas is made to react with
a vapor in the presence of catalytic material.

The oxides of certain metals of the first, sixth, seventh, and eighth
groups of the periodic system, such as copper, chromium, manganese,
nickel, cobalt, etc., when deposited on non-vitreous alumina catalyze dehy-
drogenation reactions. These materials are also active oxidation catalysts
and most of the catalysts used today for oxidation reactions occur in these
periodic groupings. Hence, the actions of these materials may lead to
difficulties in the separation of products because of side reactions which
may be set up.62

The equilibrium values for the dehydration of ethanol to ethylene have
been calculated by Francis oa and show that ethanol has a considerable
tendency to decompose into ethylene.

Apparently, no attempts have been made to determine accurately the
equilibria at various temperatures for the dehydration reaction, possibly
because of the difficulties involved in the prevention of complicating side
reactions which are invariably present in the temperature range involved,
approach to the equilibrium from the hydration of ethylene side is im-
practical since ethylene has been found to hydrate with considerable diffi-
culty in the vapor phase.* Also, the formation of ethyl ether has been
found to occur over a wide range of temperatures and is a complicating
factor, especially at the lower temperatures.

The dehydration of the aliphatic alcohols to ethers according to the
reaction typified in the case of ethanol by :

2CSH5OH = (GHOaO + HaO

is more of an exception than the general rule when the reaction is con-
ducted in the vapor phase, over active dehydrating catalysts and at rela-
tively high temperatures. Both Sabatier and Ipatiew have reported the
presence of ether along with the ethylene obtained by decomposing ethanol
over alumina catalysts at temperatures below 250° C. Under laboratory
conditions the formation of mixed ethers has been noted when aliphatic
and aromatic alcohol mixtures are passed over titania or alumina.
Thus, methanol and phenol may result in certain proportions of anisole,
C6HBOCH3, being formed; and ethanol and phenol in phenetole,
C6H6OC2He.

64

With anhydrous aluminum sulfate as a catalyst Mailhe and de Godon
M See also Brit. Pat. 313,425 (1928) I. G. Farbenind.u Francis, a. Ind. Eng. Client. 20, 283 (1928); b. Proc. Am. Pet. Inst. XI 93 (1930).
* Compare Chapter VII.M Sabatier and Maihle, Ann. chim. phys. (8) 20, 289-3S2 (1910).
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obtained a 71 per cent yield of ethyl ether from ethanol at 190° C.6B With
a catalyst prepared by precipitation of aluminum nitrate with ammonia
and ignition, Pease and YungBB obtained a 60 per cent yield at 250° C.
and a somewhat higher yield at 275° C. Their equilibrium measurements
show a maximum possible conversion of ethanol to ether of 62 per cent
at 275° C. and 85 per cent at 130° C.aoa Ipatiew had already shown that
the reaction was reversible by obtaining ethanol from equimolar mixtures
of ether and water.27

Clark, Graham, and Winter have shown that the equilibrium conver-
sion of 66 per cent at 250° C. as shown by calculation from Pease and
Yung's data is too low.87 Using a catalyst prepared by the dehydration of
crystalline aluminum hydroxide resulting from the spontaneous decompo-
sition of solutions of sodium aluminate, (NaoAl2O4), these workers ob-
tained a yield of 80.8 per cent ether at 250° C. They also obtained ethanol
from equimolal quantities of ether and water showing that the reaction
is reversible. They determine the position of equilibrium at 250° C. to
correspond to a maximum possible conversion of 85 per cent. The work
showed that absolute purity of catalyst was essential. Catalyst impurities
were quickly and completely removed by alternately heating to 350° C.
and washing. Heating the catalyst to not over 400° C. during drying was
found to give the most activity which remained unimpaired even after
long use.

These observations have been confirmed by Alvarado,B8a who obtained
yields of 82 per cent ether at 269° C. by using short times of contact.
The yield of ethylene is increased, however, by long times of contact show-
ing that secondary decomposition of ether was occurring possibly accord-
ing to:

(C»H.),0 —>- 2CJ-l4 + HaO
(&H.),0 + Ha0 —>- 2C.HoOH.

With titania catalysts the action was much less pronounced. Adkins and
Perkins,iri8b however, conclude from their work that normally very little
of the ethylene formed in the dehydration of ethanol in the presence of
alumina is through the ether stage. Ether may also DSo be prepared by the
dehydration of anhydrous ethanol in the presence of aluminum sulfate.

Decomposition under Pressure

Decompositions of alcohol under elevated pressures as well as tem-
peratures were conducted by Ipatiew in a steel autoclave capable of with-
standing a pressure of 400 atmospheres.00 The iron in the apparatus was

00 Maillie and tie Godon, Bull. soc. chim. 25, 505 (1916).00 Pease and Yung, /. Am. Chcm. Soc. 46, 390 0924).w Clark, Graham and Winter, J. Am. Chcm. Soc. 47, 2748 (1925).
""» Alvarado, J. Am. Chcm. Soc. 50, 790-2 (1928).Ml1 Adkins and Perkins, ibid. 47, 1163 (1925).Wv Ger. Pat. 278,777 (1911), Byk.w Ipatiew, Bcr. 37, 2962, 2983 (1904).
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found to catalyze the dehydrogenation of the alcohol and the decomposition
of the aldehydes to methane and carbon monoxide.

Comparison of the behavior of alcohol in the presence of an iron
catalyst at ordinary pressures and at high pressures showed that in the
former case the reaction occurs at a lower temperature and also that for
any given temperature the velocity of reaction is much greater.58 That is,
pressure appeared to decrease the decomposition. At ordinary pressures
in the presence of an iron catalyst, alcohol decomposes rapidly at tempera-
tures between 510° and 525° C. to give principally acetaldehyde and gases
rich in hydrogen. Above 525° C. increases in temperature are accom-
panied by corresponding decreases in aldehyde production and increases
in the quantity of solid carbon deposited on the iron reactor walls.

The observation was made that the pressure developed in the closed
apparatus could be made to serve as a fair measure of the decomposition
of the substance. By increasing the temperature slowly and studying the
effect of temperature upon pressure by means of a series of experiments
in which the substance was subjected to the action of heat at various tem-
peratures and during different periods of time the further important
observation was made that certain zones of temperature exist within the
limits of which a condition of equilibrium seems to prevail between the
substance and those of its decomposition products which tend to form at
such temperatures. In other words, it may be said that pressure tends
to decrease the complete decomposition of the alcohol and to establish
regions of temperature and pressure within which a condition of equi-
librium is established between it and its decomposition products.

The experimental results showed that the greatest quantity of liquid
products were obtained at the lowest temperature at which active decompo-
sition of the alcohol took place. This temperature is relatively higher than
the corresponding temperature under ordinary atmospheric pressures. In
all cases, the dominating reaction was that of aldehyde formation, although
at high pressures the reaction was relatively weaker than at ordinary
pressures with the same catalyst. Some ethylene was also always formed,
relatively more at ordinary than at high pressures.

Increases in temperature were attended by a rapid falling off in the
quantity of the primary liquid oxidation products (i.e. acetaldehyde).
This corresponded to an increase in the percentage of saturated hydro-
carbons which composed the gaseous decomposition products. Simul-
taneously the percentage of carbon monoxide increased up to a certain
limit and then fell off, the percentage of hydrogen decreased regularly,
and the percentage of carbon monoxide varied irregularly. Decreases in
carbon monoxide and hydrogen (in the proportion of H2 and CO) corre-
sponded to increases in the percentage of saturated hydrocarbons. This
was accounted for in part on the basis of aldehyde decomposition according
to the equation:

R.CHO = RH-j-CO.
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Other factors which might be assumed to contribute to the formation of
saturated hydrocarbons under the above conditions are to be found in the
tendency of carbon oxides to undergo reduction when heated with hydro-
gen in the presence of a catalyst. At this time Sabatier and Senderens Qo

had already been able to show that both oxides of carbon are readily
reduced to CH4 in the presence of a nickel catalyst at ordinary pressures
and Ipatiew therefore assumed that an iron catalyst was capable of acti-
vating the same changes in different degrees.

The important observation was made, that at any given temperature,
increases in the time of contact (i.e. period of heating) tended to increase
the percentage of hydrogen at the expense of acetaldehyde. Thus, for
example, the yield of 25 grams of liquid product which was obtained by
heating alcohol at 540° C. under a pressure of 226 atmospheres for 95
minutes was decreased to approximately one-half when the substance was
heated at the same temperature but slightly higher pressure for 420
minutes. It was also noted as a result of these and other experiments
that at very high temperatures complicated mixtures of the higher satu-
rated hydrocarbons were obtained and at the same time the relative
percentage of ethylene hydrocarbons was observed to become almost neg-
ligible. These changes may be accounted for on the basis of reactions
involving hydrogenation of the ethylene. Carbonization, which occurred
readily at high temperatures and ordinary pressures in the presence of an
iron catalyst, was almost negligible when the heating was conducted under
pressure.

Metal catalysts, other than iron, which are known to promote aldehyde
decomposition *at ordinary pressures exhibit in different degrees the same
variations that have just been described when the heating of the substance
is conducted under pressure. In general, it may be said that the equilib-
rium which is established at any given temperature and pressure is to some
extent independent of the substance which is used as the starting point
of the reaction, since when acetaldehyde is substituted for alcohol, the
same gaseous decomposition products are formed in the same relative
amounts and the liquid products likewise always consist of aldehyde, alco-
hol, water, saturated and unsaturated hydrocarbons.

Although ethanol is dehydrogenated to acetaldehyde in the presence of
zinc oxide at temperatures of 300° to 400° C. and atmospheric pressure,
no aldehyde results when the reaction is conducted under sufficient hydro-
gen pressure. Instead a complex mixture including esters of acetic,
butyric, and caproic acids and alcohols up to and higher than octyl is
formed.01 Condensation reactions of acetaldehyde are used to account for
the formation of these compounds but no definite proof has as yet been
advanced to establish the mechanisms.

If alcohols, other than methanol, are dehydrogenated under pressure
80 Compt. rend. 134, 514, 689 (1902).
elAdkins, Kinsey and Folkers, hid. Eng. Chem. 22, 1046-8 (1930).
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in the presence of catalysts composed of cupric oxide containing a few
per cent of manganese and magnesium oxides, the character of the product
undergoes a marked change. Instead of forming only aldehyde and
hydrogen with only small amounts of ester as at atmospheric pressure the
decomposition results in a reaction which yields esters as the major
product.82 Consideration of the dehydrogenation reaction will show that
pressure should suppress the reaction since it occurs with a volume change
of one to two. However, the condensation of aldehydes to esters,08

2RCH0 = RCOOCH,R

occurs with a volume change of two to one and should be favored by
pressure when conducted in the vapor phase. The net effect is for pressure
to favor the formation of esters by dehydrogenation of alcohols.

The passage of ethanol vapors over such an activated copper catalyst
atone atmosphere pressure and about 350° C. at such a rate that only SO
per cent is decomposed results in the conversion of about 11 per cent of
the reacted alcohol to ester and the rest to aldehyde. However, when a
pressure of 270 atmospheres is employed and the ethanol conducted over
the catalyst at 350° C. at a rate equal to four volumes of liquid ethanol per
volume of catalyst per hour, about SO per cent of the alcohol is converted
per pass, 5 per cent is decomposed to carbon monoxide and methane and
45 per cent passes through unchanged. Of the alcohol converted about
half goes to ethyl acetate, a quarter goes to form «-butyl alcohol, and the
remainder forms acetic acid and acetaldehyde. These products are sepa-
rated by a process of distillation and the hydrogen recovered as such.

Dehydrogenation reactions at atmospheric pressure are endothermic
and require a supply of heat. However, it is claimed that under pres-
sure the net heat requirement for the several reactions is less than for
those at atmospheric pressure, and that the net effect may even become
exothermic.

Other catalysts and combinations have also been claimed for the process.
Thus, metals such as copper, cobalt, nickel, iron, either alone, mixed, or
with the addition of oxides of other metals as manganese, chromium,
magnesium or calcium or mixed oxides which are active synthetic alcohol
catalysts as mixtures of oxides of zinc, magnesium, chromium, manganese,
etc., are catalysts for the reaction.

In the presence of catalysts such as are used for the synthesis of
methanol from mixtures of hydrogen and carbon monoxide and which
have been "promoted" by the addition of an alkali oxide, ethanol may be
dehydrated to form butanol in a high pressure process. Catalyst mixtures
composed of chromium and zinc oxides to which either barium hydroxide
or potassium oxide has been added have been specified.6*

WU. S. Pat. 1,708,460 (1928); Brit. Pat. 312,345 (1928) E. I. duPont de Nemours & Co.,
Inc.: also Brit. Pat. 287,846 (1927) to the same.

« Tischtchenko, "Beilstein," 4th Ed., Vol. 2, p. 125 (1920).M Compare Cryder and Frolich, Ind. Eng. Chem. 22, 1051 (1930).
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When single metallic oxide catalysts such as magnesium oxide sup-
ported on wood charcoal are used at a temperature of 420° to 430° C ,
a mixture of butanol, ethyl acetate, and aldehyde is obtained from ethanol.
When manganese carbonate or zinc oxide supported on wood charcoal is
used at 450°, ethanol decomposes into only butanol and aldehyde.80

Reduction of Acetaldehyde

The fact that the dehydrogenation of alcohols to aldehydes and ketones
was a reversible reaction was recognized by Ipatiew. The hydrogenation
of the lower members of the aliphatic series of aldehydes in the vapor
phase has been investigated by Sabatier and Senderens 00 and more recently
by Armstrong and Hilditch9 and by Negoshi.67 In the earlier investiga-
tions the best results were obtained by using a nickel catalyst (prepared
by reducing the oxide or hydrate precipitated upon a suitable carrier) and
the reaction is described as taking place very smoothly at temperatures
slightly above the boiling point of the alcohol (i.e. 80° C ) . When car-
ried out at 140° C, yields approximating 80 per cent alcohol are described
as having been obtained.08 No by-products were formed and the alcohol
which contained small quantities of aldehyde was readily rectified. The
reaction was favored by the use of pure aldehyde free from water. The
same reaction was found to take place in the presence of cobalt at 180° C,
but this catalyst was much less effective. Finely divided copper was not
found to be a practical catalyst for this reaction, according to Sabatier,
because of the fact that it does not induce the reaction below a temperature
of 200° C , at which temperature acetaldehyde tends to decompose into
methane and carbon monoxide although it was known to promote the
reverse reaction,

C=H6OH = CH.CHO + Ha

at temperatures between 200° and 330° C.00 Finely divided platinum was
also found to be impractical for much the same reasons.

In repeating the work of Sabatier and Senderens, Armstrong and
Hilditch found that at temperatures between 120° and 150° C. a transfor-
mation to 53.6 per cent alcohol was effected in the presence of finely
divided nickel. When a copper catalyst was used a yield of 87.5 per cent
alcohol was obtained at 200° to 210° C. This yield was decreased to 33.7
per cent at 300° C, at which temperature a great increase in the gaseous
decomposition products was observed. The reverse reaction:

CH3CH3OH = CH3CHO + Ha

yielded 35.7 per cent aldehyde in the presence of a nickel catalyst at 240°
to 260° C, and as high as 92 per cent aldehyde in the presence of copper

«D French Pat. 645,169 (1927) Consortium fur Elektroch. Ind.68 a. Compt. rend. 137, 301 (1903). Also compare b. Sabatier-Reid, "Catalysis in Organic
Chemistry," New York, D. Van Nostrand Co., Inc., 1922, p. 432, 503, 522, 532.wNegoshi, Repts. Imp. Ind. Res. Inst. Osaka, Japan 5, 1-361 (l'J24).M G. Migncmac, Bull. soc. chim. 29, 465 (1921).

•» Compt. rend. 136, 738 (1903).
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at 295° to 300° C. The presence of water vapor was thought to protect
the aldehyde from hydrogenation and so to increase the yields. Negoshi
in working* with a nickel catalyst which was prepared by soaking pumice
in 30 per cent nickel nitrate solution and then heating at 500° C. in a
stream of hydrogen for six hours found that the reduction of aldehyde
could be effected at 140° C. with yields of alcohol as high as 90 per cent.
When the nickel was prepared by reducing the oxide, the same reaction
was found to take place at temperatures as low as 100° C, provided that
a thirty fold excess of hydrogen was present. The equilibrium relations
represented by:

CHaCHO + Ha ~^~ CH3CHaOH

have also been studied in the presence of cerium oxide at temperature
ranges of 300° to 380° C.70

That ethanol may exhibit the same role as water in protecting the
aldehyde from decomposition is shown by comparing the results of the
hydrogenation and dehydrogenation reactions at 300° C. and in the pres-
ence of copper catalysts. When ethanol is decomposed under these con-
ditions very little methane and carbon monoxide are produced and high
ratios of aldehyde to hydrogen are obtained showing that little aldehyde
is decomposed. On the other hand, when the aldehyde is being reduced
in the presence of excess hydrogen but with little alcohol present at tem-
peratures as low as 250° C. much of the aldehyde is decomposed.71

Whether this is entirely a matter of protective action or whether the time
of contact at actual measured temperatures can account for the differences
cannot be said on the basis of the published results.

In operations on a commercial scale both nickel and copper have been
applied to the production of alcohol from acetaldehyde.72 In the manu-
facture of ethyl alcohol by passing the vapor of acetaldehyde mixed with
hydrogen over a nickel catalyst, the product is always more or less con-
taminated by the presence of unreacted acetaldehyde. This may, however,
be reduced to a small fraction if hydrogen is used in large excess as
compared with the quantity theoretically required for the reaction. To
avoid the loss of hydrogen through leakage, etc., the principle of circula-
tion is applied to the operation. This arrangement still further favors
the production of alcohol if the excess of hydrogen is kept high enough to
remove the heat of the strongly exothermic reaction sufficiently to maintain
a temperature of 100° to 180° C. within the reaction chamber. How great
this excess should be in any particular case may be calculated (a) from
the quantity of heat developed per unit of time, (b) from the heat lost
by radiation and general external cooling and (c) from the heat capacity
of the hydrogen between the ranges of temperature (i.e. 100° to 180° C.)

70 Milligan and Reid, J. Am. Chcm. Soc. 44, 202 (1922).71 Palmer, Proc. Roy. Soc. 98A, 13 (1920).72 a. Swiss Pat. 74,129 (1917) Elektrizitatswerk Lonza; b. Brit. Pat. 120,163 (1918) Bloxam,
assr. to Elektrizitatswerk Lonza; c. Brit. Pat. 134,521 (1919) Elektrizitatswerk Lonza; also,
compare d. U. S. Pat. 1,408,749 (1922) lichtenhahn, assr. to Elektrizitatswerk Lonza.
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permissible within the apparatus. Ordinarily a threefold excess is found
to be desirable. The alcohol may be separated by condensing the issuing
vapor and the hydrogen returned to the apparatus by means of an external
circulation device, or by means of an injector.

In manufacturing alcohol by means of the process which has just been
described it was found that the yield depended upon the exclusion of
oxygen, water, and of acetic acid. But when oxygen was completely ex-
cluded the alcohol was found to contain small quantities of ether, the
presence of which is objectionable for certain uses. Moreover, when a
large excess of hydrogen was circulated during the process, certain impuri-
ties such as methane, carbon monoxide and dioxide were formed. Of
these carbon monoxide was injurious to the catalyst, its activity decreasing
rapidly in proportion to the amount of carbon monoxide formed. It was
then found that both of these objectionable features could be avoided by
adding oxygen gas up to 0.3 per cent to the mixture of acetaldehyde and
hydrogen. Under these conditions ether was no longer produced and the
decrease in the activity of the contact body due to the presence of carbon
monoxide was practically eliminated. It is interesting to note that the
formation of water during the combustion of the oxygen is not in itself
responsible for the favorable effect. Nor is the oxidation of carbon mon-
oxide to dioxide, since the addition of 0.05 per cent oxygen served to
counteract the poisoning effect caused by the deliberate addition of 0.1
per cent carbon monoxide. In other words, there was an unexpected and
unexplained typical action of oxygen. According to these later specifica-
tions a temperature range of 90° C. to 170° C. is desirable because below
90° C. the formation of alcohol is slow and above 170° C. the decompo-
sition of acetaldehyde increases rapidly. Yields of alcohol up to 95 per
cent were obtained with an aldehyde content of 0.07 per cent and an ether
content of 0.5 per cent. The action of the small amounts of oxygen re-
quired for maintaining the catalyst activity is explainable on the basis of
catalyst activation, possibly through a process of oxidation and reduction.

Finely divided copper prepared by precipitation from a salt solution
with alkali followed by reduction in hydrogen at 200° C. is active as a
hydrogenating catalyst at 180° C. A relatively wide variation in range
as well as a fairly high reaction temperature are said to be practical if a
corresponding velocity in the gas flow is maintained, but it is, in general,
desirable to keep the temperature inside the reaction chamber between
150° and 200° C.78 Copper is said to possess certain advantages over a
nickel catalyst because it is cheaper and because of the fact that it will
not deteriorate by oxidation within the range of temperatures prescribed
for the reaction.74

Copper in other forms may also be used as a catalyst.70 For example,
"Neporo, Repts. Imp. Ind. Res. Inst. Osaka 7, 10, 1-23 (1926).
"Swiss Pat. 93,277 (1922); Ger. Pat. 350,046 (1920); Brit. Pat. 158,906 (1922); and U. S.

Pat. 1,410,233 (1922) Badische Anilin u. Soda Fabrik.
"Swiss Pat. 94.603 (1922); Ger. Pat. 362,537 (1921); Brit. 175,238 (1922) Badische

Anilin u. Soda Fabrik.
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pumice saturated with copper formate and then heated at 200° to 250° C.
may be employed; or malachite in coarse pieces may be reduced at 200° to
250° C.; or so-called natural copper or any form of copper powder, mixed
with water glass or colloidal silicic acid or other activators may be deposited
on pumice, oxidized at 200° C. and reduced again at 250° C. In general,
copper obtained from a great variety of compounds by the use of many
different reagents may be employed for the reduction of acetaldehyde by
hydrogen at temperatures of 150° to 200° C. So long as the copper com-
pounds are not heated above 350° C. during the process and are subse-
quently reduced at relatively low temperatures, the efficiency of the copper
remains unimpaired.

Although alcohol has been produced by the hydrogenation of acetalde-
hyde obtained from the hydration of acetylene, this source is relatively
unimportant ordinarily. It does, however, furnish a means for the synthesis
of ethanol from such sources of carbon as calcium carbide, methane, the
carbon arc, etc., which might become of importance during periods of war,
or in locations where very cheap electric power is available. Experiments
on a technical scale r8 in Switzerland have shown the process to be success-
ful but at a cost too high to make the process competitive.

Although the vapor phase reduction of aldehyde to ethanol is a reaction
which occurs with a change of volume of two to one and should be mark-
edly influenced by the application of pressure, very little work has been
reported in the literature to show this effect. It is probable that the use
of considerable excesses of hydrogen will be necessary to prevent the
condensation reactions of the aldehyde which also occur with decrease in
volume. Processes have been claimed for the synthesis of esters by such
condensation reactions:

2CHXHO = CH.COOC.H.

which are conducted in the presence of catalysts such as aluminum ethylate,
aluminum chloride, or metallic aluminum.77

Acetaldehyde may also be used for the preparation of normal butanol
by passing it first over the oxides of thorium, titanium, or uranium at a
temperature of 360° C. and then reducing the crotonic aldehyde which is
thus formed by passing the issuing gases over reduced nickel.78

Formation of Carbon Dioxide from Alcohol Decomposition

Under certain circumstances carbon dioxide is evolved during the
decomposition of alcohols over catalysts. For instance, the gaseous
products contain 1.5 to 3.5 per cent carbon dioxide when ethanol is decom-
posed in the presence of titania at 430° C, 1 to 2 per cent when butanol

'" Compare Hilditch, "Catalytic Processes m Applied Chemistry," London, Chapman and Hall,
1C29, p. 298.77 a. Petrenko-Kritschenko, J. Ruts. Phys. Chcm. Soc. 33, 260 (1901); b. 'Brit. Pats. 26,825,
26.S26 (19131; Oer. Pats. 314,210 (1914), 386.688 (1921) Consortium f. Elektrochem. Incl.78 a. Sabatier, Compt. rend. 166, 632 (1918); compare b. Komatsu, /. Chcm. Soc. 1A, 1924,
p. 1042.
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J

is decomposed under the same conditions, upwards of 5 per cent when
ethanol is decomposed over zinc oxide catalysts prepared from zinc iso-
propoxide, and less than 1 per cent under the same conditions when zinc
oxide from ,zinc hydroxide is the catalyst.7" As much as 10 per cent
carbon dioxide has been found when ethanol is decomposed over sacopper-
chromium catalyst at 500° C. (see Fig. 4).80 In all cases where carbon
dioxide has appeared in appreciable amounts in the gaseous reaction
product there have been evidences of a brown, odorous, unsaturated oil or
resinous material.

Various explanations have been offered for the mechanism of the
formation of the carbon dioxide and of the ethane which has also been
obtained in certain cases. None of these are
entirely free from objections. Aldehydes are
known to condense to esters under certain con-
ditions and the decarboxylation of such has been
offered as one explanation. However, the pres-
ence of carbon dioxide by this mechanism has
not been supported by the evidence of other
products of ester decomposition. Methane for-
mation has not been reported in all cases where
carbon dioxide has been found and this, together
with the fact that entirely inadequate amounts
of carbon have been found, seems to point that
the rupture of acetaldehyde to C + CO2 instead
of carbon monoxide does not occur. The de-
composition of aldehyde alone in the presence
of precipitated iron oxide at 400° C. gave 40
per cent carbon dioxide and a large quantity of
resinous matter.7" In the presence of reduced
nickel, however, no carbon dioxide was formed
and no resinous matter or oil resulted although nickel is an active catalyst
for aldehyde decomposition.

It is possible that the dehydrogenation of aldehyde to ketene, as in the
well known case with acetone, and the subsequent reaction of ketene and
aldehyde to give carbon dioxide and an unsaturated hydrocarbon is the
explanation.70 The presence of acetic acid might also be accounted for
by the interaction of ketene and water. No such reaction would be ex-
pected in the case of isopropanol since a temperature of 650° C. is required
for the formation of ketene from acetone and only traces of carbon dioxide
have been reported from this alcohol.81

The presence of ethane in ethanol decomposition has been accounted
for by Engelder 82 by the hydrogenation of ethylene over catalysts that

'"Adkins and Lazier, 7. Phys. Cham, 30, 895 (1926).80 Boomer and Morris, Can. J. Research 2, 384-7 (1930).81 Compare with the following on ketene reactions: a. Schmidlin and Bergman, Bcr. 43, 28211910): b. Hurd and Kucour, J. Am. Chem. Soc. 45, 2170 (1923).
w Engelder, J. Phys. Chem. 21, 676-704 (1917).
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have both dehydrating and dehydrogenating actions. Adkins, however, has
proposed88 the reaction:

2GH.0H = GH« + CHaCHO + HaO

to account for the ethane. From their results (Fig. 4) Boomer and Morris
suggest that the reaction proposed by Adkins is the logical one. They do
not, however, attempt to explain the large amounts of carbon dioxide, the
small amount of brown oil, the acid nature of the condensate, and the
absence of carbon deposits obtained in the decomposition of ethanol over
their silica gel supported copper-chromium catalyst.

Summary of Ethanol Decomposition

The work on the decomposition of ethanol over various catalysts has
been reviewed in some detail, not only because it serves to show that any
one of three major routes may be induced and controlled by means of
variation in temperature, pressure, and choice of catalyst, but also because
it helps to demonstrate that even at comparatively low temperatures these
reactions are always accompanied by secondary or side reactions. In sum-
mary, it may be said that unnecessarily high temperatures are to be avoided
since the yields of the various products, aldehydes, ethers, and olefins,
rapidly decrease and these products are replaced by the more or less com-
plicated mixtures of hydrocarbons and oxygenated compounds due to
decompositions, polymerizations and the large number of side reactions
possible between the various decomposition products. For example, acet-
aldehyde decomposes to give methane and carbon monoxide; ether to give
ethylene and water; ethylene polymerizes to give higher olefins. Hydrogen
may react with the oxides of carbon to give methane, or with ethylene to
give ethane. The saturated hydrocarbons may in turn undergo dissocia-
tion and subsequent polymerization. To understand the role which these
various side reactions play in the pyrogenic decompositions of alcohol, each
such reaction needs to be considered separately with a view to determining
its particular equilibrium relationships and thermodynamics. Progress in
a knowledge of catalysis has fortunately been accompanied by the accumu-
lation of data of this kind some of which will be discussed in later sections
of this book.

Decomposition of the Higher Alcohols

Acetone which was formerly made almost exclusively by the dry dis-
tillation of calcium acetate obtained in the destructive distillation of wood,
is now made on a large scale by the dehydrogenation of isopropyl alcohol
obtained largely from the hydration of propylene contained in refinery
gases.84 The other remaining sources of acetone at present are the wood
distillation industry, the fermentation process of butanol manufacture,

"Taylor, J. Phys. Chem. 30, 145-171 (1926).M Compare Baldwin, J. Soc. Chem. Ind. 49, SIT (1930); Brit. Pat. 337,566 (1929) Elkington,
assr. to N. V. de Bataaf, Pet. Maats.
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by the decomposition of acetic acid or acetates, largely synthetic. Although
no description of the details of the dehydrogenation process have been
published for the commercial process, some data are available from labora-
tory experiments.

In general, as has been shown by the work of Sabatier and Senderens,
it is apparent that at any given temperature and with any given catalyst
the rate of decomposition is much greater for secondary than for primary
alcohols, and that increases in temperature produce a more rapid increase
in rate for the former than for the latter class of compounds.

In the presence of finely divided active copper, such as has been used
in the dehydrogenation of ethanol> isopropyl alcohol readily forms acetone
and hydrogen. At 300° C. the equilibrium is well over toward the acetone

CH, CH,
>CHOH = >CO + H,

CHa CH3

side.80 A number of patents have been taken out for processes conducted
in the presence of copper or brass either with or without air.80

Normal propyl alcohol is readily dehydrogenated to the corresponding
aldehyde at temperatures of 230° to 300° C. in the presence of copper
catalysts. At temperatures of 400° C. as much as 25 per cent may be
destroyed, however, by decomposition to carbon monoxide and ethane. In
the presence of nickel 75 per cent of the aldehyde may be decomposed at
a temperature as low as 260° C. Although the alcohol is dehydrogenated
very readily over platinum at 280°, the aldehyde is completely destroyed
at 300° C*

The losses by secondary decompositions are far less in the case of the
dehydrogenation of secondary than in the case of the primary alcohols due
to the greater stability of the ketones compared with the aldehydes. Thus,
in the presence of platinum the. destruction of acetone amounts to only 3
per cent at 400° C. when isopropyl alcohol is decomposed.

Isopropyl alcohol is dehydrated to propylene and water by the same
type of catalysts that are effective with ethanol. Because of the higher
original molecular weight of the alcohol, however, somewhat more complex
decompositions are possible, especially at excessively high temperatures
or in the presence of very active catalysts. At temperatures of 300° to
350° C. the main products are propylene and water when active dehydrat-
ing catalysts as alumina, titania, or clay are used.87-47iU *

Fused sodium bisulfate is an effective catalyst for the dehydration of
the aliphatic alcohols.88 Normal propyl alcohol is dehydrated at 125° to

M Parks and Kelley, J. Phys. Chem. 32, 740 (1928).Ma. U. S. Pat. 1,460,876 (1923) Williams and White; b. U. S. Pat. 1,541,545 (1925) Wells;
c. U. S. Pat. 1,487,817 (1923) Wells; d. Brit. Pat. 173,539 (1920) Hunt.

* See p. 650 et scq. rcf., 66b.
"a. Allardyce, Trans. Roy. Soc. Can. (3) 21, Sect. 3, 315-21 (1927); b. Peytral, Bull, soc,

chim. 35, 960 (1924); c. Dohse and Kalberer, Z. phys. chem. 5B, 131 (1929).M Senderens, Compt. rend. 190, 1167-70 (1930).
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140° C , isopropyl begins to lose water at 95° C. and decomposes rapidly
at 105° to 110° C, and isobutyl alcohol is dehydrated at 135° C.

When dehydrated in the presence of acidic catalysts as phosphorous
pentoxide, phosphoric acid, or sulfuric acid at temperatures below 160° C,
both 1-butanol and 2-butanol gave a mixed 2-butene free from 1-butene.80

Phosphoric acid did not attack 1-butanol under the conditions. With phos-
phoric acid on pumice, aluminum phosphate, or aluminum oxide as catalyst
2-butanol decomposed largely to 2-butene with small amounts of 1-butene.
The decomposition of 1-butanol to 1-butene over these three catalysts
increased in the order named, reaching 73 per cent in the presence of
alumina.00-47

Normal butyl alcohol may be dehydrogenated to give a mixture con-
sisting of butyric aldehyde, butyl butyrate, hydrogen, and unreacted alcohol
by passing the vapors preheated to 125° C. through tubes containing a
fused cupric oxide catalyst01 and heated to 280° to 300° C. by immersion
in a liquid bath. Hydrogen is recovered from the condensed liquids and
about 500 pounds of the ester is formed from every 6600 pounds of alcohol
treated.02

1-Butanol is vaporized and passed over a copper catalystBB for the
purpose of dehydrogenation to aldehyde. The aldehyde is separated from
the products by fractionation and oxidized to butyric acid in the liquid
state with air or oxygen in the presence of a catalyst such as manganese
butyrate. With a copper tube 24 m °h m diameter and packed for 26
inches with fused cupric oxide 240 cc. of butanol per hour may be treated
with a 75 per cent conversion per pass.04 At temperatures of 220° to
280° C. the yields of aldehyde are good. At 370° C. only about one-sixth
of the aldehyde that forms is decomposed.

In the presence of nickel 2-butanol begins to decompose at
160° C, and yields butanone readily at 300° C. without formation of
butylene.

Isobutyl alcohol is readily transformed into the corresponding aldehyde
at 240° to 300° C. in the presence of copper. About one-half of the alde-
hyde is destroyed, however, when the operating temperature is raised
to 400° C.

Over copper isoamyl alcohol yields the aldehyde at 240° to 300° C.
without side reactions. About 6 per cent of the product is decomposed at
390° C. and about 25 per cent at 430° C.

Tertiary alcohols are readily dehydrated to form olefins. The velocity
wa. Young and Lucas, J. Am. Chem. Soc. 52, 1964-70 (1930); b.* King, J. Chem. Soc. 115,

1404 (1919).M Refer also to a. Le Bel and Green, Bull. soc. chim. 35, II, 438 (1881); b. Brown and
Reid, J. Phys. Chem. 28, 1081 (1924); c. Lepingle, Bull. soc. chim. 39, 741 (1926); d. Coffin and
Maass;/. Am. Chem. Soc. 50, 1427 (1928); e. Davis* ibid. 50, 2769 (1928); f. Lucas, Dillon and
Younx*ibid. 52, 1949 (1930).W1U. S. Pat. 1,401,117 (1921) Commercial Solvents Corpn. (Catalyst).M U. S. Pat. 1,580,143 (1926) Commercial Solvents Corpn. (Process).U8Brit. Pat. 166,249 (1920) Adam (Catalyst).wa. Brit. Pat. 173,004 (1920) Adam; b. U. S. Pat. 1,418,448 (1922) Legg, assr. to Adam.
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of decomposition over alumina or bauxite increases from the normal
through the secondary to the tertiary alcohol in the case of butanol.00

In the presence of reduced nickel, acetone is reduced to isopropyl
alcohol at 210° to 220° C. At 200° to 230° C. isopropyl alcohol is de-
hydrogenated in the presence of nickel and also begins to decompose into
saturated hydrocarbons. Under pressure an equilibrium between these two
reactions is established. At 250° C. the approach to equilibrium is very
slow and is accompanied by decomposition of both acetone and isopropyl
alcohol into gaseous hydrocarbons.96 For normal secondary butyl alcohol
the corresponding temperatures are somewhat higher, being about 250°
to 300° C. in the presence of reduced nickel. The higher

CH,
>CHOH

primary alcohols require relatively higher temperatures for decomposition
than the corresponding secondary alcohols.

In general, iron as a reducing catalyst requires a higher temperature
than nickel. Reactions requiring temperatures of 200° to 230° C. with
nickel catalysts do not occur at comparable rates over iron until a tem-
perature of about 400° C. is reached. At 300° C. isopropyl alcohol tends
to decompose into water and saturated hydrocarbons over nickel catalysts.
A temperature of 570° C. is required for the same decomposition over
iron. This tendency for nickel to decompose the alcohols into saturated
hydrocarbons makes its use for the conversion of alcohols into aldehydes
and ketones difficult from an industrial standpoint.

Excellent data are available for comparison of the actions of different
aliphatic alcohols in the presence of different catalysts but under com-
parable conditions from the work of Adkins and his coworkers °7 on
catalysts.

The temperature effect on the dehydration of alcohols in the presence
of alumina as has been shown by the work of Sabatier and Mailhc11

Brown and Reid,oob and Pease and Yung °8 was not checked by Adkins,D7b

who used what were presumably better conditions experimentally. The
rate of dehydration increases in the order of butyl, propyl, isobutyl, ethyl,
isopropyl, and secondary butyl alcohols. Although ethanol and ethyl ether
give the same rate of dehydration, butyl alcohol gives a faster dehydration
late than does butyl ether. Hence, the hypothesis advanced at one time
that olefin formation from alcohols was through intermediate ether forma-
tion cannot hold.

In the presence of zinc oxide catalysts prepared by precipitation from
a zinc sulfate solution the proportion of dehydration and dehydrogenation

MDohse, Z. physik. Chem. 6B, 343 (1930).
"Ipatiew, Ber. 40, 1270 (1907).87 Adkins, Perkins, Lazier, Bischoff, and Nissen, a. J. Ant. Chem. Soc. 44, 386, 2175 (1922);

45, 809 (1923); 46, 130, 2291 (1924); 47, 808 (1925); b. ibid. 47, 1163 (1925); c. ibid. 47,
1719 (1925); d. ibid. 48, 1671 (1926).118 Pease and Yung, /. Am. Chem. Soc. 46, 402 (1924).
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is constant over the temperature range of 350° to 440° C. for the four
primary alcohols studied. Although small amounts of carbon oxides were
formed the results of experiments were reported as though hydrogen and
olefin constituted 100 per cent of the decomposition. For primary alcohols
these results were:

Ethanol 9.5% ethylene 90.5% hydrogen
M-butanol 15.0% butylene 85.0% hydrogen
n-propanol 16.0% propylene 84.0% hydrogen
isobutanol 31.5% butylene 68.5% hydrogen

Temperature, however, has a marked effect on the proportions of the two
competing reactions in the case of the secondary alcohols as is shown in
the following results:

isopropanol:

345° C 89% propylene 11% hydrogen
394° C 80% propylene 20% hydrogen
418° C 71% propylene 29% hydrogen

secondary butanol:

345° C 88% butylene i2% hydrogen
377° C 79% butylene 21% hydrogen
398° C 75% butylene 25% hydrogen
418° C 73% butylene 27% hydrogen

The alcohols showed about the same relative reactivity over zinc oxide as
over the alumina catalyst.

A comparison, however, of zinc oxide catalysts prepared in different
ways, i.e. (A) precipitation of zinc hydroxide from zinc sulfate, (B) "dry
process" commercial zinc oxide, and (C) hydrolysis of zinc isopropoxide
in moist air, showed that the mode of preparation had a marked effect on
the catalyst action. The percentage of olefin formed at a given tempera-
ture varied from 5 to 88 for isopropanol, 10 to 20 for ethanol, 1 to 31.5
for isobutanol, and 2 to 15 for ;z-propanol and butanol. In general,
catalyst A was best for dehydration, and catalyst B for dehydrogenation,
except in the case of ethanol where they were about the equal. Catalyst
C behaved about the same as B, except in the case of ethanol, in which
case it was a better dehydration material.

SUPPLEMENTARY REFERENCES

I. PJurd, "The Pyrolysis of Carbon Compounds," (1929), New York, Chemical Catalog Co.,
Inc., 1629, pp. 148-197 (the pyrolysis of alcohols); pp. 198-231 (the pyrolysis of ethers);
pp. 236-247 (the pyrolysib of aldehydes).
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Oxidation with Molecular Oxygen

Prior to 1916, acetaldehyde was manufactured by the oxidation of
alcohol in the liquid phase with bichromate and sulfuric acid.1 Since that
time it has been made quite largely by the hydration of acetylene in sulfuric
acid solutions activated with mercury salts. However, the relatively low
price of ethanol in America has made the formation of acetaldehyde by
vapor phase dehydrogenation or limited oxidation of the alcohol attractive
commercially. To this end several methods have been proposed for con-
ducting the transformation industrially. Developments of processes em-
ploying vapor phase oxidation reactions have all been based largely on
the principles disclosed by the early work, a considerable portion of which
had been undertaken purely for the purpose of research and not indus-
trialization.

The pyrogenic decomposition of alcohols over certain directive cata-
lysts to form aldehydes and ketones, as has been shown in the preceding
chapter, results from the splitting out of hydrogen. Since the dehydroge-
nation of alcohols is a reversible reaction, the removal of hydrogen from
the scene of the reaction results in the more complete decomposition of
the alcohol with higher yields of aldehydes and ketones. The use of
oxygen as air or in special gas mixtures to react with the evolved hydrogen
to form water in the presence of certain catalysts has resulted in the adop-
tion of the process for the industrial production of aldehydes and ketones.
The heat evolved by the combustion of the hydrogen also helps to main-
tain the proper temperature in the reactor and may eliminate the necessity
for adding heat. The selection of catalysts that are directive to both
dehydrogenation and oxidation has been the goal of a large proportion of
the research devoted to this problem. Since continued oxidation may
result in the formation of acids and ultimately of carbon oxides and water,
it has been necessary to restrict the proportion of oxygen to alcohol, control
the temperature of oxidation by admixture of steam, or make a careful
choice of catalysts that are not too active, in order that maximum yields
of the desired products may be realized.

In following the development of the process it is desirable to consider
methanol oxidation separately since it presents problems that are unique.

1 Ullmann, "Enzyklopadie der technischen Cheiuie," Second Ed., pp. 95-99.
67
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Consequently, alcohols of the aliphatic series other than methanol will be
considered here.

The earliest references to the oxidation of these substances are to be
found among the researches of Sir Humphry Davy,- who observed that
a platinum spiral when slightly heated and introduced into a mixture of
air and a combustible gas becomes incandescent and that this phenomenon
is accompanied by the slow combustion of the gas. A few years later
Edmond Davy 8 made the "further discovery that platinum black possessed
the power to ignite alcohol when moistened with it. In 1893 Kuhlmann 4

in connection with his studies on the oxidation of ammonia, observed that
vapors of alcohol when mixed with air may be oxidized to acetic acid by
passing them through a hot tube containing spongy platinum. Following
this discovery, the action of platinum in various forms was made the sub-
ject of more or less extended but rather poorly conducted investigations.
Thus, Strecker 5 and somewhat later Grimaux u found that alcohols could
be oxidized to aldehydes and even to acids by the action of platinum
black. The results obtained from these experiments were very irregular
because of the fact that the catalytic effect of the particular modification
of platinum used was very violent and was prone to cause explosions,
particularly at the beginning of the reaction. At about the same time
Hofmann 7 and Tollens 8 succeeded in preparing formaldehyde by passing
the vapors of methanol mixed with air over a weakly glowing platinum
spiral. In the course of his investigations Tollens made the further obser-
vation that mixtures of methanol and oxygen exploded when in contact
with a large number of other metals heated to redness and that copper
in particular possessed much the same properties as platinum as an oxidiz-
ing catalyst and may be substituted for it. In subsequent experiments
air was conducted through methanol, heated at 45° to 50° C. on a water
bath, and the mixed vapors sucked through a hot tube containing either
a platinum spiral or cylinder of copper gauze in 5 cm. lengths. Tollens
found that the percentage yield of aldehyde depended upon the tempera-
ture of the water bath or, in other words, upon the proportions of methanol
and air, viz.,

Temperature of Yield of
Liquid Methanol Formaldehyde

° C. Per Cent
22 to 32 17.95
38 to 40 28.9
48 to 50 31.5

The form of copper used in this work was such that the initial tempera-
ture of the reaction was much higher than when platinum was used.

3 Humphry Davy, Phil. Trans. 97, 45 (1817).a Kdmond Davy, Schwciggers J. 34, 91 (1822); 38, 321 (1823).
* Kuhlmann, Ann. 29, 286 (1839).0 Strecker, Ann. 93, 370 (18SS).0 Grimaux, Bull. tec. chim. (II) 45, 481 (1886).
•» Hofmann. Ann. 145, 357 (1868); Bar. 2, 152 (18b9); 11, 1685 (1878).
" Tollens, Bcr. 15, 1629, 1828 (1882); 16, 917 (1883); 19, 2133 (1886).



OXIDATION OF ALCOHOLS TO ALDEHYDES AND ACIDS 69

However, no data as to optimum temperatures or times of contact were
given. Loew 9 in continuing the study of the oxidation of methanol con-
firmed Tollens in the feasibility of substituting copper for platinum as a
catalyst and obtained somewhat higher yields of aldehydes. Kablukow10

is also to be associated with Tollens and Loew in attempting to modify
Hofmann's experiments in such a way as to facilitate the preparations of
formaldehyde in relatively large quantities.

All of these investigations were conducted in the presence of excess
air with the result that the yields of aldehyde were small since varying
quantities of the reacting compounds were completely oxidized.

This period of more or less preliminary investigation was followed
by one marked by a much greater effort toward accuracy in defining the
precise conditions for each experiment. Trillat1X and Orloff,12 whose
individual research will be discussed more fully in a later chapter dealing
specifically with the oxidation of methanol to formaldehyde, were most
conspicuous in forwarding these developments. It may be stated in brief
at this point that the same catalysts were, in general, employed by these
investigators as have already been described, namely, platinum in its
various forms of aggregation, copper and zinc, and bodies such as glass
or porcelain impregnated with the oxides of copper, manganese, iron, lead,
silver or gold. In his early work Trillat performed a series of experi-
ments with different primary alcohols in which he passed a mixture of air
and the vapor of the alcohol over a platinum spiral heated to redness.
The results of these experiments may be summarized as follows: The
corresponding aldehydes which were always formed, represented from 1.8
to 1.5 per cent of the alcohol used. The presence of water vapor did not
appear to influence the oxidation. Methanol and ethanol also yielded
methylal and acetal respectively. The latter reaction is reversible since on
passing the vapor of either of these acetals over a platinum spiral, the
aldehyde and alcohol are regenerated, a decomposition which is accom-
panied by a sufficient development of heat to render the spiral incandescent.
The platinum also catalyzes the hydrolysis. When methylal and water
vapor are passed over the catalyst formaldehyde and methanol are pro-
duced. In the presence of platinum black, the alcohols were oxidized to
the corresponding acids. Besides the lower alcohols Trillat experimented
with propyl, isopropyl, butyl, isoamyl, heptyl and primary octyl alcohols.
In later operations the device of electrical heating by passing a current
of electricity through the catalyst spiral was made use of. This work was
inaccurate, largely because of the fact that the heat generated in the plati-
num was due to successive explosions and not to a steady reaction tem-
perature maintained over a long period of time. It also possessed the

0 Loew, 7. prakt. Chcm. 33, 324 (1886); Bcr. 20, 141 (1887); Bcr. 23, 289 (1890).
" Kablukow, J. Russ. Phys. Chcm. Soc. 14, 194 (1882).
"Trillat, Bull. soc. chim. (3) 27, 96 and 797 (1902); ibid. (3) 29, 3S-47 ami 939 (1903);

Brit. Pit. 857S (IRQŜ : Compt. rend. 122. 482 (1896); 132, 1227 and 149S (1901); 137, 187-9
(1903); Ger. Pat. SS.176 (1891) and 81,023 (1894).

" Orloff, Oxidation des Alcools par L'Action de Contact," Paris, 1901.
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disadvantage of being qualitative rather than quantitative in character.
In the patent, the use of metallic zinc as a dehydrogenating catalyst is
specifically mentioned, and the statement is made that when dissociation
takes place at 620° to 650° C , a yield of aldehyde corresponding to 80
per cent of the product is obtained. However, when the vapor of iso-
propanol mixed with air is passed over the heated platinum spiral the
reported yield of acetone was only 16 per cent. Secondary butanol yielded
but a small amount of methyl ethyl ketone. Secondary octyl alcohol
(methyl hexyl carbinol) yielded small amounts of methyl hexyl ketone
under the same conditions. Secondary amyl alcohol gave traces of an
unidentified ketonic compound. Tertiary butanol was oxidized to acetone
and formaldehyde. Since acetone is itself oxidized to formaldehyde in
the presence of platinum the formaldehyde might have been obtained either
directly or indirectly. Thus,

(CH3)3COH + O2 = (CHa),CO + H3CO + HaO

or by the secondary oxidation of the ketone. Tertiary amyl alcohol
behaved in a similar way to yield acetone and formaldehyde. Only neg-
ligible amounts of acid were obtained.

Orlofr's investigations followed along the same general lines as those
of Trillat in that practically the same catalysts were employed but experi-
mentation was conducted on a sufficiently large scale to admit of the
possibility of the commercial application of the process. Orloff attempted,
however, to correct the faults represented in Trillat's work by placing his
investigations on a strictly quantitative basis. With this end in view, he
made a careful study (A) of the effect of different temperatures of the
catalyst for given concentrations of the air-alcohol mixture and given
lengths of catalyst by changing the velocity of flow; (B) of the effect
of different concentrations of the gases for constant lengths of catalyst
and constant catalyst temperatures by changing the temperature of the
liquid alcohol through which the air was drawn in its passage to the
catalyst; (C) of the effect of different lengths of catalyst, other conditions
being constant. In addition, the rate of flow of gas before entering and
after leaving the catalyst was measured as well as the time of contact with
the catalyst. The effect of impurities contained in the alcohol was also
made the subject of investigation. The study of the comparative efficiency
of different catalysts was limited chiefly to the metals, platinum and copper,
the latter in the form of gauze or impregnated in finely divided condition
in coke or asbestos. As promoters the lower oxides of vanadium, cerium
sulfate, thorium oxide and platinum precipitated in finely divided condition
on the surface of asbestos were employed. In later experiments, dealing
with the oxidation of methanol, external heating of the catalyst was done
away with completely by so regulating the percentage of oxygen in the gas
mixture as to provide a self-maintained and constant temperature for the
reaction. In this case a catalyst consisting of copper filings on asbestos
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impregnated with vanadium oxide and supported on copper gauze was
used. The initial heating of the entering gases to the temperature
required by the reaction was effected by means of a device known as
"ignition pills," consisting of pellets of platinized asbestos which were
placed in the forward part of the catalytic chamber. This preliminary
catalyst promoted sufficient oxidation of the alcohol that the tempera-
ture of the gaseous mixture was raised to the reaction point by the heat
evolved.

While Trillat and Orloff both emphasized the advantages to be gained
by the use of platinum and copper as catalysts in the oxidation of the
alcohols, their respective interpretations of the mechanism of the reactions
involved in these processes differed very widely. Thus, while the former
regarded oxidations in the presence of these metals as reversible reactions,
the latter held more strongly to the view that they belong definitely to the
class of non-reversible processes. OrlofFia based his reasoning upon
mathematical and thermodynamical interpretations of the oxidation re-
actions.

Although a great deal of Orloff's work was concerned with the oxida-
tion of methanol, some of the results with higher alcohols are of impor-
tance. In general, the oxidation of alcohols higher than methanol required
an excess of air to maintain a spontaneous glowing of the catalyst mass.
This was explained by the fact that these alcohols have a tendency to
dehydrate with formation of water and olefins. This decomposition occurs
simultaneously to the oxidation. The hydrocarbon formed by the dehydra-
tion is oxidized with the excess of air or oxygen. In the presence of
dehydrating catalysts, for example, ethyl alcohol decomposed to give
ethylene and this is oxidized intermediately to formaldehyde, or com-
pletely to carbon oxides and water.

In the study of the oxidation of the higher alcohols, the concentrations
of air and alcohol and the velocity of flow of gas over the catalyst re-
quired in each case to maintain the spontaneous glow of the catalyst was
experimentally determined. In the oxidation of propyl alcohol the copper
catalyst was kept at a dark red heat. Air at the rate of 2.3166 liters per
minute carried 1.165 grams of alcohol per liter. The products consisted
of aldehyde, equal to about 50 per cent of the alcohol used, hydrocarbons
equal to 11.75 per cent, carbon monoxide equal to 1.4 per cent and carbon
dioxide equal to 3.6 per cent. The rate of flow was about the same as
that required with methanol to maintain the catalyst at glowing tem-
perature.

The catalyst employed in the oxidation of ethanol consisted of 4 rolls
of copper gauze 15 cm. long and weighing 40 grams. The temperature
of the contact mass was 350° C. at the beginning of the experiment and
was maintained at a "cherry red heat" throughout the operation. Air
at the rate of 3.89 liters per minute carried 0.7157 grams of alcohol per

w Orloff, Z. physik. Chem. 69, 499 (1909); /. Russ. Phys. Chem. Soc. 44, 1596 (1908).
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liter. The products of the reaction consisted of acetaldehyde, equal to
66 per cent by weight of the alcohol used, along with small quantities of
ethylene, methane, the oxides of carbon and acetic acid. The quantity
of air necessary to produce spontaneous glowing of the contact mass was
greatly in excess of the theoretical.

The oxidation of isobutyl alcohol was conducted at a temperature of
400° C. at the beginning and at dark red heat throughout the operation.
Air at the rate of 3.433 liters per minute carried 1.174 grams of alcohol
per liter. The products consisted of aldehyde, equal to a maximum of
52 per cent, carbon monoxide equal to 1.0 per cent, carbon dioxide equal
to 3.6 per cent and hydrocarbons equal to 2.4 per cent. The quantity of
oxygen was again very largely in excess of that required by theory.

Amyl alcohol (of fermentation) oxidized under exactly the same con-
ditions as isobutyl alcohol gave practically identical yields of aldehyde and
gaseous decomposition products. Air at the rate of 3.306 liters per minute
carried 1.22 grams of alcohol per liter.

The investigations of Trillat and Orloff directed the attention of
chemists to the possibilities presented for the commercial application of
vapor phase catalytic oxidations in the field of organic chemistry. The
development of the subject from this point on can probably be followed
best by considering individually the various adaptations which have been
made of particular catalysts to the process. Before proceeding to do this,
however, it seems desirable to recapitulate briefly some of the more impor-
tant features which need to be borne in mind in connection with any
catalytic operation on a commercial scale. For practical purposes, oxida-
tion processes may be differentiated into two classes: (a) Those which
take place in the presence of dehydrogenating catalysts and which require
less than the calculated quantity of free oxygen for the operation. Thus,
in the oxidation of methanol to formaldehyde in the presence of finelv
divided metals, only 40 per cent of the quantity of oxygen calculated on
the basis of theory is actually used, (b) Those which take place in the
presence of metal oxides, such as vanadium oxide or others of the fifth
and sixth groups, and which require for their successful operation as
much as four or five times the theoretical quantity of oxygen. The reac-
tion upon which the experiments of Trillat and Orloff were based and
which takes place in the presence of such metals as platinum and copper,
may be regarded as more or less typical of the first class. This does not
represent a simple oxidation process but on analysis is found to consist
of a so-called coupled reaction.14 In the first phase, the alcohol decom-
poses into an aldehyde and hydrogen under the catalytic action of the
metal. Such a process is endothermic and therefore requires a constant
supply of energy. This energy is generated in the second phase of the
reaction by the combination of the hydrogen (which has been liberated
in this way) with the oxygen of the air, and is sufficient to make the

"LeBlanc and Plaschke, Z. Elcktrochcm. 17, 55 (1911).
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process as a whole exothermic in character. In other words, as soon as
the initial reaction has taken place, sufficient energy is supplied from
within the system to allow the transformation to proceed automatically.
The. initial reaction may be induced in the case of a copper catalyst by
precipitating platinum or palladium black on the metal in the forward
part of its length or by some other similar device and after that the
quantity of heat generated may be regulated by the velocity of gas flow
or by regulating the supply of oxygen. In the case of catalysts other
than copper, such as, for example, platinum, nickel and silver, both reac-
tions may be accelerated to such an extent that temperature control
becomes difficult. Under these conditions it is frequently convenient to
conduct the oxidation, in several separate stages, using an insufficient
supply of air or oxygen in the first stage and then passing the reaction
mixture together with the additional calculated quantity of air over a
second and even a third layer of catalyst.

Since catalysts merely affect the rate at which a given reaction
approaches equilibrium and not the state of that equilibrium, dehydroge-
nating catalysts are also active as hydrogenating agents when the condi-
tions are suitable. Thus, platinum, palladium, nickel, cobalt, copper, silver,
gold, iron, and aluminum may all act toward either the addition or the
splitting off of hydrogen. The formation of aldehydes and ketones by the
splitting of hydrogen from an alcohol is favored by temperatures exceeding
200° C. and by diminished pressure, since the reaction is accompanied
by increase in volume. The reverse reaction is favored at temperatures
in the region of 100° to 150° C. and by pressures higher than atmospheric.
For example, ethanol dehydrogenates at 200° to 300° and aldehyde
hydrogenates at 150° to 180° C. in the presence of a copper catalyst. In
the presence of a nickel catalyst, isopropanol will dehydrogenate to acetone
at 250° C. and acetone will hydrogenate to isopropanol at 150° to 180° C.
With zinc dust at 300° C. and even under 40 atmospheres pressure, iso-
propanol dehydrogenates to acetone while with a pressure of 100 to 130
atmospheres the reverse reaction occurs. In discussing catalysts which
activate hydrogen at ordinary temperatures and which are therefore of
service for hydrogenation-dehydrogenation reactions, Maxtedlr> places
platinum first. Nickel is not active until at a temperature well above
100° C. but at temperatures between 150° and 350° C. it is a cheap and
active catalyst. It cannot be used at temperatures above 400° C. because
of sintering and resultant loss of activity. Cobalt is less active than nickel
but can be employed at higher temperatures. Iron is even less effective
than cobalt at temperatures up to 500° C. but .between 500° and 600° C.
it is more active than nickel and activates nitrogen as well as hydrogen.
Copper is also much less active than nickel toward hydrogen. Since the
same metals are also oxygen activating catalysts, they must be regarded
as playing a dual role in the qxidation of the alcohols. It should also be

"Maxted, J. Soc. Chcm. hid. 39, 9ST (1920).
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noted that members of this group accelerate in varying degrees the decom-
position of aldehydes and ketones, viz.,

CH,CHO = CH* + CO.

The rate of this decomposition is also accelerated by increases in tem-
perature and in the case of the higher members of the series of alcohols
may become so great that the primary products of the oxidation of these
substances are decomposed as rapidly as formed.

In any commercial process the following points are important. If
the principal reaction is endothermic, the operation will require a con-
tinuous supply of heat which may be secured in any of several ways:
(a) by preheating one or both of the reacting gases prior to their contact
with the catalyst; (b) by electrical or other outside heating of the catalyst;
and (c) by internal heat supplied to the system by means of coupled
reactions. In cases where the source of heat is to be found in the oxida-
tion of hydrogen to water, the amount of oxygen must be very strictly
regulated in order to keep the range of temperatures within favorable
limits. To insure this, the percentage of oxygen to inert gas and the
velocity of gas flow must be accurately determined from moment to
moment and space-time yields must be carefully followed. Mechanical
arrangements for securing an intimate mixture of the reacting gases have
been devised which are more or less generally based on the countercurrent
gas principle. After selection has been made of a given catalyst, attention
must be directed constantly to slight variations in its source, its method of
preparation, and its exact physical state. After that the arrangement of
the catalyst is of extreme importance as shown, for example, in the varied
adaptations which have been made of platinum wire in the form of single
and multiple gauzes. With metallic catalysts of silver and copper and
their alloys, however, the particular shape of the catalyst is relatively
unimportant, specially in reaction zones of relatively small cross section.
In the case of coupled reactions care must be taken in the combination
of two or more catalysts in order to facilitate a selective action which will
lead to the formation of the desired product. The walls of the converter
or catalyst chamber must be free from substances which tend in any way
to induce decompositions in the reacting gases or produce any other than
the desired reaction. This chamber may be provided with cooling or heat-
ing units, according to the requirements of the particular case.

If the reaction is exothermic, the same general precautions must be
observed but in this case provision must be made for cooling the gases
before contact with the catalyst or for the external cooling of the catalyst
itself. The interchange of heat inside the system may be regulated:
(a) by increasing the percentage of inert gas in the reaction mixture;
(b) by decreasing the percentage of oxygen and oxidizing in stages, or
(c) by operating in a series of short contacts which alternate with coolings
of the reaction mixture. In some cases the best results are obtained if
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the velocity of gas flow is as rapid as possible and if the gaseous products
of the reaction are cooled immediately so as to eliminate as completely
as possible pyrogenic decompositions and rearrangements.

It will have been noted that in the experimentation which has been
described up to this point the use of platinum and copper as suitable cata-
lysts for promoting the oxidation of alcohols has been emphasized by a
large number of investigators. In characterizing the use of platinum in
general, it may be said that this metal has been employed for the most part
in the form of a finely divided precipitate which is supported on a variety
of different carriers such as asbestos, pumice, etc.10 The porous carrier
may be prepared from liquid paste or materials which wholly or partially
melt in their water of crystallization. After the addition of platinum
chloride the mass is usually dried by blowing a gas through it, which
operation may be carried on in the catalytic apparatus itself.17

Solid or hollow bodies of non-absorbent, acid-proof and heat-resisting
clay molded into balls, cylinders, or plates are also employed.18 These
bodies are covered by a film of absorbent clay to which the platinum salt
is applied. Should the outer contact layer become ineffective, the contact
substance is dissolved out and a fresh precipitate applied. Or again, the
supports or carriers of the contact substance are formed of a material
as dense as possible, but possessing sufficient absorptiveness to allow it
to be impregnated first with an alkaline solution of platinic chloride. In
this way an extremely thin layer of platinum is produced on the support.10

Again a refractory body such as meerschaum clay or the like is treated
with powerful acids (such as aqua regia or sulfuric) for the purpose of
removing or preventing the formation of fusible or hygroscopic salts.
The material is then washed and mixed (1) with a platinum salt, (2) with
an organic compound such as sugar which serves for reducing and also for
increasing its porosity and (3) with a volatile acid such as hydrofluosilicic
acid or hydrofluoric acid which etches the particles, accelerates the reduc-
tion and acts to harden and bind the mass. The mixture produced in this
way is molded, dried and freed from all volatile constituents by heating.-0

In cases where unglazed porcelain is used, the material may be broken up
into a powder and passed through a sieve having 80 meshes per sq. cm.
and then through another having 400 per sq. cm. The mass remaining on
the latter is washed, heated with aqua regia, again washed and then
calcined. Fifty grams of this "biscuit" powder is heated on a water bath
with a solution of 1 gram of platinic chloride in 20 cc. of acidulated water
and then dried when excess of concentrated ammonium chloride solution
is added. After six hours the clear liquid is decanted, the mass dried on a
water bath and then ignited in a platinum crucible. The platinizing process

18 Ger. Pat. 134,928 (1901) Majert.
"Brit. Pat. 10,412 (1901) Grillo and Schroeder, attars, to Aktien Gesellschaft fur Zink-Industne. Compare Ger. Pat. 128,554 (1901).
" 5 r i t £at- 618 (1901) Chem. Fahrik vorm. Goldenberg Geromont Co.
» Ger. Pat. .188,503 (1906) Neumann.
MBnt. Pat. 14,339 (1899) Efrem and Klauder.
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is then repeated. It is also of advantage to line the walls of the oxidation
chamber with unglazed porcelain which has been similarly platinized.21

Or the porous supporting material may be treated first with potassium
silicate and then with hydrofluosilicic acid or first with barium chloride and
then with sulfuric acid. It is then washed and platinized by heating and
spraying with a platinum solution which contains a reducing agent, after
which it is washed with water or with acids in which the precipitate is
insoluble.22 By this method less platinum is used than by the process
described in the German Patent 188,503. Still other catalysts may be pre-
pared by treating a compound of a catalytic metal such as platinic chloride
Tor solution of salts of copper, zinc and vanadium) with a complex insoluble
compound containing one or more easily replaceable bases o'f the type of
artificial zeolite23 (sodium aluminum silicate). The catalysts may be
heated or subjected to reduction before use. A thin film of platinum suit-
able for oxidation catalysis may also be obtained by coating a perforated
hollow metal support.24 The material for the metallic body constitut-
ing the carrier may be of cast iron, copper, zinc, aluminum, etc. Such
metallic contact masses are more advantageous than porcelain, asbestos,
clay, etc., because of the fact that the contact reaction chamber may be
more easily kept at a uniform temperature owing to favorable heat con-
ductivities of these materials.* It may be noted in this connection that
traces of grease destroy the catalytic action of platinum,25 that traces
of cobalt2fl and lead 27 act as catalytic poisons and that hydrides of sulfur,
tellurium, selenium, phosphorus, arsenic, and antimony inhibit its effi-
ciency.28

The action of copper and copper oxides as catalysts seems to depend
upon the state and also upon the method of preparation of the substances.
Thus, for example, sheet copper or copper in the form of filings has,
according to Ipatiew 2D only very slight action upon alcohol vapors at
ordinary pressures and at temperatures up to 580° C., while both the metal
and its oxide in divided condition readily dehydrogenate ethanol at tem-
peratures below 300° C. with practically no formation of secondary
products. The results of experiments by different investigators80 with
what seems to be the same general modification of copper or copper oxide
are indeed so divergent that careful attention must be given in every case
to the source and also especially to the method of preparation of the
particular catalyst which is described in any given experiment. That the

21 Carraqco and Belloni, J. pharm. chim. (6) 27, 469 (1908).
»Gcr. Pat. 218,725 (1908) Newmann.43 Brit. Pat. 8,462 (1914) Badische Anilin u. Soda Fabrik.a*Ger. Pat. 225,705 (1908) Niederfulir.; Chem. Zentr. II, 1107 (1910).
* Compare Chapter I.
M Faraday, Ami. 35, 903 (1888).
*> Harbeck and Lunge, Z. anorg. Chan. 16, 50 (1898).
"'Maxted, J. Chem. Soc. 117, 1280. 1501 (1920); 119, 225 (1921).211 Schoenbein, J. prakt. Chan. 29, 238 (1843).
a'lljatiew, Bcr. 37, 2961 (1904).M a. Senderens, Ann. chim. phys. (81 13. 266 ct seq. (1920); b. Taylor, Trans. Am. Electro-

cb-m. Soc. 36. 154 (1919); c. Zetsche and Zala, Helv. Chim. Ada 9, 288-91 (1926); d. Faith
and Keyes, Ind. Eng. Chem. 23, 1250 (1931).
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method of preparation plays an important part in determining the efficiency
ot copper oxide in one and the same catalytic reaction has been demon-
strated by Taylor who has been able to show that if hydrogen is passed
over ordinary copper oxide wire of commerce, rapid reduction begins
at 300° C , while if the copper so formed is oxidized again at a somewhat
lower temperature the copper oxide thus formed will now be reduced by
hydrogen below 300° C. By repeating this process copper oxide may
finally be obtained which is active toward hydrogen at temperatures as
low as 100° C. Copper wire which has been treated in this way is found
un examination to present a physical appearance which is similar to that of
platinum wire which has been used in ammonia oxidations. Somewhat
analogous observations have been recorded by Trillat31 and Palmer.82 The
former states that fresh red copper is not suitable for use as a catalyst in
the oxidation of alcohols and that it is always necessary to ignite it in
the oxidizing flame of a bunsen burner so as to coat it with a thin layer
of copper oxide. The activity of the copper then continues to increase
with use and in the course of time it becomes brittle and disintegrates.
The powder which is formed in this way sometimes seems to possess
catalytic activity which is almost equivalent to that of platinum spongev

In one case this powder was capable of catalyzing the oxidation of ethanol
at a temperature as low as 105° C. It has also been observed that a copper
spiral which has been "activated" in this way during the process of oxi-
dizing a given alcohol, loses this acquired condition of "activation" on
changing the nature of the alcohol. The behavior of copper as described
by Palmer is much the same. This investigator states that the ordinary
copper of commerce even when alloyed with zinc 3U has no effect on the
oxidation of ethyl and isopropyl alcohols ai but that copper which has been
prepared by the reduction of its oxide readily catalyzes both reactions.
In comparing the relative activities of different specimens of copper re-
duced from its oxide at 215°, 227° and 243° C, respectively, Palmer has
observed that the highest efficiency is always displayed by specimens which
have been reduced at the lowest temperatures. Copper in the form of
gauze seems to possess an efficiency which is comparable to that of a
platinum spiral in catalyzing the oxidation of alcohols according to Trillat
and Orloff. A comparative and quantitative study of the dehydrogenation
of ethyl and amyl alcohols in the presence of copper has been made by
Constable,35 who states that with the catalyst that he employed the rate
was found to be the same for both alcohols. At temperatures above
400° C. there are practically no active points which cause dehydrogena-
tion on the surface of copper in the form of either gauze, foil, hammered,

"Trillat, Compt. rend. 137, 187 (1903).32 Palmer, Proc. Roy. Soc. 98A, 13-26 (1920); 99A, 412 (1921).88 Compare Ipatiew, Ber. 34, 3579 (1901).84 For the separation of mixtures of water and isopropyl alcohols see Labo, J. Am. Chem. Soc.
43, 1005 (1921). For the separation of mixtures of ethyl and isopropyl alcohols see Parks and
Schwenk, /. Phys. Chem. 28, 720 (1924).85 Constable, Proc. Cambridge Phil. Soc. 22, 738 (1925); also Nature 116, 278 (192S); Proc.
Roy. Soc. 108A, 355 (1905).
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or plated.36 That a change of surface occurs during the oxidation reac-
tion is shown by the color of a used copper catalyst which may vary from
golden yellow to black and is due, probably, to a layer of oxide.

The oxidation of butanol in the presence of a copper catalyst has
recently been made the subject of considerable investigation. Weizmann
and Garrard8r state that the yields of butaldehyde are practically theoreti-
cal and that about 50 to 100 grams per hour can be obtained from a
catalyst mass 45 cm. long and 1.9 cm. in diameter. The method which
they employed was that of Bouveault,38 in which carefully reduced copper
hydroxide supported on a copper gauze is heated at a temperature of
about 300° C. If care is taken the catalyst does not deteriorate although
traces of w-butyric acid appear to be formed. If the catalyst is heated
at 400° C. further dehydrogenation takes place and crotonaldehyde is
formed. This process is subject to patents by Legg,80 the specifications of
which require that normal butyl alcohol be passed in vapor state over
a fused cupric oxide catalyst or a copper catalyst obtained therefrom.
Somewhat more detailed specifications for the catalyst40 require that
cupric oxide or salt of copper which is capable of producing cupric oxide,
as for example, cupric carbonate, shall have been raised by heating to the
fusion point of copper oxide. This product may then be reduced by
hydrogen to give the copper catalyst. The temperature of the catalyst
and of the vapors of the reacting gases is maintained at 200° to 350° C.
preferably 280° to 320° C. After passing through the catalyst the mixed
vapors enter a condenser and are there separated from hydrogen. The
mixture of alcohol, aldehyde and acid is then separated by distillation and
the unchanged butyl alcohol returned to the catalyzer. A y^ inch copper
tube packed for 26 inches of its length with fused copper oxide and work-
ing at 300° C. allows the passage of 240 cc. of alcohol per hour and gives
the high conversion of 75 per cent in one passage. The process claims to
be adapted to large scale practical working. The transformation of alde-
hyde to acid is accomplished by adding any oxygen carrying catalyst such
as manganese butyrate to the aldehyde and forcing air through the liquid
in such a way as to be brought into intimate contact with it at atmos-
pheric or at higher pressures. The operation is accompanied by a rapid
rise in temperature at first and this should be so controlled by water
cooling as to allow a very gradual rise in temperature to take place up
to a point somewhat below the boiling point of the aldehyde (approxi-
mately 74° C. or higher, depending upon the percentage of the acid
present).

Catalysts of copper oxide mixed with oxides of either molybdenum,
vanadium or tungsten caused isopropanol to form 10 per cent, 5.4 per cent,
and 11.4 per cent, respectively, of unsaturated hydrocarbons. Under the

M Constable, Proc. Roy. Soc. 110A, 283 (1926).37 Weizmann and Garrard, /. Chem. Soc. 117, 328 (1920).38 Bouveault, Bull. soc. chim. (4) 3, 119 (1908).39 Brit. Pat. 173,004 (1921); U. S. Pat. 1,418,448 (1922) Legg, assr. to Adam.
"Brit. Pat. 166,249 (1922).
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same conditions ethanol gave 0.2, 2.1, and 0.2 per cent and butanol 2.2,
5.4, and 2.0 per cent of unsaturated hydrocarbons, respectively. These
catalysts all required external heating to maintain reaction temperature.
The tungsten oxide-copper oxide catalyst gave rise also to the formation of
formaldehyde in small amounts.41

In commercial sized apparatus where the heat lost by radiation or
conduction from the reaction chamber is relatively not as great as in the
small laboratory tubes, it is necessary to limit the amount of oxidation
and also furnish additional material to take up reaction heat as sensible,
heat. The oxidation of ethanol to aldehyde over a copper catalyst may
be controlled by the addition of a volume of steam equal to the volume
of alcohol vapor and by the use of only sufficient air to cause the oxidation
of half of the hydrogen theoretically liberated by the dehydrogenation of
the aleohol.42 Heat exchange is used to preheat the entering gaseous
mixture and to cool the product. Mixtures of hydrocarbons and sec-
ondary alcohols such as are obtained in the hydration of the olefms con-
tained in refinery gases are passed with air into heated chambers containing
copper catalysts for the oxidation of the alcohols to ketones.43

Following the researches of Orloff on the application of copper as a
catalyst in the oxidation of the alcohols, the substitution of silver for this
metal was given a somewhat marked degree of prominence. Thus,
LeBlanc and Plaschke 44 observing the procedure outlined by Orloff but
exercising an even more rigorous control of the factors employed, have
made a critical study of the behavior of silver in the form of a spiral as
a substitute for copper in oxidation reactions. Their results indicate that
silver is quite definitely more effective than copper for use in such processes
since the maximum yield which Orloff obtained with copper was 55.2
per cent of aldehyde while experiments with a silver spiral 90 mm. long
gave a yield of 58 per cent, the highest yield which had been obtained up
to this time. The use of the same metal in finely divided condition pre-
cipitated upon asbestos has been recommended in a patent issued by
Blanck." Somewhat later Fokin ln in making a comparative study of
the relative efficiencies of gold, silver, copper, platinum, cobalt, manganese,
aluminum and nickel at high temperatures found that of these the first
three are preeminently the best. For example, air saturated with methanol
vapor when passed over these various catalysts gave the following yields
of formaldehyde, as calculated upon the quantities of methyl alcohol used:
Gilded asbestos 71 per cent; silvered asbestos 64 to 66 per cent; copper
asbestos 43 to 47 per cent; platinized asbestos 5.2 per cent; reduced cobalt
2.8 per cent; manganese powder 2 per cent; aluminum turnings 1.5 per
cent; reduced nickel 1.08 per cent. A mixture of silver and copper gave

41 Simington and Adkins, J. Am. Cham. Soc. 50, 1455 (1928).
*See a. U. S. Pat. 1,764,962 (1930) Lacy assr. to Van Schaack Bros. Chem. Works, Inc.;

b. Brit. Pat. 325,105 (1930) Woolcock assr. to Imperial Chem. Ind., Inc.43 U. S. Pat. 1,541,545 (1925) Wells assr. to Hunt; French Pat. 523,108 (1921) Hunt.
** LeBlanc and Plaschke, Z. Elcktrochem. 17, 45 (1911).45 Blank, Ger. Pat. 228,697 (1910).
«• Fokin, /. Ruts. Phys. Chem. Soc. 45, 286 (1913); Chem. Abstracts 7, 2227 (1913).
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the exceptionally high yield of 84 per cent. When silver or gold pre-
cipitated in finely divided condition on asbestos is used as a catalyst the
initial temperature of the reaction is very low and the heat evolved is
sufficient to maintain the reaction at the desired temperature without the
application of external heat and without the use of the "ignition pills"
which were found necessary by Orloff for starting the reaction in the case
of copper.

Moureu and Mignonac47 following along the lines suggested by Fokin
have found that the process of oxidizing with silver or gold precipitated
in finely divided condition on asbestos, is capable of very general applica-
tion, and they have succeeded in obtaining excellent yields of aldehydes in
the case of a fairly large number of the higher homologs of methanol.
Ihus, with silver asbestos, ethanol at a temperature of 340° to 380° C.
gave a yield of 89 per cent aldehyde, butanol at 330 to 344° C. gave 93
per cent aldehyde and amyl alcohol (of fermentation) at 320° to 340° C.
gave 93 per cent. The silver which was used in these experiments was
precipitated on asbestos (cut in squares of 3 X 5 mm.) from a silver
nitrate solution by means of formaldehyde. The catalysis was effected
by passing the vapors of alcohol mixed with an insufficient supply of air
to oxidize all of the evolved hydrogen into a series of catalytic chambers
each consisting of a glass tube 10 to 12 cm. long and loosely filled with
the catalytic mass. A thermocouple introduced into the catalyst was used
to measure the temperature of the reaction. By suitably regulating the
concentration of the entering gases this temperature was most favorably
maintained at 230° to 300° C. In passing into the first of this series of
chambers the mixture of alcohol and air usually contained about 40 per
cent of the total oxygen which was calculated as necessary for complete
combustion. On leaving this chamber and before entering the second, an
additional quantity of oxygen was added and so on until finally the calcu-
lated total amount of oxygen required for the oxidation had been added.
In this way, the violence of the oxidation was moderated and local over-
heating of the catalyst together with the accompanying decompositions
was avoided. It is interesting to note that it was frequently found best
in practice to employ a little less than the total amount of oxygen calcu-
lated on the basis of theory as necessary for the complete oxidation of
the material. In the case of the less volatile alcohols the best results were
obtained by conducting the operation under diminished (i.e. 20 to 40 mm.
of mercury) pressures and at a temperature of 230° to 300° C. Under
these conditions yields of 70 to 85 per cent were readily obtained. For
example, a twelve-carbon atom alcohol gave an 80 per cent yield of the
corresponding aldehyde and geraniol gave citral without decomposition.
In some cases pure oxygen may be substituted to advantage for air in the
experiment.

47 Moureu and Mignonac, Bull. soc. chim. (4) 29, 88 (1921); Compt. rend. 170, 2S8 (1920);
171, 652 (1920); reviewed in Chain. Met. Eng. 22, 1083 (1920).
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A comparative study of the efficiency of various metals in the form
of turnings or powder which was made at about this time by Senderens *8

also showed that silver headed the list of metal catalysts suitable for the
oxidation of alcohols to aldehydes.40

Catalysts of 10 per cent copper-90 per cent silver, and silver gauze
were found to be most effective with ethanol oxidation ; 50 per cent copper-
50 per cent silver and 99 per cent silver-1 per cent bismuth were most
effective with isopropanol; copper wire and silver gauze were most effec-
tive with butanol.50 Yields of better than 70 per cent of aldehyde or ketone
were obtained under the conditions of operation. The catalyst was sup-
ported in an externally heated tube half a meter long and seven millimeters
inside diameter. The air rate was 83 liters (standard conditions) of air
per hour and the alcohol rate very nearly 0.8 mols per hour, a ratio of
air to alcohol of very nearly mol per mol. After reaction had begun the
heat of reaction was sufficient in most cases to maintain the catalyst at
red heat. The conversion in each case may be made more efficient by
allowing a smaller conversion of alcohol per pass over the catalyst. With
these metal catalysts, three times as much ethanol and twice as much iso-
propanol break-down to carbon dioxide as butanol. Butanol, however,
produced a larger amount of unsaturated hydrocarbons than either of the
two other alcohols. The ratio of break-down to carbon dioxide is inde-
pendent of the kind of metal catalyst and even of the oxide mixtures that
remained hot.

Claims have been made to 90 per cent conversions of ethanol to acet-
aldehyde in the presence of a silver wire catalyst/'1 In this case air was
added to the alcohol vapors in sufficient amount to enable the process to be
auto-thermal.

The use of nickel as a catalyst has been investigated by Ipatiew,
Sabatier, Senderens, Mailhe and many others. According to Mailhe '"'- the
conversion of alcohols into aldehydes and hydrogen must be regarded as a
reversible process in the presence of nickel catalyst,

CH.0H 7 ^ CH,CH0 + Ha

temperatures of 150° to 180° C. favoring alcohol formation and tem-
peratures of about 250° C. favoring aldehyde formation. Specifications
for the preparation of a nickel catalyst are as follows: An inert absorp-
tive and relatively bulky material such as infusorial earth (silica) is im-
pregnated with a solution of a reducible nickel salt containing oxygen,
and then dried, finely divided and reduced with hydrogen. Or the nickel
may be precipitated as an insoluble salt and soluble salts removed by
washing prior to the drying and reduction,of<the powder/'3

3).V
licit,

•a Ger."¥it.~ 422>29Tl926)" Hoizverkohlungsiijd!'

48 Senderens, Ann. chim. phys. 13, 266-83 (1920). \ \ ~" l

">See also Brit. Pat. 290,523 (1929) Goldschmidt, which clai
0° C. for ethanol oxidation.50 Simington and Adkins, /. Am. ChB1Ger. Pat. 422,729 (1926) HolzverkM Mailhe, Chcm. Zcntr. 1921, I, 717.63 U. S. Pat. 1,004,034 (1911) Procter and Gamble Co.

ms a silver catalyst at 400° to



82 CATALYTIC OXIDATION OF ORGANIC COMPOUNDS

The statement has already been made that when butanol was oxidized
in the presence of a copper catalyst at 400° C, crotonic aldehyde was
formed. In this connection it is interesting to note that a patent has been
issuedB4 in which a process for the catalytic manufacture of butyric
aldehyde and butyl alcohol from crotonic aldehyde by hydrogenation in the
presence of water or steam is claimed. The operation may be carried out
at ordinary pressures or at higher than atmospheric pressures. In the
former case the reaction tube is charged with a nickel catalyst prepared
by precipitation on pumice, kieselguhr or the like, in the proportion of
5 to 15 parts of metallic nickel to 100 parts of the inert material. The
tube is heated at 110° to 120° C. and crotonic aldehyde mixed with 20 to
25 per cent water is swept through it by means of a stream of hydrogen.
Fatty acids of the palmitic acid series may be prepared by oxidizing
butanol and then subjecting the product to simultaneous hydrogenation
and polymerization.85 An apparatus is described in general terms. Mix-
tures of fatty acids (formic, acetic, etc., up to C8) along with the corre-
sponding alcohols and aldehydes have also been obtained by passing a
mixture of carbon monoxide and hydrogen in which the hydrogen
compressed at 150 atmospheres is in excess, through an electrically heated
high pressure apparatus at 450° to 500° C. The contact consists of iron
in the form of cut shavings mixed with potassium carbonate. The latter
must be regarded as not merely serving to activate the metal but as
playing an important role and must be supplied in definite and fairly large
quantities.68

A most satisfactory comparison of the activities of supported and
unsupported catalysts of silver, copper, and nickel may be obtained from
the results of experiments made by Faith and Keyes,aod who worked with
methanol and ethanol. The fact that uniform methods of catalyst prepara-
tion, support, and size, and uniform methods of operations were used adds
much to the value of the results. In all cases the catalyst mass was 45 mm.
long by 12 mm. in diameter, the alcohol saturator was maintained at
45° C. for ethanol and at 36° C. for methanol, and the temperature of the
hottest point in the catalyst mass was determined with a thermocouple
embedded in the mass. In the case of ethanol oxidation the highest con-
versions to acetaldehyde per pass were obtained under the following
conditions: (1) silver gauze catalyst; flow rate 0.57 liters per minute;
catalyst temperature 515° C, 80.6 per cent conversion to aldehyde; 13.3
per cent conversion to carbon dioxide; and 3.2 per cent conversion to
acid, (2) silver oxide supported on asbestos; flow rate 0.37 liters per
minute; catalyst temperature 595° C.; (conversions as above) 72.3 per
cent; 14.5 per cent; 2.9 per cent, (3) copper turnings catalyst; flow rate
0.62 liters per minute; catalyst temperature 512° C.; (conversions) 78.0

MBrit. Pat. 147,118 (1920) Grimstein.
"Brit, Pat. 156,755 (1922) Soc. Fransaise des Destilleries de I'lndo-Chine (1920).
"Fischer and Tropsch, Ber. 56, 2428 (1923); Brennstoff Chcm. 5, 201, 211 (1924) Abhandl.

Kohle 5, 230 (1920); 6, 330, 366 (1921).
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per cent; 14.1 per cent; 2.8 per cent, (4) copper oxide on asbestos; flow
rate 0.3 liters per minute; catalyst temperature 498° C.; (conversions)
73.0 per cent; i2.6 per cent; 2.6 per cent, (5) nickel gauze catalyst; flow
rate 0.45 liters per minute; catalyst temperature 560° C.; (conversions)
29.6 per cent; 18.9 per cent; 0.5 per cent, (6) nickel oxide on asbestos;
flow rate 0.31 liters per minute; catalyst temperature 540° C.; (conver-
sions) 10.9 per cent; 14.0 per cent; trace. In the case of methanol oxida-
tion the highest conversions to formaldehyde per pass were obtained under
the following conditions: catalysts same as above in ethanol oxidation;
conditions and conversions in the same order as before: (1) 0.89; 460° C.;
formaldehyde 60.0 per cent; carbon dioxide 27.3 per cent; carbon mon-
oxide, none, (2) 0.43; 475° C.; 56.7 per cent; 22.3 per cent; carbon
monoxide none, (3) 0.62; 420° C.; 45.7 per cent; 19.5 per cent; carbon
monoxide none, (4) 0.72; 43.6 per cent; 31.5 per cent; carbon monoxide
none, (5) 0.72; 600° C.; 15.6 per cent; 14.6 per cent; carbon monoxide
59.6 per cent, (6) 0.68; 550° C.; 1.6 per cent; 32.8 per cent; carbon
monoxide 36.0 per cent. The results of the work serve to show that the
form of a catalyst having the greatest coefficient of heat transfer, i.e.
metallic catalyst not supported on an inert carrier, gives the highest
conversion of alcohol to aldehyde in vapor phase oxidations. The con-
versions with silver and copper catalysts compare favorably with the
highest reported elsewhere in the literature. Nickel is a poor catalyst in
the case of methanol because it causes considerable decomposition to carbon
monoxide and in the case of ethanol because it gives only low rates.

Although metallic zinc catalysts activated dehydrogenation of the
alcohols, they do not act as active catalysts for the oxidation of the evolved
hydrogen. This is also true where high zinc brasses are used as cata-
lysts.60 As the amount of hydrogen present in the evolved mixture is
larger in the case of ethanol than in the case of butanol or isopropanol,
the more ready dehydrogenation of ethanol over this catalyst is indicated.
With zinc catalysts 40 to 70 per cent yields of aldehydes are obtainable
at 580° C. from amyl or isobutyl alcohols.57 Under these conditions from
10 to 15 per cent of alcohol is destroyed completely. Brass has been
recommended as a catalyst for the oxidation of secondary alcohols to
ketones by air and in the presence of steam.58 Temperatures ranging
from 500° to 800° C. are mentioned. Although the oxidation of iso-
propanol to acetone may be conducted at 200° C. in the presence of brass
gauze with a 90 per cent yield, the reaction is essentially one of dehy-
drogenation. "9 The virtue of the oxygen in the process lies in the sup-
plying of heat to make the process independent of external heating since
acetone may be obtained without the use of oxygen if external heat is
supplied the reaction.

07 Danilov, Trans. State Inst. App. Chetn. (.Moscow) 1927, No. S, 66-88; Chcm. Abstracts 22,2138 (1928).MU. S. Pat. 1,460,876 (19231 Williams and White; U. S. Pat. 1,497,817 (1924) Wells.
"Footnote, Sabatier and Reid, "Catalysis in Organic Chemistry," New York, D. Van

Nostrand Co., Inc., 1923, p. 256.
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Simultaneously with these developments in the use of various metal
catalysts in oxidation processes, attention was given to the behavior of
different oxides of the metals, metalloids .and non-metals. In the case of
the metal oxides, catalytic action is much the same as that observed for
the corresponding metals due to the fact that they are first reduced by
the vapors of the oxidizing substance to the metals or their lower oxides
and these are then re-oxidized to form the higher oxides in the presence
of the oxygen of the air, the process being a continuous one. This is
particularly true of the iron, manganese, nickel, cobalt, and copper and in
the case of the latter can be followed by means of color changes which
may be observed to take place successively in the catalytic mass. With
copper oxide the reaction takes place between 180° and 260° C.00 In
the case of the above metals catalytic action is always accompanied by the
reduction of the metal and Senderens U1 is inclined to the opinion that the
metals themselves in finely divided condition are to be preferred as cata-
lysts to their corresponding oxides. Ipatiew/'- on the other hand, points
out that whereas copper and tin do not decompose alcohol to aldehyde,
cupric oxide and tin oxide do and that the reaction is always accompanied
by the reduction of the metal. A patentaa describes the use of one or more
oxides of manganese, iron, bismuth, cobalt, copper, lead and silver. These
oxides are prepared by precipitation in as finely divided condition as
possible and carefully freed from water, including water of hydration at
temperatures not to exceed 250° C. The catalyst may be used as a porous
agglomerate or broken into porous granules. In order that oxidation
of alcohols, aldehydes and other substances may take place at ordinary
temperatures, it is necessary that all traces of moisture should be removed
from them and that the gases should be perfectly dry. In order to produce
metallic oxides in an extremely finely divided and voluminous condition"1

a concentrated aqueous solution of its nitrate is mixed with an organic
compound, preferably one that is soluble in water and rich in carbon and
which is subsequently decomposed by heat. On heating, the evolution of gas
causes the oxide to swell up to large volume and at the same time the whole
of the carbon present in the organic compound is removed by combustion.
On reduction at temperatures of 200° to 300° C. these oxides may be trans-
formed into the corresponding voluminous and catalytically active metals.

The metal oxides thus far considered belong, in general, to the class
of those which are reducible at moderately high temperatures in the
presence of water or of alcohol. To the class of the so-called irreducible
oxides of the metals and non-metals belong those of zinc, aluminum,
molybdenum, silicon, and vanadium and chromium sesquioxide. The last
has been described by Sabatier and Mailhe Ofi as affording an excellent

•"Woog, Compt. rend. 145, 124 (1907).K Senderens, Ann. clnm. phys. (8) 25, 449 (1912).
"* Ipatiew, Ber. 40, 128 (1907).
*» Writ. Pat. 166,285 (1920) Scalione and Frazer.MU. S. Pat. 1,200,696 (1916) Bedford and Erdmann.M Sabatier and Mailhe, Compt. rend. 142, 1394 (1906).
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oxidation catalyst and its application for use in the oxidation of alcohol
at dull red heat has been patented.06 Of the others, zinc oxide and
vanadium pentoxide have been recommended by Senderens 07 as superior
to any of this general class. A zinc oxide catalyst prepared by impreg-
nating pumice with (NH4)2Zn02 and heating to drive off water and
ammonia, when used at 315° to 350° C. gave yields varying from 60 to
93 per cent of aldehydes and ketones from normal and isopropanols,
normal, secondary, and isobutanols, isoamyl alcohol and 2-octanol.08 In
1909 Sabatier and Mailhe G" recommended the use of the oxides of silicon
and molybdenum for use in the oxidation of the alcohols and in 1913
Senderens 70 made a quantitative study of the behavior of these and other
oxides of this class including vanadium pentoxide in the presence of air.
The latter investigation is of interest from the point of view of the classifi-
cation of the catalysts in the ratio of their relative activity but does not
allow of a precise estimate of the value of a particular catalyst in a given
operation since the percentage of air and alcohol in the gaseous mixtures is
not defined. This is to be regretted particularly because the nature or
course of the reaction in such cases is largely determined by the concentra-
tion of the air-alcohol mixture.

The activity of vanadium pentoxide has been especially emphasized
as a result of the investigations of Neumann, Moeser and Lindenbaum,71

who describe its effect upon a mixture of ethyl alcohol and air as being
very similar to that of finely divided platinum. The oxide which was used
in these experiments was precipitated in finely divided condition upon
asbestos. When the air was passed through ethanol maintained at 55° C,
and the mixture of air and vapor passed over a gently heated vanadium
pentoxide-asbestos catalyst, the catalyst starts to glow and continues to
do so without further external heating/1" Both aldehyde and acid are
formed. Preparations of vanadium oxide as a catalyst for alcohol oxida-
tions have been patented,7- still others will be referred to later in the text
and a fairly extensive bibliography of vanadium compounds is available.73'

Various processes describing the application of the oxides of elements
of the fifth and sixth groups have been reported in the literature. Since,
however, most of these compounds have been recognized as dehydrating
catalysts, the consideration of their various uses will be deferred for con-
sideration in a later chapter in connection with the oxidation of hydro-
carbons. It may be stated at this point, however, that the use of silica
and alumina in conjunction with various metallic oxides, and particularly

MBrit. Pat. 1,181 (1871) Aubertin.87 Senderens, Compt. rend. 156, 1909 (1913).
"" Ottensooser, Bull. soc. cliim. 41, 324-5 (1927).
"" Sabatier and Mailhe, Bull. soc. chim. (4) S, 132 (1909).70 Senderens, Bull. soc. chim. (4) 13, 628 (1913); Ann. chim. phys. (9) 13, 266-83 (1920).71 Neumann, Moeser and Lindenbaum, J. prakt. chetn. 75, 46 (1907).
"a. U. S. Pat. 1,318.631-2-3 (1919) Weiss and Downs, assrs. to The Barrett Co.; b. Brit.

Pat. 2,745 (1871) Pinkiiey; Brit. Pat. 23K.O33 (1024) Malted and Coke: c. Brit. Pat. 8,462
(1914) Uadische Anilin u. Soda Fabnk; d. U. S. Pat. 1,636,952 (1927) Craver.73 a. "Die Literature des Vanadin," (1804-1905) Prandtl, Hamburg, Verlag v. Vossj b.
Alexander, /. Soc. Chcm. hid. 48, 899 (1929).



86 CATALYTIC OXIDATION OF ORGANIC COMPOUNDS

copper, has proved very valuable in catalytic oxidations.74 The efficiency
of pumice for such purposes was recognized very early in the history of
the study of these processes and has recently been made the subject of
renewed investigations. For example, a catalyst7B has been recommended
which consists of finely powdered silica and cupric oxide mixed with
granular alumina, the mixture having been heated to a temperature above
the melting point of the copper compound. Under these conditions the
silica reacts with a portion of the copper oxide and the remainder coats
the particles of alumina thus forming a porous contact mass the surface
of which is covered with a film of copper oxide. A similar catalyst7G

consists of a mixture of copper and copper oxide mixed with clay or other
substances which contain silicates to which alumina has been added. The
presence of alumina prevents the copper and copper oxide particles from
fusing with the silica in the form of silicates at the high temperatures
necessary for the oxidation processes, thus rendering the porosity of the
mass perfect and at the same time allowing far the distribution of the
copper in the form of a fine film. Other metals and metallic oxides have
been recommended for use in conjunction with alumina.77 For example,
the "fibrous alumina" or sprouted alumina of Wislicenus (obtained by
strongly igniting aluminum sulfate, nitrate or acetate or by the oxidation
of aluminum powder in the presence of water and a trace of mercury)
has the power to remove from their solutions by absorption many metals
and metallic oxides. The chlorides, nitrates or acetates of the metal are
treated respectively with ammonia until the precipitate which is first
formed is redissolved when the "fibrous alumina" is added. The mass is
then washed, dried and ignited. The "metallic oxide aluminas" produced
in this way have characteristic colors which vary with the concentration
of the metallic salt that was used in their preparation. These aluminas
are capable of effecting many types of catalytic oxidation and are in par-
ticular applicable to the catalysis of alcohol-air mixtures. Still another
catalyst7S which has been recommended and falls into this same general
class, contains a mixture of 85 per cent hydraulic cement, 10 per cent
copper oxide and 5 per cent alumina. This is effective for oxidations at
temperatures of 210° to 220° C. but is most efficient at about 360° C.
In the case of contact masses which consist of a clay or brick base the
corresponding temperatures are 650° to 700° and 780° to 825° C.

Activated charcoal, obtained from peat, lignite, anthracite coal, etc.,
has also been mentioned as a catalyst for the oxidation of alcohols to
aldehydes and acids.78

Comparison of the oxidation of aliphatic alcohols in the vapor phase
by air without catalysts and with metallic catalysts of magnesium, alumi-

"Marciinnd, Bcr. 13, 987 (1882).w IT. S. Pat i.OO7.51'i fi'MO Heckmau. p-wr. to Anipricrui CynaroM Co.70 a. TT. S. P-'K 1007,516 (1911) Beckman to American Cyanamid Co.; b. Fr. Pat. 453,079
(191 3 "* NitroRen-fieaellscliaft.

"Klein«tuck. 7. nnpciv. Chrtn. 32, 1105 O910),w Oer, Pat. 312,720 (1912) Nitrogen Gesellscliaft.TUGer. Pat. 203,848 (1907) Dennstedt and Hassler; Chcm. Ztr. 1908, II, p. 17S0.
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num, and zinc, and with metallic oxide catalysts of molybdenum, tungsten,
thorium, and silica shows that these catalysts are practically indifferent
toward the reaction.67 With dry air and no catalyst oxidation begins at
380° to 405° C. and at 410° to 450° C. the oxygen is taken up completely.

Certain of the rare earth oxides are very active catalysts. The intro-
duction of small amounts of samarium oxide to a copper oxide catalyst
enabled lower temperatures to be used in the oxidation of ethanol although
it also reduced the yields of aldehyde obtainable probably because of the
catalytic effect of the rare earth oxide on the decomposition of aldehyde.80

Thus, with 482° C. as the best temperature under the conditions with a
copper oxide catalyst, the introduction of 0.5, 1.0, 2.0, and 5.0 per cent
amounts of samarium oxide lowered the effective temperatures to 460°,
465°, 395°, and 370° C, respectively. Considerable excess of oxygen was
used in these experiments, 0.40 to 0.43 liters of oxygen per gram of ethanol
as compared to 0.2434 liters theoretically necessary, and probably accounts
for a part of the alcohol destruction. However, considerable charring was
evident with these catalysts unless an excess of air was present. It is
apparent that such active catalysts are of no utility in the oxidation of
such readily oxidized substances as the alcohols.

The direct oxidation of alcohol to acetic acid in one step would be a
highly desirable method of operation, but the difficulties of insuring com-
plete oxidation of the intermediately formed aldehyde without at the same
time causing complete oxidation to carbon dioxide have largely prevented
the development of any ordinary process employing oxygen directly as the
oxidizing agent. Methods have been tried, at least experimentally,50' 81a

with the object of operating the alcohol oxidation and the aldehyde oxida-
tion processes directly connected in series. But the yields have been low
and the maintenance of proper operating conditions very sensitive.

A process has been proposed,81* however, in which air is used indirectly
and the coupled reaction, consisting of dehydrogenation of the alcohol
followed by oxidation of the aldehyde, accomplished in the presence of a
single metal catalyst in different stages of oxidation. A catalyst composed
of copper oxide containing about one per cent of silver oxide as a promoter
moves counter currently in a tower to an entering stream of vaporized
alcohol and water. The alcohol-water vapors entering the lower part of
the tower, which is at a temperature of about 280° C , meet the metallic
catalyst, which has been reduced in the upper portion of the tower, and is
dehydrogenated to aldehyde and hydrogen. The aldehyde and hydrogen
passing up the tower are oxidized by the copper oxide, which is itself
reduced to the metal. The upper portion of the tower is maintained at a
temperature of about 350° C. With commercial alcohol of 80 per cent
strength, yields of 94 per cent of glacial acetic acid are claimed. The
process is open to the obvious objection that solids must be circulated. It

110 Lowdermilk and Day. J. Am. Chcm. Soc. 52, 353S (1930).
"• Makovepkii and Yanoopkii. Russ. Pat. 1.420 (1926).w" Brit. Pat. 287,064 (1927) Hale and Haldeman.
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is necessary to remove metallic copper at the bottom of the tower, oxidize
this in a separate operation and introduce the fresh oxide in the top of
the tower. The advantages of the spontaneous generation of heat in
the direct oxidation process is also lost especially in the dehydrogena-
tion portion of the tower which must depend upon the heat content of
the descending copper catalyst for maintaining temperature if external
heating is to be avoided, since the dehydrogenation reaction absorbs
heat. Heat interchange between hot products and cold reactants would
eliminate the necessity for supplying sensible heat to the water-alcohol
vapors at the expense of the catalytic mass in the lower part of the
tower.

The presence of water vapor with the alcohol vapor not only helps
in controlling the reaction but is essential thereto since dry metallic oxides,
or silver oxide, will not react with anhydrous acetaldehyde.82 Dry for-
maldehyde, on the other hand, reduces silver oxide with the formation of
carbon monoxide.

A number of other processes have been patented for the direct oxida-
tion of ethanol to acetic acid. One of the earliest of these was described
by Walter,88 who passed mixtures of ethanol, air, and steam over different
catalysts. Since this early disclosure many catalysts have been patented
for use at various temperatures. Thus, carbon in the form of coke, etc.,84

is claimed to be effective with air-ethanol mixtures at 150° to 300° C,
copper compounds at 270° C.,8D metallic vanadates at 250° to 300° C.,80

and silver catalysts at temperatures 380° to 440° C.,87 to low red heat.
Hunt claims the formation of acids from a mixture of isopropanol, olefins,
air, and steam in the presence of copper compounds at 200° C.88

Reaction of Carbon Monoxide with Alcohols to Form Acids

The reaction of carbon monoxide with alcohols to form fatty acids,
having one more carbon atom per molecule than the alcohol, has recently
received attention. The experimental work with the reaction has been
based largely on one of the proposed mechanisms for the formation of
higher alcohols from mixtures of hydrogen and carbon monoxide.80 Thus,
the mechanism first proposed occurred through the following steps:

Ha + CO =H,CO (formaldehyde)
HiCO + H, = H3COH (methanol)
HaCOH -I- CO = H3C. CO. OH (acetic acid)
H3C.CO.OH + 2H, = HSC.H3C.OH (ethanol) + H,0

etc.

* Wieland, Ber. 45, 2606-15 (1912).83 Ger. Pat. 168,291 (1904): Brit. Pat. 21.941 (1905); French Pat. 360,785 (1905) Walter.
«Ger. Pat. 203,848 (1907) Dennstedt and Hassler.85 French Pat. 526,567 (1920) Mailhe.
"Brit. Pat. 238,033 (1924) Maxted and Coke.OTa. U. S. Pat. 1,666,447 (1928); Brit. Pat. 290,523 (1927) Goldschmidt; b. Brit. Pat.

294,037 (1927) Holzverkohlungsind.
"" U. S. Pat. 1,541,545 (1925) Hunt.M Brit. Pat. 20,488 (1913) Fischer assr. to Badische Anilin u. Soda Fabrik.
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However, this proposed mechanism has not found experimental substantia-
tion and has in fact been quite largely disproved.00 Hence, it is somewhat
difficult to establish the industrial utility of the proposed organic acid
synthesis on the basis of the higher alcohol mechanism.

The mechanism generally accepted at the present for higher alcohol
synthesis is by the direct condensation of the lower alcohols through the
elimination of water. Thus,

2CH3OH = GH5OH + H3O.

Acids, which may be present in the reaction mixture in the form of esters
and not as free acid, are formed, according to the evidence that has been
presented, by the polymerization of aldehydes followed by molecular re-
arrangement,

2CH3CHO = CHXO. OGHB,

rather than by the intermediate formation by addition of carbon monoxide
to an alcohol,

CH3OH + CO = CH..CO.OH.

Indeed, the use of excess carbon monoxide in the presence of alcohols
favors the condensation to higher alcohols by removing the water, which
forms, by the reaction,

H,0 + CO = CO, + H3.

Even on the basis of the published results of the catalytic and non-
catalytic decomposition of acetic acid, no such reaction may be predicted.
Ordinarily, the mechanism of decomposition of an organic oxygenated
molecule is considered to be of aid in interpreting possible mechanisms
for synthesis."1 It is of aid in predicting possible side reactions that might
occur during the synthesis. This is of value, particularly if the decom-
position products are other than the reactants, since it shows the necessity
for stabilizing the synthesized molecule.

With the exception of formic acid, the lower fatty acids are quite
stable up to relatively high temperatures. Cahours and Berthelot early
noted 02 the thermal stability of these acids, and the latter reported that
acetic acid did not decompose until above a dull red heat. More recently
Senderens showed that acetic, propionic, //-butyric, isobutyric, and iso-
valeric acids were perfectly stable at temperatures as high as 460° C.0R

At higher temperatures these acids undergo pyrogenic decomposition to
yield simple and stable substances. In the case of acetic acid, Nef 01

reported the presence of methane, carbon dioxide, carbon monoxide,
ethylene, hydrogen, and acetone in the products from decomposition.

00 a. Cryder, Thesis for D.Sc. (1930), Massachusetts Institute of Technology, Cambridge, Mass.;
b. Frolich and Cryder, Ind. Eng. Chem. 22, 1051-7 (1930).91 Matignon, Bull. soc. chim. 37, 825-36 (1925); also Chapter I.03 a. Cahours, Compt. rend. 19, 771 (1844); b. Berthelot, Ann. chim. phys. Ill, 33, 295 (1851);
S3, 187 (1858).03 Senderens and Aboulenc, Compt. rend. 170, 1064 (1920).

°*Nef, Ann. 318, 221 (1901).
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In the presence of catalysts, the decomposition of acetic acid can be
made to occur primarily by either demethanization, deketonization, or
dehydration. Catalysts such as nickel, sodium hydroxide, sodium car-
bonate, and animal charcoal promote demethanization. The deketonizing
catalysts include: finely divided cadmium, iron, aluminum, lead, and cop-
per; the oxides of thorium, uranium, iron, chromium, calcium, titanium,
tin, zinc, and manganese; the carbonates of barium, strontium, calcium,
and zinc; the chlorides of sodium, barium, and calcium; zinc dust; copper-
aluminum alloy; and ferrosilicon. Catalysts which have been found to
promote dehydration comprise: chlorides and sulfates of alkali and alka-
line earth metals; phosphoric, boric, tungstic, hydrochloric, hydrobromic,
and hydriodic acids; the sodium salts of phosphoric, tungstic or boric
acids; sulfur dioxide; sulfur oxychloride; non-crystalline carbon; many
organic substances such as organic bases, phenol and its derivatives, poly-
hydric alcohols, and some of the aliphatic acid derivatives. Catalysts which
promote the splitting out of a ketone may also function toward dehydration.

The formation of methanol in the catalytic decomposition of acetic
acid has not been reported. This is somewhat to be expected since it is
probable that methanol would be unstable at the temperatures required
for the acetic acid decomposition. However, catalysts which direct the
decomposition to hydrogen and carbon monoxide have not been reported,
and no basis is to be had regarding the efficacy of the numerous substances
that have been patented for the synthesis.

It may be concluded that although the reaction is thermodynamically
possible, and although considerable effort has apparently already been
expended in a search for catalysts, the side reactions are so numerous and
involved in the addition of carbon monoxide to alcohols to form fatty acids
that the industrial phase has not yet been reached. It should not be con-
cluded, however, that the difficulties cannot be overcome.

Thermodynamically, the addition of carbon monoxide to methanol to
form acetic acid is favorable at low and moderate temperatures but less
so at temperatures higher than about 450° to 500° C. For the reaction,

CH3OH + CO = CH^OOH,

the free energy change as a function of temperature may be represented nOa

by the equation:

AF = — 27540 + H.5T log T + 0.00197" + 1.07.

From this equation: AF = —11300 at 225° C.; —8200 at 300° C ;
—4150 at 400° C.; and becomes equal to 0 at 500° C. Notwithstanding
this unfavorable temperature effect, favorable conversions should be pos-
sible at these higher temperatures by the use of pressure since the reaction
occurs with a decrease in volume. Vapor phase processes that have been
proposed take into consideration this effect of pressure and are usually
specified to operate under several hundred atmospheres pressure.
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In liquid phase processes it has been possible to add carbon monoxide
to alcohol through the sodium salt of the alcohol. Thus, Genther OT early
showed that carbon monoxide would react with sodium ethoxide at
190° C. to form sodium propionate. It should be noted that in reactions

C2HnONa + CO = &H..CO.ONa
sodium sodium propionate
ethoxide

of this nature the sodium does not act in the capacity of a catalyst but in
the capacity of a reagent since reaction ceases as soon as the sodium
alcoholate has been reacted.

It has been claimed, however, that when carbon monoxide is reacted
with aliphatic alcohols in the liquid phase and in the presence of dissolved
alkali metal alcoholates, the corresponding alkyl formates are readily
formed."0 For example, ethanol containing 1.5 per cent

ROH + CO = R.O.OCH

dissolved sodium metal is subjected to a pressure of 150 atmospheres of
carbon monoxide at 70° C. for four hours. About 90 per cent conversion
to ethyl formate is obtained. Brass, silver or Krupp V2A steel is used for
lining the reaction vessel to prevent formation of metallic carbonyls which
tend to cause secondary reactions giving a colored and impure product.
If such a conversion is possible, then it is obvious that in this case the
alkali metal acts as a catalyst.

In the proposed vapor phase processes for organic acid synthesis, car-
bon monoxide is passed with the vaporized aliphatic alcohol over catalysts
similar in nature to those employed in the pressure synthesis of higher
alcohols from hydrogen-carbon monoxide mixtures. Pressures on the
order of 200 atmospheres are employed. Temperatures of about 200°
to 300° C. are preferred but it is necessary to use somewhat higher ones
in order to obtain sufficient reaction. Mixtures of the oxides of zinc and
chromium or copper, promoted with alkali or alkaline earth oxides, are
suitable catalysts for the formation of carbon-carbon linkages.97 Catalysts
composed of an alkali, chromium, and molybdenum have been claimed
for the synthesis of mixtures of higher alcohols, aldehydes, acids, esters,
etc., from carbon monoxide and vaporized aliphatic alcohols as methanol,
ethanol, etc., at temperatures of about 420° C. and a pressure of 200
atmospheres.98

For producing acetic acid, carbon monoxide and methanol may be
passed over catalysts composed of the oxides of copper, tin, lead, zinc, or
acetates of copper, zinc, or methylates of zinc, aluminum, tin, etc. These
catalysts or mixtures of them are preferably promoted by the use of more

""Oenthf-, Ann. C. 402. 290 (1880).M Brit. Pit. 252,848 (1925) Badtsche Anilin u. Soda Fabrik.07 U. S. Pat. 1.562,480 ("1925) Badische Anilin u. Soda Fabrik.
"Wietzel and Wietzel, U. S. Pat. 1,562,480 (1929).
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basic materials such as the acetates or methylates of potassium or
sodium.e9a In operation carbon monoxide at 80 to 120 atmospheres is
bubbled through liquid methanol maintained at a temperature of 60° to
70° C. and then through a chamber filled with the catalyst maintained at
a temperature of 250° to 300° C. By this method the operation is con-
ducted in the presence of a considerable excess of carbon monoxide. Since
no operating data are available, the process cannot be evaluated.

There is some question as to whether acetic acid would be formed
from the reaction in the presence of the more alkaline catalysts, since it
has been claimed that by passing a mixture of carbon monoxide and
methanol vapor over solid sodium methoxide under high pressure, methyl
formate is formed:eDb

CH3OH + CO = HCO.O.CH3.
methanol methyl formate

In studies of the decomposition of methanol alone in the presence of
such catalysts as zinc oxide-copper oxide or zinc oxide-chromium oxide
methyl formate has been noted in the decomposition products showing
that there is some tendency to form this substance even at atmospheric
pressure.

Catalysts having a very acid nature such as metaphosphoric acid,
arsenious acid, boric acid, or salts of these acids have been proposed. The
addition of copper as such or as the formate serves to promote the re-
action.100 Reaction chambers extremely resistant to corrosion must be
used. Catalysts such as zinc arsenite, or zinc or chromium mctaphosphatc
having a highly acidic nature are claimed to be effective in the formation
of organic acids from carbon monoxide and alcohols at temperatures of
about 300° C. and a pressure of 200 atmospheres. Even with such acidic
catalysts considerable quantities of esters are stated to be formed.101

In general, carbonyl forming metals such as nickel, iron or cobalt, must
not be present in the formation of metallic carbonyls as their presence in
one part of the apparatus may lead to the subsequent deposition of the
metal on the catalyst by the decomposition of the carbonyl in a hotter por-
tion of the apparatus, with destruction of the catalyst activity. The cata-
lysts may be activated by the addition of metal halides such as potassium
fluoride or iodide, sodium chloride, or aluminum chloride.102

In all cases considerable excess of carbon monoxide has been proposed
for the reactions. This not only forces the reaction to go to completion
but also prevents undue polymerization and condensation of the alcohol

»» Dreyfus, Brit. Pats. 264,558 (1925); 268,845 (1925); U. S. Pats. 1,697,109 (1929);
1,743,659 (1930); 1,784,583 (1930).

""TJ. S. Pat. 1,302,011 (1919) Christiansen.100 a. Brit. Pats. 283,989 (process); 317,867 (catalyst) (1928) British Celanese Ltd.; b. Brit.
Pat. 320,457 (1928) I. G. Farbenind; c. French Pat. 35,963 (1928) addn. to 597,328 Badische
Anilin u. Soda Fabrik; d. French Pat. 637,763 (1927) Dreyfus; e. Brit. Pat. 337,053 (1929)
Bader assr. to British Celanese; f. Brit. Pat. 338,329 (1929) Soc. Fr. de Cat. Gen.101 Swiss Pat. 137,737 (1929) I. G. Farbenind; Zcntr. II, 465 (1930).101 Brit. Pats. 240,955 (1926); 254,819 (1926); 320,457 (1928); 323,475 (1928); 323,513 (1928)
I. G. Farbenind.
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or products such as would occur were high concentrations and partial
pressures of alcohol used.

Alkyl halides have been claimed to react with carbon monoxide to
form the corresponding acid halides. Thus:

RHal + CO = R.CO.Hal.

As catalysts for this reaction, inorganic acids having low volatility and
high stability at the temperatures necessary may be used. Phosphoric acid
or phosphates, boric acid, boric anhydride or borates may be used either
in the molten state, supported on inert carriers, or as the solid salts.108

The use of excess amounts of carbon monoxide and high pressure are
specified. Thus, when one volume of methyl chloride and 8 volumes of
carbon monoxide are passed, as a mixture, over sodium metaphosphate on
pumice at 700° to 800° C. a conversion to 10 or 15 per cent of acetyl
chloride is obtained. The use of pressure enables much higher yields to
be obtained.

Since methanol is a direct reaction product of hydrogen and carbon
monoxide, it is theoretically possible by using an excess of carbon mon-
oxide in the original water gas mixture to form first methanol and then
acetic acid or ester in one operation. With this end in view, catalysts
composed of metals or their compounds, i.e. of nickel, chromium, cobalt,
copper, cadmium, or manganese, have been patented.104 Catalysts similar
to those proposed for the carbon monoxide-methanol reaction and com-
prising the oxides of copper, tin, lead, the acetate of copper, or the
methylates of aluminum or tin, or mixtures have been claimed for the same
reaction at pressures of 150 to 200 atmospheres and at about 300° C.104e

It is interesting to note that some of the earliest claims to processes
capable of yielding oxygenated organic compounds from water gas mix-
tures included the formation of acids and esters.* Indeed, it is probable
that the subsequent success attained by the leaders in the field in directing
the reactions exclusively to methanol formation served as a stimulus to
those who had hopes of forming acids and esters directly.

Claims 1U(S have been made for the formation of ketene from mixtures
of hydrogen and carbon monoxide in the presence of such catalysts as the
oxides of zinc, copper, or chromium, the chromates of zinc or copper, zinc
aluminates, potassium zincate, or mixtures at temperatures below 400° to
450° C. and pressures of 200 atmospheres.

3CO + H, = CO, 4- CH.CO.

If ketene formation occurs it is obvious that the reaction does not occur
as written. It is conceivable that the intermediate formation of methanol
and acetic acid followed by the dehydrating of the acetic acid could lead

loa Brit. Pat. 308,666 (1930) I. G. Farbenind.104 a. French Pat. 681,958 (1929) Soc. Fran?aise de Catalyse Generalise; b. Brit. Pat. 313,467
(1928) I. G. Farbenind; c. Brit. Pat. 262,832 (1925) Dreyfus.

* See Chapter IV.100 U. S. Pat. 1,773,970 (1930) Dreyfus; see also Brit. Pat. 273,622 (1926) Dreyfus.



94 CATALYTIC OXIDATION OF ORGANIC COMPOUNDS

to the formation of ketene.1"" Carbon dioxide could be accounted for by
the reaction of the evolved water with the excess carbon monoxide to form
hydrogen and carbon dioxide. The temperature necessary for the splitting
of acetic acid into ketene is so high that secondary decomposition usually
occurs with formation of ethylene.

The Oxidation of Acetaldehyde

Although acetic acid has been obtained in the oxidation of ethanol
in one operation, the yields are small71 and acetic acid is generally ob-
tained by oxidation methods from acetaldehyde which may have been
obtained either from the hydration of acetylene or the oxidation of
alcohol.107

While acetaldehyde is described in the literature as a substance which
is readily oxidized by the oxygen of the air to give acetic acid, the pro-
duction of acetic acid in large quantities and on a commercial scale by
means of this transformation has presented very great difficulties. This
is due to the fact that acetaldehyde combines directly with oxygen to give
a colorless liquid which has a peculiar and indefinable odor and which is
very unstable. This product, which is not acetic acid, has a composition
corresponding to CH3CHO.O2. It is called peracetic acid and may be
regarded as the acetyl derivative of hydrogen peroxide, i.e., CH aCO.OOH.
The fact that it decomposes violently with such a development of heat that
the preparation of even a small amount is extremely dangerous, has made
the oxidation of acetaldehyde a problem requiring extended and careful
investigation.

As a result of this it has now been established that peracetic acid if
subjected to heat alone decomposes according to the equation

CH3CO;,H = CHaCOOH + O,

whereas in the presence of an excess of acetaldehyde, the decomposition
takes place in the following way:

CHaCOaH + CHaCHO = 2CHaCOOH.

In both cases pure concentrated acetic acid is formed. The temperature
at which peracetic acid breaks down is somewhere in the vicinity of 100° C.
(probably 80° to 100° C.) and the only safe way to proceed in the oxida-
tion of acetaldehyde is, therefore, either to maintain the temperature at
all points throughout the reacting masses sufficiently high to insure the
decomposition of peracetic acid as rapidly as it is formed, or to secure
the same result at a lower temperature by a mechanical agitation of the

i™ Hurd and Martin, J. Am. Chcm. Soc. 51, 3614-7 (1929).m a. Arkenasy, Leiser, and Grunstein, Z. Elcktrochem. IS, 846 (1909); b. Kiss and Demeny,
Rcc. trav. chim. 43, 221 (1924); c. Neumann and Schneider, Z. angew. Chcm. 33, 189 (1920);
d. Fester and Berraz, Analcs assoc, quitn. Argentina IS, 210 (1927); e. Marshall, Chcm. Trade J.
65, 361 (1919); f. Rooney, Chem. Met. Eng. 22, 847 (1920); g. Hutin, Rev. chim. ind. 30. 247
(1921); h. Deschiens, Chimic ct Industrie 5, 239, 398, 518 (1921); i. Meingast, Chem. Ztg. 49,
446 (192S); 52, No. 36 (1928).
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oxidizing mixture in the presence of some catalyst which possesses the
power of greatly accelerating this decomposition. In neither case is the
problem so simple as might appear at first sight and a relatively large
number of patents have been issued which describe different methods for
eliminating this difficulty during the process of oxidizing acetaldehyde in
both the liquid and the vapor phases.

It was known as early as 1853 108 that the oxidation of acetaldehyde
by the air took place slowly under ordinary conditions but that it could
be accelerated by the presence of platinum black. Since then numerous
other metals and their compounds have been observed to exercise an
accelerating effect upon this reaction.

If a moist aldehyde is shaken with palladium black, acid and hydrogen
(combined with the palladium) are obtained.100 If air is admitted the
hydrogen is used up and the dehydrogenation can proceed further. Benzo-
quinone, methylene blue, and other quinoid compounds have been found
to play the same part as atmospheric oxygen in the reaction in using up
the released hydrogen. Dry silver oxide does not react with anhydrous
acetaldehyde, whereas in the presence of moisture energetic oxidation at
once sets in. The same has been found to hold for the chlorinated alde-
hydes, CC18. CHO and CC13. CHO. H«O. These observations led Wieland
to the conclusion that the phenomenon was essentially one of dehydroge-
nation :

O

R.CHO.H2O=[R.CH(OH)3] =R .C + Ha

OH
O

[R.CH(OH).] + O = RC + H2O.

OH

In the presence of a catalyst such as palladium black autoxidation,
consisting of the introduction of oxygen into the molecule, on dehydroge-
nation would be catalyzed to different extents depending on whether or not
water was present, the dehydrogenation reaction occurring only in the
presence of water. In the case of benzaldehyde the velocity of oxidation
is practically the same for either case. With acetaldehyde the rate of
oxidation is decreased in the presence of water, a fact explained by
Wieland on the basis of the existence of an equilibrium between the
hydrated and anhydrous forms and the fact that only the latter form under-
goes the rapid direct oxidation and the former the slower dehydrogenation
process.

When acetaldehyde is employed in the liquid phase,110 the procedure
in general consists in passing oxygen or air into the pure substance or its

108 Gmelin, Handbook of Chemistry, Vol. VIII, Cavendish Soc. Ed., p. 277, 1853.10B Wieland, Ber. 45. 2606-15 (1912).110 Compare Conant, Aston, and Tongberg, /. Am. Chem. Soc. 52, 407-19 (1930).
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acetic acid solution under constant stirring at temperatures which may
vary from 10° to 100° C, with or without the presence of catalysts, and
under either atmospheric or high pressures.

In the first description of the technical process catalysts of vanadium,
uranium, or iron were recommended.111 Other catalysts that .have been
recommended consist of the oxides of iron, uranium, etc., with or without
the addition of sodium acetate 113; cerium, vanadium, chromium or copper
oxides, acetates, manganates, etc.118; inorganic matter present in animal
charcoal114; kaolin, with or without the presence of sodium acetate111"1;
kieselguhr (infusorial earth)1 1 0 ; water with catalysts present117; and
without.118 Finally, compounds of manganese are very particularly recom-
mended as superior to all other catalysts because of the fact that they
not only accelerate the reaction but obviate all danger from explosions
due to local accumulations of peracetic acid.11" However, cobalt acetate is
superior to the salts of either nickel, manganese, vanadium, cerium, iron, or
chromium as a liquid phase catalyst.120

In liquid phase oxidation of abietic acid,121 the abietates of cadmium,
zinc, copper, magnesium, lead and sodium dissolved in the solution con-
taining the acid, acted as oxidation retardants. On the other hand, the
abietates of nickel, manganese, iron, mercury, and cobalt acted as positive
catalysts, with the cobalt compound the most active. This may be due
to the fact that the cobaltic ion has the highest oxidation potential of the
metals named above,1-2 and that the role of the catalyst in these processes
is one of an oxygen exchanger. When fully oxidized these catalysts are
capable of becoming reduced to a lower stage by the oxidation of an
organic molecule or of hydrogen and then of being reoxidized by oxygen.
When sufficiently active catalysts are used, so that there is no danger of
explosion of peracetic acid, the use of pressure is very effective in increas-
ing the yield of acetic acid.

In a batch operation process, aldehyde having 0.5 per cent of man-
ganese acetate dissolved in it is warmed to 20° to 25° C. in an autoclave.
Air is then introduced until the total pressure rises to from 75 to 120
pounds per square inch. The temperature rises to about 65° C. during

1U Cer. Pat. 261,589 (1911) Griinstein, assr. to Chem. Falirik Griesheim.JUBrit. Pat. 156,916 (1919) Dreyfus; Brit. Pat. 17,424 (1913) Johnson assr. to Chem. Fabrik
Griesheim (same as U.S. Pat. 1,081,959 (1913) Griinstein).u:l Fr. Pat. 479,656 (1914) Dreyfus; Fr. Pat. 471,255 (1914); Brit. Pat. 10,377 (1914); and
Ger. Pat. 28,640 (1915) all to Meister, Lucius and Briining.114 Brit. Pat. 154,680 (1919) Dreyfus.110 Urit. Pat. 154,304 (1919) British Cellulose and Chem. Mfg. Co. (pressure up to 7 atmos-
pheres).uaGer. Pat. 299,782 (1921) Fr. Baeyer and Co.117 Brit. Pat. 156,146 (1920) Otto Traun's Forschungs Laboratorium.

""Gen Pat. 287,360 (1913) Behrens.110 Fr. Pat. 460,971 (1913); Ger. Pat. 305,550 (1914) Consortorium f. Elektro-Chem. Industrie.
Also Brit. Pat. 17,016 (1911) Consortium f. Elektro-Chem. Industrie; U.S. Pat. 1,179,420
(1916) Galitzenstein and Mugden; U.S. Pat. 1,410,207 (1922) and 1,481,326 ((924) Matheson;
also compare Brit. Pat. 132,558 (1919) Matheson. Sec also Ger. Pat. 294,724 (1914); 296,282
(1914) Badische Anilin u. Soda Fabrik on liquid phase oxidation of acetaldehyde.ls0.King, Swann, Keyes, Ind. lino. Chem. 21, 1227-31 (1929).m Dupont and Levy, Com.pt. rend. 189, 920-2 (1929).m Creighton and i'ink, "Principles and Applications of Electrochemistry." New York, John
Wiley and Sons, Inc., 1924, Vol. i, p. 229.
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the admission of the air and the oxidation is rapidly completed. Acetic
acid of 98 to 99.5 per cent purity is produced in yields varying from 88
to 95 per cent of theoretical. It is not necessary to have acetic acid present
at the start as with many of the other processes.128

Estimated yields show the consumption of 170 kg. of calcium carbide
representing 100 kg. of coke and 600 K.w.h. of electrical energy per
100 Kg. of acetic acid formed.124

Relatively little research on the oxidation of acetaldehyde by oxygen
in the vapor phase has been recorded in either the general or patent litera-
ture. Apparatus suitable for this and other similar oxidation reactions
is described as being heated electrically either by use of a catalyst which
itself acts as a conductor or by use of a catalyst which has conducting
material incorporated in it.125 The reaction temperature is said to be
maintained in this way at 100° C. Other patents dealing with this trans-
formation have been taken out by Dreyfus.120 The first of these describes
the passage of acetaldehyde vapor mixed with air over platinum, or other
bodies known to act as oxygen carriers in this reaction, at temperatures
above the boiling point of acetic acid and below 400° C. Under these
conditions the acetic acid remains in the form of a vapor and is not con-
densed in the reaction vessel. Later the observation was made that the
rapidity of oxidation is greatest between 150° and 200° C. and that at
this temperature there is a complete transformation into acetic acid with-
out decomposition products. This may be brought about in the pres-
ence of catalysts which present a large surface (i.e., copper gauze, waste
glass or porcelain mixed with oxides of chromium, uranium, vanadium,
cerium) or even by employing glass balls or other non-catalytic material
so long as this affords a large surface and insures a wide path for the
oxidizing mixture. The procedure consists in passing the gases through
tubes constructed of copper-iron, chromium lined iron, pottery, or other
acid resisting materials, of any length (i.e., 50 to 100 meters) arranged
in a bath of oil which is maintained at 150° to 200° C. According to the
third of these patents the transformation is brought about in a reaction
chamber which is provided with agitators in order to effect a thorough
mixing of the reacting gases.

The oxidation of acetaldehyde may also be carried out at tempera-
tures of 80° to 100° C. by means of oxidation towers either in the presence
or absence of a catalyst.1-7 Under these conditions peracetic acid is nor-
mally decomposed as rapidly as it is formed. In towers wetted with acetic
acid and containing catalysts such as vanadium pentoxide, uranium oxide,
roasted ferroso-ferric oxide, etc., the reaction between the aldehyde vapors
and air l$~very "rapid and complete, and temperatures as low as 30° to

1MBrit. Pat. 132,558 (1919); U.S. Pats. 1,410,207 (1922); 1,481,326 (1923) Matheson (.see
also Chem. Trade J. 63, 283-4 (1918)).1M Schlumberger, Z. angew. Chum. 40, 141 (1927); Hess, Chem. Ind. Germany 52, 3 (1929).1X1 Brit. Pat. 126,279 (1919) Gilliard, Monnet and Cartier, assrs. to Sofciete Chimique des LJsines
du Rhone.

^Brit. Pat. 105,065 (1917); 108,459 (1918); 110,545 (1919) Dreyfus.
"'U.S. Pat. 1,081,959 (1913); Brit. Pat. 17,424 (1911) Griesheim-Elektron.
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60° C. may be used without impairing the efficiency of operation. When
working without a catalyst, however, accidental cooling of the towers may
lead to an accumulation of peracetic acid with the accompanying danger
of an explosion. This possibility is eliminated by use of an arrangement
which is described in a later patent.128 According to the specifications the
liquid products of the reaction are caused to flow out of the catalytic cham-
ber in a continuous manner and as rapidly as formed. On leaving the
oxidation towers they are passed directly into a supplementary heating
apparatus which is maintained at such a temperature that any traces of
peracetic acid, if present, may be instantly destroyed. In this way it is
stated that all possible dangers of an explosion are completely avoided.
The use of reaction vessels filled with solid diluents insures a more
thorough and uniform contact and heating of the reactants and suppresses
explosion dangers.128

The known fact that pure acetaldehyde in water solution will, in the
presence of palladium black, react to give acetic acid and palladium
hydride/30 has not been utilized for vapor phase operations on a commercial
scale.

Oxidation of Ether

As in the classical dehydration of alcohol in the presence of sulfuric
acid,181 to form ether, the same transformation may be accomplished under
certain conditions in the vapor phase by passing ethanol vapors over
dehydrating catalysts as has already been shown. Although this particular
decomposition does not occur in the oxidation of ethanol over dehydroge-
nating catalysts, yet the presence of formaldehyde in the products obtained
when certain border line catalysts have been used might indicate that the
initial dehydration which occurs had gone partly to formation of ether
which subsequently oxidized or decomposed.

Although no commercial value is attached to the vapor phase oxidation
of ethyl ether to acetaldehyde and formaldehyde, it is nevertheless of
interest to investigate some of the early work.

Ethyl ether vaporized and mixed with air is oxidized very readily in
the presence of a copper gauze catalyst preceded in the reaction tube by
a few pieces of platinum impregnated pumice (Ztindpille).182 When the
air-vapor mixture is preheated to 100° C. and passed into the reaction
chamber the catalyst begins to glow without the application of external
heat. Besides formaldehyde and acetaldehyde the exit gases contain
ethylene, carbon monoxide, hydrogen, as well as carbon dioxide and nitro-
gen from the air.

""U.S. Pat. 1,409,089 (1922) Guyot, assr. to La Compagnie des Products Chimique D'alais
et de Camarque. Also compare Brit. Pat. 130.6S1 (1919) by the same company.

""Swedish Pat. 62,474 (1S27); U.S. Pat. 1,601,891 (1926) Stockholms Superfosfat Fab. A-B.180 Compare Norns "The Principles of Organic Chemistry," New York, McGraw-Hill Book Co.,
1922, p. 195.131 Mitscherlich, Pogg. Ann. 31, 273 (1834).i a Orloff, J. Rnss. Phys. Chetn. Soc. 40, 799-800 (190**
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O + (). = 2CaH<O + H3O
(C.HB)aO =2CH4 + HaO
CH4 + O, = 2HG0.

This oxidation has some practical value in that mixtures of ether vapor
and air may be passed over the catalysts used in the oxidation of alcohols
when they do not become heated spontaneously by the alcohol oxidation.
In this way external heating may be dispensed with, since the ether-air
mixture oxidized at a lower initial temperature and the heat generated
soon raises the catalyst temperature to the proper point.

Catalysts formed by igniting asbestos threads that have been impreg-
nated with nitrates of iron, nickel, cobalt, chromium, copper, manganese,
cerium, or silver will also ignite ether-air mixtures with formation of
acetaldehyde.188

When a stream of air is passed over liquid ether and then over a red
hot platinum spiral, hydrogen peroxide may be continuously obtained by
scrubbing the vapors with water. Ether apparently forms a peroxide
under the conditions, which is decomposed by the scrubbing water. If
the products are condensed and the liquid product slowly evaporated over
sulfuric acid, a crystalline material remains which is slowly volatile and
is capable of detonation. It is also capable of liberating iodine from
potassium iodide.184 On the other hand, if red hot pumice is substituted
for the platinum catalyst, the scrubbing water shows no peroxide forma-
tion, and aldehyde and acetone are the chief products.1"5

lsa Matignon and Trannoy, Compt. rend. 142, 1210-11 (1906).1M Legler, Liebig's Ann. 217, 381-6 (1883); Bcr. 14, 602-4 (1881).l:n Dunstan and Dymond, J. Chem. Soc. (London) 57, 585-6 (1890).



C h a p t e r I V

R e a c t i o n s I n v o l v e d i n t h e S y n t h e s i s o f H y d r o c a r b o n s

a n d A l c o h o l s f r o m W a t e r G a s

Before the oxidation reactions of ethanol and the higher aliphatic
alcohols were reviewed in Chapter III, the thermal decompositions of these
substances in the presence of various catalysts were detailed in Chapter II
with the view of pointing out some of the difficulties in the way of direct
oxidation processes. Although involving simpler substances, the oxidation
of methanol to formaldehyde, and the oxidation of methane to various
oxygenated organic compounds as well as to hydrogen are complicated by
numerous side reactions and decompositions. In the case of these two
substances, methane and methanol, it is more desirable to study the thermal
stability of the substances and the intermediate compounds from the view-
point of synthesis rather than decomposition as was the case with the
higher alcohols. The reactions involved, and the catalysts used will be
given primary consideration and the present day commercial practices in-
volved in methanol and higher alcohol synthesis will be left to a more
appropriate discussion in some book on high pressure processes.

In connection with the oxidation of methanol and also of methane it
has been noted that in addition to the desired intermediate products of
oxidation, mixtures of carbon monoxide, carbon dioxide, hydrogen and
water are always formed, sometimes practically to the exclusion of inter-
mediate compounds. These substances represent the products of destruc-
tive processes (i.e., manufacturing losses) and it is therefore desirable in
all cases that their formation should be eliminated or suppressed as far as
possible. To do this a very detailed knowledge of the physical and chemi-
cal properties of these substances, their modes of formation, stability,
equilibrium relationships, etc., is necessary. Since these four compounds,
together with small quantities of other substances, are present in the
so-called catalytic water-gas process, the investigation of their inter-
relationships has, almost from the beginning, been associated with a study
of what has come to be known as "the water-gas equilibrium," which
applies primarily to the gaseous system; carbon monoxide, carbon dioxide,
hydrogen and water.1 However, an extended study of this system has led
to a recognition of the fact that at different temperatures and pressures
various other gaseous systems may arise as the result of interaction be-

1 Sabatier and Reid, "Cat.ilysis in Organic Chemistry," New York, D. van Nostrand Co.,Inc., 1922, p. 398.
IOO
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tween the components represented above, their decompositions, and finall)
the progressive changes which may then occur in the products thus
formed.2 Among reactions of this type the following have perhaps beer
most carefully studied:

(a) C + 2H3 = CH.
(b) 2CO = C + CO,
(c) CO + H,0 = HCOOH = CO* + Hi
(d) CO + 3H3 = CH« + H,0
(e) 2CO + 2H2 = CH, + CO2
(f) CO, + 4H, = CH4 + 2H2O
(g) 6CO + 4H3 = GHs + 3CO3
(h) 3CO + 7H3 = C3H8 + 3HSO
(i) 4CO + 2H, = CJHU + 2CO.
(j) 2CO + 4H3 = GH< + 2H.O
(k) CO + Ha = HCHO
(1) CO + 2H3 = HCHO + H, = CHaOH

(m) 2CO + 4Ha = C2H.,OH + H2O
(n) 2CO + 2H3 = CH.COOH.

SYNTHESIS OF METHANE AND OTHER ALIPHATIC HYDROCARBONS

Mixtures of carbon monoxide, carbon dioxide, hydrogen and water
as formed by the reaction of steam on hot carbon are frequently found to
contain methane. Methane formation may result from a variety of
different reactions and its quantity depends upon the condition of the
experiment; i.e., temperature, pressure, the relative proportions of the
gases, and the catalysts present. The phenomena involved in the forma-
tion of methane have been the subject of investigations which have ex-
tended over a long period of time and which have been undertaken largely
with two objects in mind: first, the enrichment of water-gas for illuminat-
ing purposes, and second, the utilization of coal as a source of liquid fuels.3

It seems desirable at this point to review briefly the early history of these
developments.4

The fact that a combustible gas was produced by passing steam over
coke at red heat was first observed by Fontana in 1780. but the first analysis
of this gas was made by Clement and Desormes n in 1802 and the first
expression of its mode of formation, i.e.,

C + H,0 = CO + H3

was offered by Gingembre in 1816. In 1838 the decomposition of water
by carbon was denied by Longchamp," but objections to his statements

2 Smith, Ind. Eng. Chcm. 19, 801 f 1927). (Equilibrium Conditions.)
"Malisoff and Egloff, J. Phys. Chcm. 22, 568-70 (1922).4 Compare (a) Vignon, Ann. Mm. phys. (9) 15, 42-45 (1921) and (b) Fischer, Tropsch and

Delthey, Brennstoff Chcm. 6, 265-7 (1925).6 Clement and Desormes, "Chaleur specifiques des Gaz," 1802. Paris-Dijon £L> = 56.22%,
CO = 28.96%, CO2 = 14.68%; CH = 0.49%.

" Longcbamp, Compt. rend. 6, 178 (1838).
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were brought forward in the same year by Gay-Lussac and Selligue.7

Following this, investigations were undertaken by Bunsen,8 and by
Langlois,9 as a result of which marked variations were reported in the
relative percentages of carbon monoxide, carbon dioxide, hydrogen and
methane, which were found to be present in the gas mixture under different
conditions. The direct synthesis of methane from carbon monoxide and
hydrogen was observed some years later by Brodie,10 who found that the
action of electricity on carbon monoxide and hydrogen in an induction
tube resulted after five hours in the appearance of 6 per cent methane in
the gas mixture. Further study of the water gas system by Gautier u at
temperatures between 1200° and 1250° C. led him to the conclusion that
the system is in equilibrium when the volume relationships are as follows:
CO : H >O : 2H2 : 2COo = 2 : 2 : 4 : 4 . An investigationia of the action of
hydrogen and carbon monoxide at temperatures between 300° and 1250° C.
showed that these substances react to give carbon dioxide and water in small
quantities, no carbon and traces of methane. The latter substance was
observed to form in relatively smaller quantities when dry carbon monoxide
and hydrogen were heated than when water-gas was used.10 This work,
which was purely thermochemical in character, afforded a foundation for
extended research by Vignon.4a'18

Vignon found that technical water gas contains a larger quantity of
methane than was to be expected on the basis of Gautier's results and in
seeking to account for this he arrived at the hypothesis that this higher
percentage of methane was due to the catalytic action of minerals present
in coke. Since ash was formed in amounts equal to 10.60 per cent of the
coke and since calcium carbonate represented 7 33 per cent of this, Vignon
assumed that the presence of lime in coke was primarily responsible for
the catalysis. To verify this assumption he undertook a series of parallel
experiments in which water-gas was prepared by passing steam over
(a) carbon obtained from sugar; (b) carbon obtained from coal. Both
forms of carbon were studied as to relative percentage of ash, etc. In the
first case the resulting gas was found to contain less than one per cent
methane and in the second case quantities varying from one to three per
cent methane were obtained. Following this a series of experiments was
carried on in which steam was passed over calcium oxide and carbon
mixtures at temperatures around 1000° C. The results of these experi-
ments showed that by increasing the ratio of CaO: C from 1: 10 up to
1:2, yields of methane varying from 8 per cent to 20 per cent could be
obtained. The mechanism of the process was interpreted by supposing
that the primary product of the reaction was calcium formate and that

' (my Lussac and Selligue, tb\d 6, 180 and 207 (1838).
"Bunsen, Inn ilinn phys (3) 38, 356 (1853)
"Lanfrlois, tbid (4) 2, 322 (1857)10 Drodie, Proc Roy Soc 21, 24S (1873), Ann. 169, 270 (1873).
"Gautier, Cotnpi rend 142, 1382 (1906).
"Gautier, tbtd ISO, 1564 (1910)18 For the effect of the ash content of coke on the water-gas equilibrium, compare (a) Gwosdz,

Z. anorg. Chem. 31. 137 (1918); (b) Taylor and Neville, J. Am Chem. Soc. 43, 2055 (1921).
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this subsequently decomposed in the presence of calcium oxide to give
methane. While this explanation is somewhat involved and subject to
question, the research itself opened up valuable lines of investigation as
to the catalytic effect of alkaline substances in promoting various organic
reactions in the vapor phase. A discussion of the later developments in
this field will, however, be deferred for the moment since it seems desirable
at this point to call attention to the effect produced by a quite different
group of catalysts—namely, the metals, upon the system CO -\- H» or its
equilibrium mixtures as represented in water-gas.

The catalytic action of nickel, cobalt, platinum, palladium, copper and
iron in finely divided condition upon mixtures of carbon monoxide and
hydrogen was investigated as early as 1902 by Sabatier and Senderens.141]

Their experiments were conducted at different temperatures and under a
variety of conditions and their results show that in the case of the
hydrogenation of carbon monoxide, in the presence of finely divided nickel,
the reaction:

CO + 3Ha = CH4 + H3O

begins at 180° to 200° C. and proceeds rapidly and without complications
at 230° to 250° C. Moreover, if care is taken that the temperature of
250° C. is not exceeded, the nickel is not impaired and retains its activity
over long periods of time.15 Tf the volumetric relations of CO :]-!., are
maintained at 1:3, the reaction is practically complete and almost pure
methane is obtained in yields which correspond closely to theoretical values
as calculated on the basis of the equation:

CO + 3H, = CH« + H,0 + 57100 cal.

A comparative study of other catalysts showed that the action of cobalt
was similar to that of nickel but required a higher temperature while
negative results were obtained with platinum, palladium, copper, and iron.
The discovery of the catalytic activity of finely divided nickel in promoting
the synthesis of methane found immediate application in the various
methods which were devised or suggested for the preparation of water-
gas having a high methane content.10

It is interesting to note that although Sabatier and Senderens were
unable to effect the reduction of carbon monoxide in the presence of iron
and copper, Vignon, working in the wide temperature range of 250° to
1250° C. and using iron and copper in the form of filings, was able to
demonstrate that both metals represent practical catalysts for use in this
reduction. Vignon also found that the oxides of magnesium, silicon, and
aluminum were applicable as catalysts in the reaction,17 as shown in Table I.

14 Sabatier and Senderens, Compt. rend. 134, 514 and 689 (1902); Ann. chitn. phys. (8) 4,
424 (1905).10 For the hydrogenation of carlmn monoxide in the presence of nickel and its oxides see
Ipatiew. /. prakt. Chern. (2) 87, 479 (1913).

"Sabatier, Fr. Pat. 355,900 and 355,471 (1905).
"Compt. rend. 157, 131-34 (1913); Ann. chim. phys. (9) 15, 58 (1921).
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TABLE I.—Formation of Methane and Hydrogen from Carbon Monoxide and Steam.
Inlet gas: practically pure carbon monoxide plus steam.

Exit Gas Composition
Temp. H, CH4

Catalyst c C. Per Cent Per Cent
Ni (filings) 400 1.5 12.5
Cu (filings) 700 2.2 6.3
SiOa 750 10.9 8.4
MgO 900 4.7 6.7
Fe (filings) 950 20.3 11.2
A1.O, 950 5.9 3.8

In examining the iron catalysts which had been used in hydrogenations
of carbon monoxide, Vignon observed that when treated with acids they
generated methane. This led him to the assumption that during the catal-
ysis iron carbide was formed as the primary product of the reaction and
that this was subsequently reduced to give methane.*

In summarizing the advances which had been made in a knowledge of
equilibrium relationships in the system containing carbon monoxide, carbon
dioxide, hydrogen and water up to 1915, or the beginning of what may
be called the modern period, it may be said in general that two funda-
mentally important lines of investigation had been opened up, i.e., (a) the
study of the catalytic action of metals in various states of aggregation as
initiated by Sabatier and his co-workers, and (b) the study of the catalytic
action of alkali as initiated by Vignon. Beginning with about 1913 great
impetus was given to research in both fields.

The Action of Hydrogen on Carbon

The synthesis and decomposition of methane as expressed by the
relation:

C + 2H, " ^ CH<

has been of interest to chemists from very early times. Thus Berthelot18

in 1868 observed that the direct union of carbon and hydrogen takes place
at the temperature of the electric arc. The quantitative investigation of
the problems presented by methane chemistry was, however, not attempted
until 1897 when Bone and Jerden ln affected a direct synthesis by passing
hydrogen over pure sugar carbon heated at about 1200° C. in a porcelain
tube. The fact of the direct union of carbon and hydrogen at this tem-
perature was denied by Berthelot,20 who attempted to repeat the experiment
in quartz tubes at 1300° C. and was unable to detect any methane.
Berthelot also ventured the opinion that the formation of methane as
described by the English chemists was due to impurities present in the

* It is to be noted in tins connection that the carbides of different metals are known to give
different hydrocarbons, i.e. CH*. C3Hfl, CaHt, etc. For a bibliography to the literature on this
subject consult: Abh. Kohic 2, 303 (1917).18 Berthelot, Ann. chim. phys. (4) 13, 143 (1868).10 Bone and Jerden, /. Chcm. Soc. 71, 41 (1897); 79, 1042 (1901).

*> Berthelot, Ann. chim. phys. (8) 6, 183 (1905); Compt. rend. 140, 90S (19QS).



SYNTHESIS OF HYDROCARBONS AND ALCOHOLS 105

carbon. This criticism of Berthelot's was sustained by Mayer and Alt-
mayer,21 who based their objections upon equilibrium data calculated on
the basis of their investigations of the system in the presence of a nickel
catalyst at temperatures ranging between 470° to 620° C. The work of
Pring and Hutton,22 who studied the same system at 1000° to 2800° C. in
the absence of a catalyst, failed to allay these criticisms since although
small quantities of methane were obtained at very high temperatures, the
authors state that the per cent varied inversely with the purity of the
carbon.

The fact of the actual synthesis of methane at temperatures of about
1200° C. and therefore of its relatively great stability at very high tem-
peratures, was ultimately established beyond a doubt by Bone and
Coward,28 who repeated the earlier work with highly purified carbon
and hydrogen and obtained an average yield of 73 per cent methane from
about 0.1 gram carbon as the result of two parallel experiments.

In the same year Bone and Coward24 further demonstrated the in-
herent stability of methane at temperatures up to 1200° C. as the result of
investigations in regard to the decomposition of this substance at different
temperatures ranging between 500° and 1200° C. They state that vir-
tually no decomposition takes place below 700° C. These conclusions were
confirmed by the investigations of Pring and Fairlie 25 which were under-
taken first at high temperatures and ordinary pressure and later at high
temperatures and pressures in the absence of a catalyst. A study of the
system at ordinary pressures showed that methane formation occurred at
all temperatures between 1200° and 1500° C. At these temperatures and
at pressures up to 200 atmospheres, the same thing was observed, the
effect of increased pressure being merely to increase the velocity of the
reaction toward the formation of methane. They state, moreover, that
no saturated hydrocarbons other than methane were formed at tempera-
tures of 1100° and 2100° C. and at pressures up to 200 atmospheres.
This is to be expected, of course, since no other saturated hydrocarbons
are stable at these temperatures under the conditions.

The effect of catalysts upon the system has been the subject of extended
investigation. Coquillon 2fl observed that when methane was passed over
palladium wire heated to redness, it decomposed to give a deposit of
carbon. The direct synthesis of the substance in the presence of nickel
at 200° C. was effected by Sabatier and Senderens 27 in 1907. They also
observed that when the temperature was raised to 400° C, methane was
no longer formed. In the same year Mayer and Altmayer21 studied
the synthesis of methane in the presence of nickel, cobalt and iron and
found that at temperatures above 250° C. the substance decomposes

M Mayer and Altmayer, Ber. 40, 2134 (1907).23 Pring and Hutton, J. Chem. Soc. 89, 1591 (1906).23 Bone and Coward, /. Chem. Soc. 93, 1975 (1908); compare also 97, 1219 (1910).MBone and Coward, /. Chem. Soc. 93, 1197 (1908).1D Pring and Fairlie, J. Chem. Soc. 99, 1796 (1911); 101, 91 (1912).28 Coquillion, Compt. rend. 84. 1503-1504 (1877).
"Sabatier and Senderens, Bull. soc. chitn. (4), 1, 107 (1907).



106 CATALYTIC OXIDATION OF ORGANIC COMPOUNDS

rapidly. For example, in contact with nickel 51.2 per cent methane was in
equilibrium with its decomposition products at 536° C.; 24.7 per cent at
625°; 1.6 per cent at 850° C. In 1910 Pring 28 found that the presence
of finely divided platinum accelerated the direct combination of carbon
and hydrogen at 1200° C. Using a carbon rod coated with platinum, he
obtained a value of 0.55 per cent methane. Catalysis in the presence of
nickel and other metals has been investigated by Mayer, Henseling, Alt-
mayer and Jacoby,80 at ordinary pressures and over quite a wide range
of temperatures; by Ipatiewao at high pressures and a temperature of
about 500° C ; and by Coward and Wilson31 at 650°, 850°, 1000° and
1100° C. The results obtained in the latter experiments are not in accord
with those described by Mayer and Altmayer 21 and the suggestion was
made that the German chemists may have mistaken carbon monoxide for
methane in their product since it was considered improbable that appreci-
able quantities of methane could have been formed below 650° C. in the
presence of a nickel catalyst.

Bone and Coward 2t found that the rate of decomposition of methane
in the presence of porcelain was very low at temperatures below 700° C.
Large surface exposure promoted the reaction, which apparently was
reversible. Using as a basis the amount of dissociation in an empty tube
Slater33 found that silica, magnesia, alumina and baryta did not accelerate
the reaction, and that copper, carborundum, graphite, charcoal, and iron
did. The temperatures were between 900° and 1000° C, rather high for
good comparison of catalytic surfaces.

The decomposition of methane in the presence of calcium oxide, copper-
copper oxide, nickel-nickel oxide, and iron-iron oxide on asbestos, silica
gel, and bone-black at temperatures of 600°, 700°, 760° and 780° C. has
been studied by Cantelo.88 Patents utilizing this decomposition for the
production of pure hydrogen have been issued to Diffenback and Molden-
laauer,84a Badische Anilin u. Soda Fabrik,s4b to Herman 8n and others.
Equilibrium constants for the system have been calculated by Pring, by
Mayer and Altmayer, and by Cantelo, and by several subsequent workers.
Thermodynamic relationships have been investigated by Keyes, Taylor and
Smith.30 A fairly extensive bibliography has also been compiled by
Malisoff" and Egloff87 of references in the literature which describe the
physical properties, physical-chemical constants and a wide range of other
data applying to methane and to substances such as carbides, halides,
cyanides, etc., which may be prepared from it.

MPrinn. J Chrm. Soc 97, 498 (1910).
"'Mayei, Henseling, Altmayer and Jacoby, /. Gasbclcncht 52, 166, 194, 238, 242, 305, 324, 326

(1909)
T̂iwtiew, J. prnkt. Chem. (2) 87. 479-87 (1915): J. Rust. Phys. Chcm Soc. 45, 433 (1913).

"Coward and Wilson, J. Chem. Soc. 115, 1380 87 (1919).33 Slater. J. Chcm Soc. 109, 161 (1916).
""Cantelo. fa) /. Phys. Chcm. 28, 1036 48 (1924); (b) ibid. 30, 1641-5 (1926).
"a. DiefFenbock nnd Moldenhauer, Ger Pat. 223,406 (1909); b Badische Anilin u Snrtn Fabrik.

Her Pat 296 866 (1912).30 Herman Ger. Pat 303 881 (1919).M Keyes, Taylor and Smith. J. Math. Phys Mast. Inst. Tech 1, 211-42 (1922).
« Malisoff and Effloff, /. Phys. Chcm. 22, 529-74 (1918).
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Randall and his coworkers 88 have very carefully determined the equi-
librium experimentally and compared their results with those of earlier
workers. The direct measurements gave results which agree with those
obtained by indirect measurements. From the direct measurements the
free energy change as a function of temperature for the reaction:

c (graph.) + 2HJ(g)=CH*(g)

is represented as follows:

AF = — 14,343 + 11.1T In T — 0.000817* + 0.0000006Ta — 51.59r.

The results of all the investigations on the thermal stability of methane
show it to be rather refractory. Temperatures as high as 700° C. are
necessary before decomposition becomes active and long times of contact
are required even then before marked dissociation to hydrogen and carbon
occurs. The dissociation is largely reversible at all temperatures and has
been found to be chiefly a surface-catalyzed reaction. Catalysts of nickel
and iron have been found to be particularly active.
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equilibrium in the system:
C + 2Ha <=* CH*. (Can-
telo.m)

FIG. 6.—Log K as a function of
temperature for the system:
COa(g) + 4HB(g) ^
CH« (g) + 2H,0 (g) (from
equation of Randall and Ger-
ard38').

Under suitable conditions methane forms higher liquid and solid
hydrocarbons when heated.89 These conditions have been found to be
short times of contact on the order of less than one second and at tem-
peratures of 1000° to 1200° C. The products may consist of acetylene,
ethylene, ethane, higher olefins, benzene and higher aromatic hydrocarbons,
carbon, and hydrogen.40 However, as the temperature range in which
these effects have been noted is much higher than is used in oxidation work
an investigation of the process is not warranted here.

M a. Randall and Gerard, Ind. Eng. Chcm. 20, 133S (1928); b. Randall and Mohammad ibid
21, 1048-52 (1929).30 Fischer, Brennstoff Chcm. 9, 309 (1928).40 a. Wheeler and Wood, Fuel 7, 535 (1928); b. Stanley and Nash. J. Soc. Chem. Ind. 48,
1-8T (1929); c. Egloff, Schaad, and Lowry, /. Phys. Chcm. 34, 1617-1740 (1930).
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Decarbonization of Carbon Monoxide

The decarbonization of carbon monoxide as represented by the equa-
tion:

2CO = CO, + C

was first obtained by Deville " in 1864. Five years later a comparative
study of the catalyzing effect of nickel, cobalt, and iron upon the velocity
of the reaction was undertaken by Bell.42 The results which were ob-
tained in the case of metallic iron showed that at temperatures of 250°,
400°, 500°, 600°, and 800° C, carbon was deposited in amounts corre-
sponding to 47, 181, 95, 6, and 0.3 grams respectively, thus indicating
that the higher temperatures were unfavorable for the decomposition of
carbon monoxide to carbon. In comparing the relative activities of the
metallic oxides with the corresponding activities of the metals, Bell came
to the conclusion that at the various temperatures which were investigated,
the oxides were as effective as the metals themselves. In 1901 Boudouard 43

studied the state of equilibrium of the system when in contact with nickel
and iron at different temperatures and pressures. From the data which
was obtained in this way equilibrium constants were calculated. Boudouard
is authority for the statement that in the presence of finely divided iron,
heated at 445° C, carbon monoxide is completely transformed into carbon
dioxide in the course of a few hours. A few years later the results de-
scribed by Bell and Boudouard were challenged by Schlenck and Zimmer-
mann 44 and by Smith and Wolff,45 respectively.

According to Sabatier and Senderens 4S the decomposition of carbon
monoxide in the presence of nickel begins at 230° C. and increases rapidly
up to 349° C, at which point decomposition is complete. Recent investi-
gations of the effect of temperature on the dissociation equilibrium of this
system in contact with nickel and other catalysts, have been undertaken by
Rhead and Wheeler47 and also by the United States Bureau of Mines48

with the object of eliminating or minimizing the amounts of carbon dioxide
formed during the process of producer gas manufacture. The effect of
different catalysts on the rate of decomposition has also been studied by
Taylor and Neville,40 who include in their report a bibliography of some
of the work which has been done as well as some of the patents which
have been issued to cover various phases of the process.

Palladium on silica gel or charcoal has been found to promote the
decarbonization of carbon monoxide,50 whereas a nickel catalyst consisting

« Deville, Compt. rend. 59, 873 (1864); 60, 317 (1865).wBell, J. Chem. Soc. 22, 203 (1869).43 Boudouard, Ann. chim. phys. (7), 24, 5 (1901); Compt. rend. 130, 132 (1900).u Schlenck and Zimmermann, Bcr. 36, 1 (1903).
"Smith and Wolff, Z. physik. Chem. 45, 199 (1903).48 Sabatier and Senderens, Bull. soc. chem. (3) 29, 294 (1903).
« Rhead and Wheeler, 7. Chem. Soc. 97, 2178 (1910); 99, 1140 (191 U; 101, 831

(1912).
•"a. Bur. Mines Bull. No. 17 (1911); also compare b. Mayer and Henseling, J. Gasbclcucht,

52, 167 and 194 (1909).
« Taylor and Neville, 7. Am. Chem. Soc. 43, 20SS-71 (1921).
"Fester and Brude, Brcnnstoft Chem. 5, 49 (1924).
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of 73 per cent charcoal and 27 per cent nickel and made by carbonizing
sugar and nickel acetate when used in the synthesis of hydrocarbons does
not promote the reaction.61

The mechanism of the reaction which takes place in the presence of
nickel as well as certain other of the metal catalysts, has been explained
by assuming that metallic carbonyls are formed by the action of carbon
monoxide on the metal and that these compounds represent intermediate
products in the catalyses. Evidence in support of this theory has been
brought forward by Mond, Langer and Quinke,02 who studied the decom-
position of carbon monoxide in contact with nickel at temperatures be-
tween 350° and 450° C. In examining the carbonized nickel catalyst at
the end of the experiment these investigators discovered that when heated,
it gave off a volatile inflammable nickel compound which could be con-
densed to a liquid and which was later identified as nickel carbonyl.
Metals, such as nickel, cobalt, and iron, which form distinct metallic car-
bonyls are particularly active catalysts for the decomposition, a fact which
adds weight to this theory.

Although the work of Boudouard gave the order of magnitude of the
equilibrium for the reaction, it lacked certain refinements necessary for
obtaining very accurate data. The work of Clement at the United States
Bureau of Mines was concerned mainly with rates of reaction and is not
sufficiently accurate for equilibria calculations. The very careful meas-
urements of Rhead and Wheeler47 have been used as the basis for the
calculation of the free energy change 5S accompanying the reverse reaction:

C (graph) +COa = 2CO.

By use of this equation values for the equilibrium constant may be calcu-
lated as shown in Table II.

TABLE II.—Equilibrium as a Function of Temperature
for the Reaction: C + COa c

 > 2CO.
2CO

° c .
127
327
527
727
927

—1 emperature-

° K
400
600
800

1000
1200

c + c o a - 7 ^
L o g K
—13.62
- 5.90
— 2.04
+ 0.252
+ 1.769

T h e s e va lues indicate tha t t he re is a cons iderab le t endency fo r c a r b o n
m o n o x i d e t o decarbonize to carbon d iox ide a t t e m p e r a t u r e s in t h e r a n g e
used in t h e o r d i n a r y vapor phase syn thes i s w o r k , i.e., 300° t o 650° C.
A t h i g h e r t e m p e r a t u r e s the t endency r eve r se s a n d c a r b o n d i o x i d e r eac t s

a Chakravarty and Ghosh, J. Indian Chem. Soc. 2, ISO, 157 (1925).
"Mond, Langer and Quinke, Chem. News 62, 97 (1890); also compare J. Chem. Soc. 97, 793

(1910); 121, 29 (1922).65 Lewis and Randall, "Thermodynamics and the Free Energies of Chemical Substances," New
York, McGraw-Hill Book Co., 1923, p. 574.
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with carbon to form carbon monoxide. However, this latter reaction is
usually encountered only in furnace or gas producer operation, and the
deposition of carbon from carbon monoxide is the only manifestation of
the reaction encountered in the range of temperatures met with in ordinary
oxidation work.

The Catalytic Oxidation of Carbon Monoxide by Steam

In the utilization of water-gas, which ordinarily comprises about 50
per cent hydrogen and 40 per cent carbon monoxide together with small
amounts of carbon dioxide, nitrogen, etc., as a source of hydrogen in the
synthesis of ammonia it is customary to oxidize the carbon monoxide to

CO + H»O = CO, + H,

carbon dioxide by steam. Because of the importance of this reaction in
the production of cheap hydrogen from coal and steam, it has received
a considerable amount of attention. It has been found that the reaction is
largely surface catalyzed and does not require a very specific catalyst.
Hence, the equilibrium between the four substances involved may exist in
any catalytic system in which they are present or are formed. Thus, in
the synthesis of methane from hydrogen and carbon monoxide the reaction
may lead to the formation of either water or carbon dioxide, or both.
These products may be governed in the extent of their relative formation
by the equilibrium existing through the water-gas catalytic reaction. The

2Ha + 2CO = CH« + CO,

same is true of the case in which methane is acted on with steam or oxy-
gen, where carbon dioxide and water are formed together with carbon
monoxide and hydrogen.

The equilibrium for this reaction has been experimentally determined
by Halm c4 and by Haber and Richardt.150 From the free energy changes
of the reverse reaction 5a the equilibrium constant as a function of tem-
perature may be expressed as:

4.57 log K =^^- ~ 4.10 log T + 0.004457" — 0.000000687" — 0.54
where,

PcO * Pn-iO

and T is in degrees Centigrade absolute. At low temperatures equilibrium
is in favor of complete transformation to hydrogen and carbon monoxide,
while at high temperatures the reaction reverses. At 450° C. only a small
amount of carbon monoxide remains at equilibrium.

MHahn, Z. physih. Chem. 44, 513 (1903); 48, 735 (1904).00 a. Haber and Richardt, 2.. aiwry. Chem. 38, 5 (1904); also b. Partington and Schilling,
/. Soc. Chem. hid. 44, 149T, 242T (1925).



SYNTHESIS OF HYDROCARBONS AND ALCOHOLS 111

The fact that the equilibrium relationships may be represented by the
expression:

C0 + H.0 ~ ^ ~ HCOOH 7 ^ CO3 + H3

has led to a number of investigations.DU- -"- l< 07 The accelerating action of
platinum black on the decomposition of formic acid was observed by
Mulder68 in 1883 but it was not until almost thirty years later that
Sabatier and Mailhe 50 directed general attention to the fact that decompo-
sition of the simple acid:

(a) HCOOH = CO, + Ha and
(b) HCOOH = CO+ HaO

could be directed more or less definitely by the specific action of certain
catalysts. For example, the velocity of the first reaction (a) was notice-
ably increased if the formic acid was heated in the presence of such metals
as palladium, platinum, copper, cobalt, and nickel or in the presence of
metallic oxides such as zinc and tin, while the second reaction (b) was
favored by the presence of the oxides of titanium, tungsten, zirconium,
aluminum, uranium, and silicon. In cases where the oxides of iron,
manganese, chromium, molybdenum and cerium were used traces of
formaldehyde appeared along with carbon oxides. Aldehyde formation
was also observed when heating was conducted in the presence of lime,
carbon, or Jena glass. Six years later a somewhat closer study of the
activating effect of copper and nickel upon the dissociation, was undertaken
by Mailhe.00

In 1920 Armstrong and Hilditch B1 investigated the action of solid
surfaces on the reaction:

CO + H,0 = CO, + H,

and found that in the presence of copper the reaction began at 220° C. and
proceeded actively between that temperature and 300° C. In the presence
of ferric oxide the initial temperature of the reaction was higher (250° C.)
and reaction active below 400° C. At temperatures of about 600° C,
however, the oxidation was found to be much more complete than in the
presence of copper. A detailed and exhaustive study of the influence of
different catalysts acting within definite temperature ranges has been
undertaken by Hinshelwood, Hartley, Topley and others."-1 Adkins and
Nissenos studied the effects of alumina catalysts prepared in different
ways on the decomposition of formic acid, and concluded that the dis-
tances separating the molecules of alumina, as determined by the method

""Wieland, Ber. 45, 679-685 (1912); ibid. 45, 2606-15 (1912)01 U.S. Pats. 1,740,140-1 (.1929) Arsetn, assr. to Commercial Solvents Corp.08 Mulder, Rec. trav. chim. 2, 44 (1883).ou Sabatier and Mailhe, Compt. rend. 152, 1212-15 (1911).
«° Mailhe, Bull. soc. chim. (4) 21, 61-64 (1917).91 Armstrong and Hilditch. Proc. Roy. Soc. 97A, 265-73 (1920).w Hinshelwood, Hartley, Topley and others, Proc. Roy. Soc. 100A, 575-81 (1922); J. Chem. Soc.

121, 1668 (1922): 123, 1014 and 1333 (1923).hs Adkins and Nissen, /. Am. Chem. Soc. 45, 809-15 (1923).
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of preparation, were the important factors in defining the activity and
selectivity of the catalyst.

In the industrial utilization of this process for the conversion of carbon
monoxide to carbon dioxide with formation of an equivalent amount of
hydrogen, catalysts of iron promoted with oxides of cerium, aluminum,
etc., are employed.64

The Reduction of Carbon Monoxide by Hydrogen to Form Methane
The formation of methane from mixtures of hydrogen and carbon

monoxide with the simultaneous liberation of water or carbon dioxide
represents the reversal of the reactions which occur during the production
of hydrogen from methane by acting on it with water or carbon dioxide.*
Since the reactions occur in either direction they are reversible and an
equilibrium state may exist at any temperature. The free energy change
for these reactions

CO + 3Ha T ^ - CH< + H3O
2CO + 2H, 7 » - CH4 + CO,

is such that at low temperatures equilibrium is in favor of methane forma-
tion and at high temperatures is in favor of methane decomposition. Thus,
in the case of the reaction of steam on methane to form carbon monoxide
and hydrogen, a temperature of about 350° C. is necessary before appre-
ciable reaction can occur and a temperature of 1000° C. is necessary for
the practically complete destruction of methane. This means that some
methane could be formed at any temperature up to about 1000° C. if the
true equilibrium could be reached in the hydrogen-carbon monoxide mix-
ture, and that at temperatures below 350° C. equilibrium is very favorable
for methane formation.

In the early experiments that were made with water-gas mixtures in
attempts to synthesize valuable organic liquids, methane apparently was
the only product obtained until the effect of pressure was understood, after
which the progress toward inethanol synthesis was rapid. Aside from
the work that had to do quite largely with the production of methane for
the enrichment of water-gas or other low calorific value gaseous mixtures
in countries without cheap oil, considerable attention has been paid to a
study of the effects of various catalysts on the synthesis from the viewpoint
of perfecting the methanol and higher alcohol syntheses. Processes have,
at the same time, been proposed for the synthesis of liquid fuels from
water-gas mixtures in an attempt to produce motor fuels from cheap coal.

This work is of interest in the present case because it has shown the
effects of various catalytic materials at different temperatures on some of
the various reactions that may occur in processes involving oxidation and
decomposition of methane.

M a. Evans and Newton, hid. Eng. Cham. 18, 513 (1926); b. Taylor, "Industrial Hydrogen,"
New York Chemical Catalog, Inc., 1921, p. 68; c. Ullmann's "Enzyklopadie der Technischen
Chemie," Berlin, 1928, p. 378.

* Cf. Chapter IX.
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Many investigations of the synthesis of methane from carbon mon-
oxide-hydrogen mixtures represent in part a repetition of earlier work
and have been undertaken with a view to defining the particular conditions
of a given reaction with greater accuracy. The early researches of Sabatier
led to a more thorough and precise examination of catalytic effects."5

Thus, the catalytic effects of nickel, cobalt, and iron in different physical
states, and at different temperatures and pressures have been investigated
by Mayer, Henseling, Jacoby, and Altmayer 00 and also by Armstrong and
Hilditch.67 The latter workers showed in particular that among metals,
nickel represents the best catalyst, iron is slow, palladium and platinum
only slightly active and silver inactive. They also demonstrated that
alumina is an excellent promoter for hydrogenations with nickel and iron.
This latter fact is also supported by the observations of Medsforth,88 who
stated that 15 per cent alumina added to a nickel catalyst increased the
velocity of hydrogenation to fourteen times that obtainable with pure
nickel. Medsforth also recommended the use of ceria, thoria, and silica
as promoters for nickel. The promoters such as alumina, thoria, and silica
are all active dehydrating agents and this property has been attributed to
give the increased reaction rates that are obtainable. With nickel alone
as a catalyst, the hydrogenation of carbon monoxide to a possible hydroxy
compound is accelerated since this metal is an active hydrogenating cata-
lyst. The dehydration of this hydroxy compound is not affected by nickel.
The use of dehydrating catalysts as promoters for nickel, however, results
in the rapid dehydration and consequent rapid reaction rate of methane
formation. It is noteworthy that the same oxides which promote nickel
catalysts for the formation of methane from hydrogen and carbon mon-
oxide also promote the iron catalysts which are used in the synthesis of
ammonia from hydrogen and nitrogen. In this latter case the explanation
for the promotion action must necessarily be different, and it has been
postulated that the oxides are effective through a colloidal chemical action
in preventing the agglomeration of active iron atoms during the reduction
of the mixture of oxides. In this way the active atoms or "points" are
left in an unsaturated condition, so that they have a higher energy level
than the ordinary iron and can function toward accelerating reaction."11

That such a mechanism holds true for the case of the nickel catalysts also
is by no means untenable.

According to Chakravarty and Ghosh70 of the two possible hydrogena-
tions for carbon monoxide:

(a) 2CO + 2HS = COa + CH<
(b) CO + 3Ha = HaO + CH*.

M Sabatier, Compt. rend. 124, 1358 (1897); Ann. 3447, 34, 360, 418, 435, 477 (1905) Ann.
chitn. phys. (8), 4, 418 (1905).88 a. Mayer and Henseling, 7. Gasbeleucht. 52, 166, 194, 242 and 324 (1909); b. Mayer and
Jacoby, ibid. 305; compare Mayer and Altmayer, ibid. 238 and 326; Ber. 40, 2134 (1907).

•"Armstrong and Hilditch, Proc. Roy Soc. 103A, 25-34, 586-97 (1923).88 Medsforth, 7. Chem. Soc. 123, 1452 (1923).
""Emmett, J. Chem. Ed. 7, 2571 (1930).70 Chakravarty and Ghosh, 7. Indian Chem. Soc. 4, 431-6 (1927).
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the latter is favored by high space velocities, i.e., short times of contact,
and by the use of ceria as a promoter for nickel. The reduction of carbon
monoxide to methane and carbon dioxide, (a) , is promoted by vanadium
pentoxide at 400° to 500° C. but only very slightly by ceria. Both reac-
tions are exothermic and self-supporting at 500° C. Thoria when used as
a promoter for nickel is said to increase its activity seven fold.71 Neumann
and Jacob 72 have observed that porcelain and magnesia impregnated with
finely divided nickel are excellent hydrogenating catalysts for carbon mon-
oxide. Yields of 100 per cent methane were obtained at 288° C. and
300° C , respectively, by using 7.4 grams nickel to 37.9 grams porcelain
and 6.6 grams nickel to 45 grams magnesia.

Jochum,78 however, working with various mixtures of carbon mon-
oxide and hydrogen ranging from a composition of 1: 1 and 1: 5, respec-
tively, found that gas velocity over the nickel catalyst had practically no
effect on the composition of the exit gases. With a ratio of carbon
monoxide and hydrogen of 1:3 the best operation was obtained at 270°
to 280° C , and with a ratio of 1: 5 the preferred temperature was 300° to
350° C. Sulfur and aromatic compounds were found to destroy catalyst
activity.

Comparative studies7i which have been made with iron and cobalt
catalysts have shown that iron accelerates the reaction leading to the
formation of carbon dioxide,

2CO + 2HS = CH« + CO,

whereas cobalt catalysts have the greater effect toward the reaction giving
rise to water,

CO + 3Ha = CH4 + H9O.

For a given rate of methane formation the iron catalysts required a higher
temperature than cobalt. Although iron-copper catalysts led to the for-
mation of only lower hydrocarbons, a catalyst comprising iron-copper-
sodium carbonate in the ratio 1:1:0.02 resulted in a yield of 1.8 cc.
"kerosene" and 1.4 cc. of "gasoline" from 157 liters of gas. Cobalt-copper
catalysts promoted with magnesium oxide or- zirconium oxide gave some-
what higher yields of liquid hydrocarbons. Iron catalysts were not pro-
moted by the addition of magnesium oxide.

In connection with the action of iron in promoting methane synthesis,
it is to be noted that the observations which have been reported by different
investigators vary considerably. For example, Sabatier and Senderens 78

working with the metal in finely divided condition, stated that its efficiency
as a catalyst in this reaction is negligible. The results of more recent
investigations by Meyer and Henseling,00* Armstrong and Hilditch,67

» Gas World, 80, 647-50 (1924).
" Neumann and Jacob, Z. Electrochem. 30, 557-76 (1924).
"Jochum, /. Gasbekucht. 57, 73-80; 103-5; 124-31; 149-51 (1914).M Kodama, Sci. Papers Inst. Phys. Chan. Research (.Tokyo) 14, 169-83 (1930) (in German).n Sabatier and Senderens, Compt. rend. 134, 514, 689 (1902).



SYNTHESIS OF HYDROCARBONS AND ALCOHOLS 115

Fischer, Tropsch and Mehr,70 Fischer, Tropsch and Dilthey77 and by
Fischer and Tropsch,78 tend to show that while the activity of the metal
in various states of aggregation is slight at ordinary pressures and at
temperatures up to 450° C, yields as high as 33.5 per cent methane may,
nevertheless, be obtained by operating in the presence of iron filings at
420° C. and a pressure of 20 atmospheres.

A patent issued to the Badische Anilin u. Soda Fabrik 7a contains the
statement that concentrations of carbon monoxide to hydrogen in the
proportion of 1 to 3.2-4 by volume may be operated successfully at
240° C. in the presence of reduced nickel activated by 1 per cent alumina
and supported on pieces of clay. The reaction product containing 84 per
cent methane, 15 per cent hydrogen and 1 per cent carbon monoxide may
be treated with carbon dioxide and passed a second time over the nickel-
alumina catalyst at 270° C. or the excess hydrogen may be removed by
oxidation in the presence of free oxygen and a selective catalyst such as
cupric oxide or oxides of copper and manganese, for the purpose of fur-
nishing pure methane. An addition 80 to this patent describes the pre-
liminary conversion of carbon monoxide-hydrogen mixtures over an iron
oxide catalyst at about 550° C. Final reduction is obtained by passing
the gases over active nickel at 240° C. The product consisted principally
of carbon dioxide and methane.

The use of finely divided metallic molybdenum, tungsten and other
members of this group as catalysts in the reduction of both oxides of
carbon at temperatures of 800° to 850° C. has been patented by Schwartz-
kopf.81 This process involves the use of an electric furnace lined with
platinum, nickel, or platinum-nickel foil. The claim is made that 10 per
cent of the reaction gases is transformed into methane in a bingle pas-
sage through the catalyst furnace. The advantage which the above metals
are claimed to possess over others applicable to the reaction is their
ability to resist the action of various poisons and particularly sulfur com-
pounds.

The behavior of carbon monoxide-hydrogen mixtures in the presence
of metals of the platinum group has been made the subject of special study
by a number of investigators. Orloff8a was the first to observe that under
certain conditions in the presence of a nickel-palladium catalyst, a reaction
took place which resulted in the formation of ethylene. This is in con-
tradiction to the observations of Breteau,88 who stated that in the presence
of palladium sponge, carbon monoxide and hydrogen react in the cold
to form methane and that at 400° C. this transformation becomes fairly
rapid. Recently it has seemed desirable that the experiments of Orloff

io Fischer, Tropsch, and Mehr, Brennstoff Chem. 4, 197 (1923).
" Fischer, Tropsch and Dilthey, tbid. 6, 265-71 (1925).
"Fischer and Tropsch, ibid. 4, 193-197 (1923); also 5, 201-208 (1924).n Ger. Pat. 366,791 (1921) Badische Anilin u. Soda Fabrik; compare 303,718 (1914).80 Ger. Pat. 390,861 (1922) Badische Anilin u. Soda Fabrik.81 Ger. Pat. 362,462 (1921) Schwartzkopf, assr. to Deutsch Glubbaden Fabrik G.M.b.H.10 Orloff, Ber. 42, 893 (1909).
83 Breteau, "Etude sur les. meth. d'hydrogenation," 1911, p. 22.
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should be repeated. This has now been done and the special precautions
under which the experiments were conducted are described in detail by
Fester.84 The results show that under the conditions employed no satu-
rated hydrocarbons are formed. The yield in unsaturated compounds was
found to be 4.7 per cent as compared with OrlofFs 8.3 per cent. Similar
experiments conducted in the presence of palladium asbestos gave 1.5 per
cent unsaturated and no saturated hydrocarbons. This work was later
extended by Fester,86 who found that in the presence of nickel-palladium
and palladium-carbon catalysts carbon monoxide showed a tendency to
resist the reducing action of hydrogen and to undergo decarbonization:

This action began at 100° C. in the presence of palladium on active carbon,
and at 240° C. about 55 per cent of the carbon monoxide had been decom-
posed.80 The percentage of carbon dioxide which was formed was rela-
tively higher if the carbon monoxide was moist, showing that water plays
an important role in the decomposition of this substance.87 The absorption
of carbon monoxide and hydrogen by palladium on copper has been investi-
gated by Hurst and Rideal88 and a study of the absorption of platinum
surfaces by Langmuir.89

In their studies on the formation of methane by the reduction of
carbon monoxide by hydrogen, Sabatier and Senderens 70 found that at
250° C. over a nickel catalyst a mixture of 25 carbon monoxide-75 hydro-
gen by volume gave almost pure methane. At 380° C. the gaseous product
had the composition: CO2, 10 per cent; CH4, 67.9 per cent; H3, 21.6 per
cent. However, when a mixture of equal volumes of hydrogen and carbon
monoxide was used at 380° C , the volume of carbon dioxide produced was
greater than that of the methane as shown by the composition of the
product:

COs, 52.5 per cent; CBU, 39.8 per cent; H,, 7.1 per cent; CO, 0.6 per cent.

Of the two routes by which carbon monoxide may be reduced by
hydrogen:

(a) 2CO + 2H, = CH4 + COa

(b) CO + 3H, = CH4 + H30
the former has the greater thermodynamic tendency to take place. Thus,
according to the calculations of Smith00 the equilibrium constants for
the two reactions are as shown in Table III .

84 Fester, Brennstoff Chem. 3, 244 (1922).80 Fester, Brennstoff Chem. 5, 49-53 (1924).
"• a Compare Sabatier and Senderens, Bull. soc. chim. (3) 29, 294 (1903); b. Mayer, Henseling

and Altmayer, J. Gasbeleucht. 52, 166 (1909).87 Compare a. Wieland, Bcr. 45, 679 (1912); b. Bancroft, Trans. Am. Electrochem Soc. 32, 439
(1917); c. Taylor, J. Ind. Eng. Chem. 13, 75 (1921); I. Am. Chem. Soc. 43, 1273 (1921); d. Rideal,
J. Chem. Soc. 115, 993 (1919).88 Hurst and Rideal, J. Chem. Soc. 125, 694-705 (1924).80 Langmuir, /. Am. Chem. Soc. 40, 1361 (1918).

« Smith, Ind. Eng. Chem. 19, 801-3 (1927).
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TABLE III.—Methane by the Reduction of Carbon Monoxide
by Hydrogen.

Reaction (a) (b)
K at 25° C 1.9 X 10M 1.4 X 10s3

K at 300° C 5.6 X 108 1.5 X 10T

K at 400° C 1.7 X 10' 1.6 X 10*

It has been shown experimentally nl that with a 1: 1 mixture of carbon
monoxide and hydrogen passed over a supported nickel catalyst at 290°
to 340° C, 80 per cent of the carbon monoxide reacted to form methane
by equation (a) and only 20 per cent by equation (b). No carbon was
deposited in this temperature range and a time of contact of 10 seconds
gave the maximum conversion. Very little reaction occurred below 290° C.
Increasing space velocity favored reaction (b) in the presence of sugar
charcoal-pumice-vanadium pentoxide-nickel catalysts although even with a
space velocity of 1500 volumes of gas per volume of catalyst per hour
only 20 per cent of the methane was formed by reaction (b).70

Neumann and Jacob,72 on the other hand, found very small amounts of
carbon dioxide formed even at 450° C. This difference in results is largely
due to difference in composition of the gas mixture used for the synthesis.
When hydrogen is present in greater proportion than is called for by the
theoretical 1:3 ratio for reaction (b), as was the case with Neumann
and Jacob's work, reaction (b) tends to predominate and when the ratio
is nearer 1: 1, carbon monoxide to hydrogen, reaction (a) predominates.

Also, when water vapor is present in considerable amounts, the overall
reaction:

CO, -h 4H2 = CH« + 2H,0

is inhibited and the reaction:

2CO + 2H, = CtL + CO2

predominates.02 In cases where the water vapor was allowed to build up
in concentration or was present in considerable quantities from the start,
the carbon monoxide content of the exit gases dropped to very low values
of less than 3 per cent and the carbon dioxide concentration increased to
almost 40 per cent (wet basis). However, when a 1: 1 initial mixture was
recirculated over the catalyst with water removal between passes, the car-
bon monoxide remained high and the carbon dioxide low. The fact that
the water gas catalytic reaction:

CO -I- HuO = Ha + CO,

prevails in so many different systems and in the presence of such a variety
of catalysts, as have been found to affect it, leads to the assumption that
it does not require a very specific catalyst and may often unsuspectedly
alter the results. At temperatures up to 500° C. equilibrium of this reac-

01 Haslam and Forrest, Gas Age Record, 52, 615 (1923).MHigrhtower and White, Ind. Eng. Chcm. 20, 10-15 (1928).
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tion is in favor of carbon dioxide formation even when somewhat less
than the theoretical amount of steam is present.

This superposition of two limited reactions is shown in the results of
experiments by Pascal and Botolfsen.98 A mixture of carbon monoxide
and water vapor was passed over a nickel carbonate catalyst, prepared from
nickel nitrate by precipitation with magnesium carbonate and "forming"
by heating to 700° C. Reaction was observed to begin at 250° C. and to
yield methane quantitatively up to 275° C. Above this temperature the
second reaction leading to the formation of carbon dioxide and hydrogen
was the more prominent. At 750° C. the formation of methane no longer
occurred and the formation of hydrogen was predominant.

Reduction of Carbon Dioxide by Hydrogen to Form Methane

The reduction of carbon dioxide by hydrogen in the presence of metal
catalysts active toward hydrogenation has been the subject of investiga-
tions by Jahn 04 and Bach,95 both of whom were particularly interested in
the accelerating effect of palladium. Activation by finely divided nickel
was studied somewhat later by Sabatier and Senderens,75 who stated that
hydrogenation begins at 230° C. and is complete at 300° C. It is to be
noted that both of these temperatures are higher than the corresponding
temperatures for the hydrogenation of carbon monoxide. When the reac-
tion is carried on between 300° and 400° C. under conditions such that
hydrogen is always present in slight excess of the amounts required by
the equation, excellent yields of methane may be obtained.90

If hydrogen is present in slight excess, i.e., 80 per cent or more, hydrogen
in the mixture, then the carbon dioxide is almost completely reduced at
300° C. and methane of high purity is produced.

The results of Hightower and White's work D2 confirm those of the
earlier workers. With a nickel catalyst prepared by the decomposition
of nickel nitrate on porcelain in a current of hydrogen, these workers
obtained the following results from single slow passes of the gas mixture
over the catalyst at 350° C.:

TABLE IV.—Reduction of Carbon Dioxide at 350° C. Over Nickel.
Gas Initial Final Initial Final

Per Cent
H.0 3.0 47.5 8.4 44.3
CO, 18.8 4.4 21.5 11.1
CO 0 0.1 0 0.2
CH< 0 25.9 0 20.3
Ha 76.4 19.7 68.7 22.1
Na 1.4 2.1 1.6 1.8

0:1 Pascal and Botolfsen, Compt. rend. 1«U, 186-7 (1930).MJahn, Bar. 22, 989 (1889).MBach, Compt. rend. 116, 1389 (1893).M Fr. Patent, 356,471 (190S) Sabatier.
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The overall reaction apparently proceeded without complications:

The action of cobalt is considerably less vigorous than that of nickel.
Carbon dioxide is reduced by hydrogen to methane over cobalt catalysts to
a slight extent at 300° C. and rather rapidly at temperatures near 400° C.
Although equilibrium is in favor of hydrogen and carbon dioxide at low
temperatures in the catalytic water gas reaction:

CO, + H, = CO + H A

some reduction of carbon dioxide may occur at low temperatures. Bahr ff7

noticed reaction at 200° C. in the presence of copper. With catalysts of
copper chromate, iron-copper, iron-cobalt, and cobalt-copper-zinc and at
temperatures between 200° and 450° C. quantities of carbon monoxide
up to 16 per cent were obtained with mixtures of carbon dioxide and
hydrogen in the ratios 1: 1 and 1:3. At slow gas flows, i.e., long times
of contact, reduction to methane occurred, especially with catalysts con-
taining cobalt.

The catalytic effect of iron is shown by the results obtained from a
mixture of 15 per cent carbon dioxide, 23 per cent carbon monoxide, and
56 per cent hydrogen. When this mixture at a pressure of 120 to 150
atmospheres was brought into contact with a red hot spiral of iron wire
a gas mixture containing 9 per cent carbon dioxide, 40 per cent carbon
monoxide, 22 to 29 per cent hydrogen, and 15 to 19 per cent methane
was formed.08 Considerable carbon was deposited on the spiral. At a
spiral temperature of about 600° C. the hydrogen was practically all con-
sumed but considerable free carbon was still deposited. Activation of
the iron wire with alkali did not alter the action except to decrease the
yields of formaldehyde that had been obtained.

Although the reduction of carbon dioxide has usually been considered
in connection with all reactions involving the hydrogenation of carbon
monoxide, particular references may be made at this point to the work of
Ipatiew,15 Mayer and Hcnseling,'illn Neumann and Jacob,72 and Taylor
and Burns.870

Relatively little work has been done with carbon dioxide reduction for
the formation of methane, however, because of the waste of hydrogen in-
volved when the process is considered from an economic standpoint.
Promoter action of thoria on nickel has been studied by Taylor and
Russell," the interaction of hydrogen and carbon dioxide on the surfaces
of platinum and tungsten by Prichard and Hinshelwood,100 and the for-
mation of formaldehyde by the action of carbon dioxide, hydrogen and

0TBahr, Ges. Abhandl. Kcnntnis Kohle 8, 219-24 (1930). Chcm. Zentr. 1930, I, 18S-6.
"Fischer and Jaeger, Ges. Abhandl. Kenntnis. Kohle 7, 68-74 (1925).00 Taylor and Russell, /. Phys. Chem. 29. 132S-41 (1925).100 Prichard and Hinshelwood, J. Chem. Soc. 127, 806-811, 1546 (1925).
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steam at 240° to 250° C. in the presence of contact substances provided
with a metallic deposit of copper, nickel and the like, by Heinemann.101

Synthesis of Hydrocarbons Higher Than Methane

Carbon monoxide reduced by hydrogen at low temperatures (100° C.)
in the presence of active nickel or palladium catalysts mounted on asbestos,
tends to form unsaturated hydrocarbons.102 The catalysts soon lose ac-
tivity and relatively low yields are obtained.103

Somewhat later than Orloff's early experiments on the synthesis of
hydrocarbons from water-gas mixtures, the Badische Company in Ger-
many attempted the synthesis of organic compounds from water-gas loi

Mixtures containing excess carbon monoxide were passed over catalysts
composed of members of the iron group of the periodic system or their
oxides at pressures up to 120 atmospheres and temperatures of about
400° C. Oils composed largely of hydrocarbons and consisting of about
2/3 saturated and 1/3 unsaturated molecules were formed. Some oxygen-
containing compounds were also found in the products. Catalysts of
cobalt oxide promoted with osmium oxide were found to give rise to the
formation of mixtures of liquid hydrocarbons together with oxygenated
derivatives when hydrogen-carbon monoxide mixtures were treated at
300° to 400° C. and 100 atmospheres pressure.105

With catalysts of iron or cobalt, variously supported, and formed by
reduction of the oxides with hydrogen at 350° C, Fischer and Tropsch 10°
were able to obtain the higher homologs of methane from mixtures of
carbon monoxide and hydrogen at temperatures ranging from 250° to
300° C. The products contained proportions of ethane, propane, butane,
and higher members up to solid wax.107 Olefins were present to only a
very small extent. Since a wide range of mixtures and rates were used
in obtaining the higher hydrocarbons, it seems probable that the cata-
lysts used were responsible for the change in product from methane,
as had been obtained in the presence of nickel catalysts, to the higher
homologs.

With certain catalysts such as zinc oxide and finely divided iron it
was found that the temperature at which reaction was made to occur was
the controlling factor in determining the character of the product.108 Thus,
with the zinc oxide catalyst only methane was obtained at 480° C , a
mixture of 80 per cent methane and 20 per cent higher homologs at 380° C ,
and a mixture of 10 per cent methane and 90 per cent higher homologs
at 300° C. This is not true of nickel catalysts as the hydrogenating activ-

101 U.S. Pat. 1,460,244 (1922) Heinemann; compare Compt. rend. ISO, 1568 (1910) and 151,358 (1910).104 Orloff, J. Russ. Phys. Chcm. Soc. 40, 1588 (1908).10J See also Fester, Brcnnstoff Chcm. 3, 224 (1922).
"'Brit. Pat. 20 488 (1913) Badische Anilin u. Soda Fabrik.100 Ger. Pat. 293,787 (1916) Badische Anilin u. Soda Fabrik.108 Fischer and Tropsch, Brcnnstoff Chem. 7, 97-104 (1926); Ber. 59B, 830-1, 832-6 (1926).1W Fischer and Tropsch, Ber. 5B, 923 (1926).108 Brit. Pat. 255,818 (1925) Fischer and Tropsch.
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ity is so intense in this case that only methane is obtainable under normal
conditions.

With a catalyst of cobalt-manganese oxide-copper small yields of higher
hydrocarbons have been obtained together with oxygenated products.100

The synthesis of identifiable quantities of olefin hydrocarbons were re-
ported in 1927.110

Because of the possible importance of the process for the production
of a liquid motor fuel from coal and the possible bearing it might have
on the synthesis of oxygenated products from water-gas, a considerable
amount of research has been expended on the problem both in this country
and abroad.111 The reverse reactions, however, are of limited importance
since at the temperatures required, the aliphatic hydrocarbons higher than
methane undergo decomposition reactions in the presence of the active
catalysts.

Various mechanisms have been proposed for the formation of the
higher hydrocarbons. Elvins and Nash100a suggested, as the result of their
findings of oxygenated compounds in their product, that the formation
of oxygen-containing compounds represents the first step in the process
and that the higher members were built from these. Fischer and
Tropsch l l l b suggested the possibility that methylene (CH2) was formed
by the action of hydrogen on carbides at the catalyst surface and then
rapidly polymerized to higher hydrocarbons. The fact that passage of
hydrogen over metallic carbides does not result in the formation of higher
hydrocarbons does not necessarily disprove this theory since the carbides
at the catalyst surface are supposed to lead a highly active and transitory
life, and might be present at a catalyst surface with a higher energy con-
tent. The suggestion that higher hydrocarbons may form as a primary
action is improbable because of the large number of molecules necessarily
involved in such a case. Smith, Hawk, and Golden U 2 regard olefins as
the primary products which may be later hydrogenated, reacted with car-
bon monoxide, dehydrated, polymerized, or otherwise reacted upon to
form the higher hydrocarbons. The mechanism for the formation of the
primary olefin product is suggested to be through the association of hydro-
gen and carbon monoxide at the catalyst surface followed by a decompo-

1U0a. Elvins ana Nash. Fuel 5, 263 (1926); Nature 118, 154 (1926); b. Fischer and Tropsch,
Brcnnstoff Chcm. 7, 299 (1926).110 Smith, Davis and Reynolds, Am. Client. Soc. Meeting September 1927; Ind. Eng. Client. 20,
462 (1928).111 Sec also: a. Elvins, /. Soc. Chem. Ind. 46, 473T (1927). b. Fischer and Tropsch, Brcnn-
stoff Chem. 9, 21 (1928). c. Smith, Hawk and Reynolds, Ind. Eng. Chem. 20, 1341 (1928).
d. Tropsch and Koch, Brennstoff Chem. 10, 337 (1929). e. Audibert, Fuel Set. Pract. 5, 170-7
(1926). f. Nash, J. Soc. Chem. Ind 45, 876-8 (1926). g. Fischer, Internl. Conf. Bit. Coal. 1926,
234-46. h. Fischer, Tropsch, and Ter-Nedden, Ber. 60B, 1330-4 (1927). i. Fischer, Brennstoff
Chem. 8, 1-5 (1927). j . Fischer and Tropsch, Brcnnstoff Chem. 8, 165-7 (1927). k. Tropsch,
Brennstoff Chem. 8, 376 (1927). 1. Fischer, Natl. Petroleum News 18, No. 47, 49-51 (1926).
m. Brit. Pat. 271,452 (1926) I. G. Farbenind. n. Smith, Ind Eng. Chem. 20, 859-60 (1928).
o. Erdley and Nash, /. Soc. Chem. Ind. 47, 219-23T (1928). p. Berl and Jungling, Z. angew.
Chem. 43. 43S-40 (1930). q. Brit. Pat. 291,867 (1927) Nash, Bowen, and Elvins. r. Brit. Pat.
293,185 (1927) I. G. Farbenind. s. Brit. Pat. 310,999 (1928) I. G. Farbenind. t. Fischer, "The
Conversion of Coal into Oils," English Ed. by Lessing, New York (1925), D. Van Nostrand Co.
Inc., 1925.

"= Smith, Hawk, and Golden, J. Am. Chem. Soc. 52, 3221-32 (1930).
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sition to olefin and water. This mechanism was experimentally found to
occur over a cobalt-copper-manganese oxide catalyst but not over an iron-
copper catalyst.

Thermodynamical calculations B0 have shown that it becomes increas-
ingly easier to form the higher hydrocarbons than the lower members, from
mixtures of hydrogen and carbon monoxide. This is shown in the case
of the following reactions by the values of the equilibrium constant at
several different temperatures. Because of the large volume decrease
occurring in these reactions,

a. 2CO + 5H, 7"»- GH. + 2H,0(g)
b. 4CO + 3H, 7 ^ C,H« + 2CO3

c. 3CO + 7H, T ^ C3H8 + 3H,O(g)
d. 6CO + 4H, 7 » " C,H8 + 3COa

e. 6CO+9H, 7 ^ CuH«(g) +6H2O(g)

f. 12CO + 3H, T ^ " GH«(g)+6COa

TABLE V.—Higher Hydrocarbons by the Reduction of Carbon Monoxide
by Hydrogen.

Product Ethane Propane Benzene
Reaction a b c d e f

K at 25° C. 2.4 X 10<0 4.8 X 10M 2.0 X 10M S.6 X 10" 7.7 X 10" 6.0 X 10m

K at 300° C. 1.9 X 10° 2.7 X 10" 3.2 X 10" 1.7 X 10M 9.5 X 10" 2.5 X 10"
K at 400° C. 1.3 X 10* 1.3 X 10" 1.7 X 10° 1.8 X 108 8.1 X 10° 9.9 X 10u

increase of pressure greatly favors the formation of the products and
conversely, decrease of pressure favors decomposition.

Experimentally increased pressures or decreased temperatures have
been found to favor the formation of higher hydrocarbons. Also the
shorter the time of contact at any given condition the higher will be the
proportion of hydrocarbons higher than methane. Thus, with a nickel
catalyst the temperature should be about 160° C. for best results, with
cobalt about 270° C, and with iron about 300° C.100 Yields of 190 grams
of the higher hydrocarbons per cubic meter of water-gas have been
reported.

However, as the pressure is increased above about 10 to 15 atmos-
pheres, especially when metallic oxide catalysts or metal-alkali catalysts
are used, the product tends to become more and more oxygenated in char-
acter and exceedingly complex mixtures may be obtained. Such products,
because of their complexity and difficulty of separation into components,
are of little commercial value from the standpoint of being sources of
valuable oxygenated organic compounds.

Francis' calculations118 have shown that per volume of water-gas re-
acted, considering hydrogen and carbon monoxide as equivalent, the
formation of carbon dioxide is accompanied by the largest free energy

U3 Francis, Proc. 10th Animal Meeting Am. Petroleum Inst. Ill, 97 (1930).
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decrease, and of water by the next largest decrease. Of the hydrocarbons,
methane is formed with the largest free energy decrease per volume of
water-gas reacted. Methanol formation is accompanied by the smallest
decrease. However, the formation of methanol is accompanied by a larger
decrease in volume than the formation of hydrocarbons from water-gas,
so that pressure may be used to direct the reaction to methanol as is done
industrially today in the presence of mixed oxide type catalysts. Although
the most pronounced effect of pressure in changing the character of the
product from hydrocarbons to oxygen containing compounds may be due
to a shift in the equilibrium concentrations of the components, it is pos-
sible that changes in specific reaction rates of the various reactions involved
may be accountable.

SYNTHESIS OF METHANOL AND OF MIXTURES OF OXYGENATED

COMPOUNDS

Although it is now possible to synthesize pure methanol from mix-
tures of hydrogen and carbon monoxide under pressure and in the presence
of extremely selective catalysts, the process is relatively new and a large
amount of research was necessary before it could be brought to the indus-
trial stage. Among the results of this early work much valuable informa-
tion on catalytic action is to be found.

The catalysts which were found to be effective in the formation of
methane from hydrogen and carbon monoxide with the greatest activity
were composed of nickel, iron, cobalt, and molybdenum. The catalysts
most active in methanol synthesis in general consists of the oxides or mix-
tures of the oxides of zinc, copper, or chromium. Iron promoted with
alkali has been found to be very active but not at all directive in the
synthesis of aliphatic compounds from water-gas. With it only a very
complex mixture results, which it is impossible to separate commercially
into constituents.

Synthesis of Mixtures of Oxygenated Compounds

The first evidences that oxygenated compounds had been formed from
water-gas in the presence of catalysts and under high pressure arc to be
found in the patents to the Badische Anilin u. Soda Fabrik.111 A product
comprising a mixture of aliphatic hydrocarbons, alcohols, and other oxygen
containing organic compounds was claimed. The catalysts consisted of
metallic oxides or mixtures of oxides of such metals as zinc and cobalt
promoted with an alkali metal carbonate or hydroxide. Later, catalysts
resistant to sulfur poisoning, such as mixtures of the sulfides of zinc,
copper, lead, or cadmium with chromium oxide were patented.115

114 Ger. Pat. 293,787 (March 8, 1913); 295.202-3 (1914); Fr. Pat. 468-427 (1914); Brit. Pat.20,488 (1915) Badische Anilin u. Soda Fabrik; and U.S. Pat. 1,201,850 (1916) Mittasch andSchneider.
*** Sec French Pat. 689,342 (1930) Dreyfus.
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The effect of these patents was to stimulate research on the pressure
synthesis of organic compounds from water-gas. As a consequence much
controversy and confusion arose in regard to the efficacy of the different
catalysts, due largely to the use of a diversity of experimental conditions
by the several investigators.

Among the early researches on the synthesis of organic compounds
from water-gas were those of Fischer, Tropsch and their collaborators on
the formation of "synthol" and its derived product "synthin." These
names have been applied to the complex mixtures which result from the
interaction of hydrogen and carbon monoxide under moderate pressure
in the presence of a catalyst which consists of mixtures of (1) hydrogenat-
ing-dehydrogenating metals such as iron, nickel, etc., and (2) hydrating-
dehydrating oxides such as oxides of the alkali and alkali earth metals,
etc. The products obtained at pressures of 10 to 15 atmospheres are dis-
tinctly intermediate in character, being neither exclusively hydrocarbons as
in the case of atmospheric pressure synthesis nor mainly oxygenated
compounds as in the high pressure synthesis. The exact nature of the
nrxtures which are formed vary with the temperature and pressure con-
ditions of operation but in general consist of homologous aliphatic alco-
hols, aldehydes, and acids containing from one to eight carbon atoms
together with corresponding ethers, esters, and ketones.110 This mixture
which is known as "synthol" and which is almost completely soluble in
water undergoes a gradual change in its composition when heated for
several hours under pressure and passes over into "synthin." The latter
is characterized by the fact that it contains a high percentage of mixed
liquid hydrocarbons having a consistency similar to gasoline, and is in-
soluble in water. This first product is of interest because of the fact that
it is suitable for commercial application as a substitute for gasoline.

It seems probable that the development of Fischer's synthesis arose
from his attempts to duplicate the results claimed with the zinc oxide-
alkali catalysts in the Badische Anilin u. Soda Fabrik patents. Fischer m t

concluded that a hydrogenating catalyst such as iron was essential to
reaction. In some of his early work Vignon had obtained high yields of
methane from water-gas by the use of iron filings as a catalyst.4ft He
was also able to demonstrate the efficiency of calcium oxide as a catalyst
for this reaction. The mechanism of the latter process was interpreted
by assuming the intermediate formation of calcium formate. In repeating
these experiments Tropsch 117 was unable to duplicate the results described
by Vignon in the case of either the iron or the lime catalyst, but, never-
theless, obtained data which led him to consider that a continuation of
both lines of investigation with a view to determining the specific action
of each of these catalysts on the water-gas system was greatly to be
desired.

""a. Fischer and Tropscli, Bcr. 56, 2431-6 (1923); b. Fischer and Tropsch, Brcnnstoff Chcm.
8, 16S-7 (1927).117 Tropsch, and Schelling, Brcnnstoff. Chcm. 3, 33 (1922).
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Tropsch expanded the investigations of calcium oxide as a catalys
for reactions in water-gas mixtures and included a study of the synthesi
and decomposition of formates.118 In explaining the mechanism o
methane synthesis Vignon assumed that at temperatures below the decom
position of calcium carbonate (900° C.) water-gas reacts with calciun
oxide to give calcium formate.

CaO + 2CO + H2O = Ca(CHOa)2.

The formate in the presence of an excess of lime was then supposed ti
react to give methane and calcium carbonate according to the equation:

2Ca(HC0,)a + CaO = 3CaCO3 + CHU

This explanation of hydrocarbon formation was based on the observa
tion 11U that when heated alone at temperatures of 360° to 370° C. calciun
formate decomposed to yield small quantities of hydrocarbons togethe
with other products. The experiments of Fischer and Tropsch demon
strated that at temperatures of 420° to 430° C. calcium formate decom
poses to give, in addition to calcium carbonate and a small quantity o
calcium oxalate, a complicated mixture of gaseous and liquid products
The gases consist of carbon dioxide, carbon monoxide, hydrogen anc
hydrocarbons including methane. The liquids correspond to two fractions
(a) described as a light inflammable liquid consisting of water, methy
alcohol, acetone, formic acid and other fatty acids, and (b) described a;
dark oily drops. Large excess of calcium oxide served to decrease th<
yield of liquids and to increase the yield of gaseous products. Treatmen
of calcium formate with steam under pressure gave a yield of methano
equal to about 52 per cent of theory and left a residue of pure whit<
calcium carbonate. A study of the decomposition of the formates o1
barium, magnesium, and lithium showed a close resemblance betweei
these and the calcium salt with certain variations in the relative quantitie;
of the decomposition products at different temperatures.120

The synthesis and decomposition of formates has been the subject oi
a number of other investigations and it has long been known that the
formates of different metals decompose differently and that even one anc
the same formate may be made to yield a variety of products undei
different conditions. The salts of the alkaline earth metals have in par
ticular found application in organic chemistry in connection with th<
preparation of formaldehyde and its higher homologs. Systematic re
search in this field has been attempted by Bredig and Carter121 and b}
Hofmann in collaboration with others.122 The former investigators wen

"» Tropsch, Ann. chim. phys. (9) IS, 42-60 (1921).
"u Fischer, Tropsch,''and Schellenberg, AbJutndl. Kohle 6, 330 (1921).
""Fischer and Tropsch, Abhandl. Kohle 6, 355 (1921).121 Bredig and Carter, Bcr. 47, 541-45 (1914).
*** a. Hofmann and Helge, Bet. 51, 1389-98 (1918); b. Hofmann and Schibsted, Bcr. 51, 139£

1418 (1918).



126 CATALYTIC OXIDATION OF ORGANIC COMPOUNDS

able to show that hydrogen at high pressures and in the presence of a
platinum or palladium catalyst reacts with bicarbonates to give formates
and'that the same product may be obtained from carbonates or the calcium
salts of other weak acids if carbon dioxide is mixed with the hydrogen.
In the case of calcium salts, 100 per cent yields of formate were obtained
in four hours at 50 atmospheres, while in the case of potassium bicarbonate
at the same temperature (70° C.) about 74 per cent yields were obtained
in 26 hours with hydrogen under a pressure of 60 atmospheres. Hofmann
undertook a systematic study of the action of heat upon a large number
of metallic formates and found that the temperature at which decompo-
sition begins increases regularly with an increase in the basic properties
of the metal, viz: the formate of copper begins to decompose at 170° C,
of lead at 195° to 200° C , of nickel at 210° C, of zinc at 240° C , of
iron at 245° C , of manganese at 295° C , of barium at 325° C, of calcium
at 335° C , of magnesium at 340° C, of strontium at 355° C, of sodium
at 355° C. At different temperatures above the initial decomposition
temperature a given formate may decompose in any of several ways. For
example, at temperatures between 400° and 500° C. lithium formate may
be made to yield methanol, acetone, formic acid, carbon dioxide and water
in varying amounts. Magnesium formate when heated above 340° C.
yields methanol, acetone and formaldehyde. Copper and nickel salts tend
to favor the formation of methanol. Zinc formate gives particularly good
yields of formaldehyde and methanol. Lead and chromium salts produce
the same mixture. Tin formate gives formaldehyde but no methanol and
aluminum formate gives neither formaldehyde nor methanol. In conclu-
sion the authors state that it is possible to apply these facts to transforma-
tion of formic acid in the vapor phase in the presence of chemically
unchanged catalysts if the catalyst and temperature are so chosen as to
allow of the possibility of formate formation. Under these circumstances
cyclic processes involving the synthesis and decomposition of formates
may be adapted to the preparation of methanol and of formaldehyde.
The best catalysts for the preparation of aldehyde were found to be, zinc
oxide or thpria deposited on asbestos. Such a process has been patented.123

Lithium formate is prepared from the hydroxide and carbon monoxide
at 160° to 170° C. and a pressure of 20 to 30 atmospheres. The formate
is then decomposed at 350° to 500° C. and the residue of carbonate is
transformed directly into formate again. This can be done by treating
the mixture with water and heating at 120° to 250° C. in the presence of
carbon monoxide under pressure, the resulting gas mixture being freed
from any carbon dioxide which is given off during the reaction by wash-
ing with water under pressure. The transformation of carbonate to
formate is complete when the issuing gases contain no more carbon
dioxide. The most favorable temperatures for the decomposition are
380° to 405° C.

*» Brit. Pat. 173,097 (1921) Badische Anilin u. Soda Fabrik.
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Having demonstrated the efficiency of iron as a hydrogenating catalyst
and of the alkali and alkali earth metals (in the form of their oxides,
hydroxides, carbonates or salts of other weak acids), as hydrating catalysts
in reactions involving the reduction and hydrolysis of the oxides of carbon
at relatively high temperatures and pressures, Fischer, Tropsch and their
collaborators 124 then undertook a large number of comparative experi-
ments with a view to determining the exact effect of different combined
catalysts on alcohol formation. In the course of this experimentation the
action of a large number of metals, notably iron, nickel, cobalt, and man-
ganese, was investigated in the presence of different promoters such as
alumina and compounds of practically all of the alkali and alkali earth
metals. The results of these experiments demonstrated 12a that for the
synthesis of alcohols it was necessary to have present in the form of a
catalyst, a hydrogenating metal such as iron filings and an alkali metal
present in fairly large quantities in the form of either the hydroxide or
the carbonate. Pressures of at least 75 atmospheres were necessary at a
temperature of about 410° C. The relative ratio of hydrogen to carbon
monoxide was found distinctly to affect the character of the reaction, an
excess of hydrogen being favorable.

The literature is not free from controversy on the subject of the iron-
alkali catalysts, however. Audibert and Raineau : Ju claim that ferric oxide
and not iron is the active catalyst for the formation of liquid products.
It has been reported that iron oxide promoted with potassium hydroxide
is not active as a catalyst toward this type of reaction.127 Whether these
discrepancies are due to differences in methods and materials of catalyst
preparation, differences in methods of operation, or in difference in gas
mixtures it is difficult to say although it would seem probable that the
trouble lies in the catalyst.

Fischer's experiments with iron catalysts promoted with alkalies
showed that they increased in efficiency with the strength of the base, with
the exception of caesium. Working with catalysts prepared by calcining
steel turnings with potassium hydroxide, Frolich and Lewis 1J7 showed
that with a gas containing 40 per cent carbon monoxide passed into the
reactor at a space velocity of 1250 at 200 atmospheres and 325° to 335° C.
the best yields were obtained when the base comprised 2.2 per cent of the
catalysts (calculated as K2O). From this it appears that a strong base
present in small amount with iron as the catalyst enables the best yields of
liquid products to be obtained. This conclusion has been confirmed by
the work of Audibert and Raineau.

The effect of pressure on the several reactions possible in the synthesis
of organic liquid compounds from water-gas mixtures is shown by the
change in character of the product from one predominately hydrocarbon

124 a. Fischer, Tropsch and Dilthey, Brcnnstoff Chetn. 6, 265-71 (1925); b. Fischer and
Tropsch, Ber. 56, 2428-43 (1923).

™ Fischer and Tropsch, Brennstoff Chcm. 5, 201-208 (1924).1M Audibert and Raineau, Ind. Eng. Chetn. 21, 880 (1929).147 Frolich and Lewis, Ind. Eng. Chcm. 20, 354 (1928).
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in nature formed at atmospheric pressure to one predominately oxygenated
in character at pressures above 100 atmospheres pressure.110" The reason
for this change is to be found partly in the character of the adsorption of
the reactants at the catalyst surface and partly in the effect of pressure in
shifting the equilibrium in favor of the product formed with the greatest
decrease in gas volume. The methane reaction:

2Ha + 2CO = CH< + CO,

occurs with a decrease in volume of 2 to 1, and is favorably affected by
pressure. This points to the necessity in the synthesis of oxygenated com-
pounds for having catalysts more directive in character than in the
methane synthesis. The use of iron or iron-copper catalysts, with much
less pronounced hydrogenating powers than nickel, and activated or
modified with a strong alkali like potassium oxide, was necessary before
it was possible to obtain products other than hydrocarbons even under
pressure.

Fischer's work has shown that with the iron-alkali type of catalyst
the character of the product may be altered by changes in the composition
of the water-gas mixture. The early results have been largely confirmed
by subsequent workers with similar catalysts. It was found that as the
ratio of carbon monoxide to hydrogen was increased the proportion of
oily or water insoluble product increased at the expense of the water and
water-soluble organic compounds. It has been shown that the water
layer of the product may be eliminated entirely by the use of high pro-
portions of carbon monoxide. There is a tendency, however, for the iron
catalyst to promote the reaction,

2CO = C + CO.

whenever high ratios of carbon monoxide are used. This deposition of
carbon fouls the catalyst and alters its activity. The presence of the high
boiling materials which form, particularly at the longer times of contact,
tend to decrease catalyst activity by depositing on the surface. This is
especially true at the high CO: H2 ratios. Even in the presence of a
copper-base catalyst Audibert12S found that mixtures of CO -\~ Ha caused
fouling but that mixtures of CO -f 5H2 led to the formation of unappreci-
able traces of tars on the catalyst.

The experimental results have shown that, in general, the yield of oily
material increases with increased time of contact of reactants with the
catalyst. This fact indicates a stepwise mechanism for the synthesis of
the high molecular weight compounds that are obtained. The mechanism
proposed by Fischer involved the addition of carbon monoxide to methanol,
which formed first, to yield acetic acid which was subsequently reduced

us Audibert, 2nd. Intcrnl. Conf. Bit. Coal, Pittsburgh, H, 509 (1928).
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by hydrogen to acetaldehyde. By the continued alternate addition of
carbon monoxide and reduction by hydrogen, successively higher molecular
weight substances were built up.129 Decomposition of the acids to ketones,
condensation of the aldehydes to esters, reduction of the alcohols by carbon
monoxide to hydrocarbons, dehydration of the alcohols to olefins*—all were
reactions possible involved in the process and thermodynamically sound
under the conditions.*

Synthesis of Methanol

From the point of view of the utilization of methanol in the pro-
duction of formaldehyde by oxidation and in other processes in which
methanol is subjected to the action of catalysts at elevated temperatures,
it is of more importance to consider the equilibria, the mechanism, and
the catalysis of the synthesis from water-gas than to consider the more
industrial aspects of the process. Hence, no attempt will be made here
to picture completely the various commercial aspects of methanol syn-
thesis.

Equilibrium

Although the methanol equilibrium has been the subject of extensive
investigation, striking discrepancies still exist in the values which have
been obtained. The problem of determining the equilibrium either as a
function of temperature or at a single temperature has been attacked by
three general methods:

(1) Calculation of the equilibrium constant, Klh by use of the Nernst
approximation formula or by the third law of thermodynamics.

(2) Experimental determination of Kv by indirect methods involving
such reactions as,

2H3 -I- CH3COOH = 2CH3OH (1)
CH30H + CO = CH.COOH (2)

or
H, + CO = H3CO (3)
HSCO + H, = CH3OH (4)

(3) Experimental determination of Kp by direct measurement on the
reaction:

2H, + CO = CHaOH (5)

at atmospheric and elevated pressures.
The results of various investigators have been collected in tabular form

by Wettberg and Dodge 13° and it is from this that Table VI has been
devised.

1W Fischer, Ind. Eng. Chan. 17, 576 (192S).130 Wettberg and Dodge, Ind. Eng. Chetn. 22, 1042 (1930).
* Sec also Chapter II, page 38, et seq.
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Pressure
atms.

1.0

1.0

1.0

SO

1.0

70-100
204

ISO

180

TABLE VI.—Values of Kp Obtained for Methanol Synthesis.
Kp X 10" Kp X 10* KP X 10" KP X 10"
250° C. 300° C. 350° C. 400° C. Method of Determining:

74
1300
1300
320

4.7

3.1

1.2S

5.90

2.1

81
800

1400
430

140
1200
2200

280
2500
4500

6.0

4.5

1.90

6.40

1.6

KP X 104

304° C.
7.4

4.14

7.90

2.0

20

3.1
18.0

19.2

19.8

Calculated by third law"
Calculated by third law"
Calculated by third law c

Indirect method using equa-
tions (3) and (4). Kp cal-
culated from results d

Indirect method using equa-
tions (1) and (2) e

Indirect method using equa-
tions (1) and (2) f

Direct method. Equil. ap-
proached from both sides f

Direct method. Equil. ap-
proached from both sides s

Same"
Direct method from synthesis
side only '
Direct method from synthesis
side only J

Direct method from synthesis
side only k

Calculated from new thermal
data '
Direct method reaction (5)1

From these values it may be seen that most of the constants calculated
from thermal data are many times larger than the experimentally deter-
mined ones. Although the experimental values may be somewhat low due
to the disturbing influence of side reactions, they agree with one another
with fair precision and it is generally considered that they represent more
nearly the true conditions. The fact that the calculated values for Kv do not
accurately indicate the actual experimental conversions at equilibrium does
not entirely discredit their use as approximations in determining the
advantage or futility of pursuing research on a reaction.

Ca ta ly s t s

During the period which has just been covered by a review of the
researches of Fischer, Tropsch and others, similar investigations looking
to the synthesis of methanol had been in progress. The announcement was
made by Calvert13- in 1921 that the production of methanol from water-
gas on a commercial scale with yields amounting to 80 per cent of theory

131 a. Kelley, Jnd. Eng. Chem. 18, 78 (1926); 21 353 (1929); b. Smith, ibid. 19, 801 (1927);
c. Francis, ibid. 20, 283 (1928); d. Ghosh and Chakravarty, Quart. J. Indian Chem. Soc. 2, 142
(1925); e. Christiansen, J. Chem. Soc. 128, 413 (1926); f. Lacy, Dunning and Storch, /. Am. Chem.
Soc. 52, 926 (1930); g. Smith and Branting, ibid. 51, 129 (1929); h. Newitt, Byrne and Strong,
Proc. Roy. Soc. 123A, 236 (1929); i. Lewis and Frolich, Ind. Eng. Chem. 20, 285 (1928); j . Audi-
bert and Raineau, ibid. 20, 1105 (1928); k. Brown and Galloway, ibid. 20, 960 (1928); 1. Smith
and Hirst, ibid. 22, 1037 (1930).

"'Calvert, Chem. Age (.London) 5, 153 (1921).
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had been accomplished but details in regard to the exact nature of the
process were withheld. In Germany and France, particularly, develop-
ments were under way, the nature of which have been disclosed in patents
issued in 1923 to Patart138 in France and in 1925 to the Badische Anilin
u. Soda Fabrik184 in Germany.

The work done by the Badische Anilin u. Soda Fabrik covers a
relatively long period of years, the first patents being issued in 1913 and
1914. These describe the preparation of hydrocarbons and their oxygen
derivatives by passing mixtures of the oxides of carbon along with hydro-
gen or compounds containing hydrogen over suitable catalysts at high
temperatures and at pressures of more than five atmospheres. The nature
of the product which was obtained depended upon the type of catalyst and
upon the other conditions of the experiment and varied greatly with varia-
tions in these factors. The catalysts which were first mentioned repre-
sented a large number of elements and their compounds, viz. cerium,
chromium, cobalt, manganese, molybdenum, osmium, palladium, titanium,
tungsten, and zinc. These elements were to be employed in different states
of aggregation, such as powder, filings, wool, gauze, etc., or in the form
of their oxides or other compounds. They could be present as mixtures
in various combinations by weight. To these mixtures basic substances,
such as the alkali hydroxides, carbonates, etc., could be added to advan-
tage. Various carriers such as asbestos, pumice, and magnesium oxide
were suggested. Poisons, such as sulfur in various states of combination,
had to be avoided by purifying the reacting gases. Iron in any part of
the surfaces of the apparatus exposed to the reacting gases was to be
avoided. These warnings also occur repeatedly in all succeeding patents.
Temperatures which are mentioned in the examples given, range from
250° to 420° C. and pressures from 50 to 120 atmospheres. The propor-
tions of CO: H;. by volume vary from 2: 3 to 2 : 1.

It is obvious, at once, that the specifications mentioned in these patents
are very broad in their scope and seem designed to cover the use, as cata-
lysts, of practically all combinations of the elements and their compounds
with the single exception of iron. In succeeding patents 1Hi"' specific com-
binations of different catalysts together with details regarding the methods
employed in their preparation have been given for the synthesis of
methanol relatively free from other products in distinction to the early
patents which claimed mixtures. The notable changes that had been made
in the process in order to obtain pure methanol are to be found chiefly in
the nature of the catalysts used. Instead of the metallic oxide type of
catalyst which was promoted by the addition small amounts of an alkali,
catalysts of the same general type but without the alkali were proposed.

133 Patart, Chimic et. Industrie 13, 179-85 (1925); Bull soc. encour. ind. nat. 137, 141-73
(1925); Compt. rend. 179, 1330 (1924).134 I. G. Farbenindustrie, A. G., Z. angew. Chcm. 40, 166 (1927); Elworthy, Can. Chcm. Met 9,
]39-40 (1925).

""Brit. Pats. 227.147 (1924); 228,959 (1925); 229,714 (1925); 229, 715 (1925); 231,285
(1925); 237,030 (1925); 238,319 (1925); 240,955 (1925), Badische Anilin u. Soda Fabrik.
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In general mixtures of two or more metallic oxides with the more basic
in preponderance and with copper as one of the metals were used.130

The investigations of Patart1!l3 in France have also been covered by
specific patent137 claims. The best yield of 2.5 gallons of methanol from
1000 cubic feet of water-gas compares advantageously with the 0.84 gallons
of synthol obtained by Fischer from the same quantity of gas. Patart
claims that no product of similar purity and yield (94 per cent of theory)
could have been manufactured under any of the patents issued by the
Badische Anilin u. Soda Fabrik prior to the dates of his patents. His
first attempts to synthesize methanol in 1921 "were based upon van't HofT
and Le Chatelier's law for the displacement of the equilibrium point."
It occurred to him that the reversible reaction:

CO + 2H, ~ 7 ^ CHsOH
3 vols. 1 vol.

should proceed in the direction of the formation of methanol if the pres-
sure on the system were increased. He considered further, that the
secondary reactions leading to the formation of methane, water, and carbon
dioxide (since they involved no change in volume) would not be favored
by a rise in pressure and that, therefore, if the temperature were not too
high the methanol could be removed from the system before it had a chance
to go over to methane by the reactions 138

CH80H + CO = CH* + COa
CH30H + Ha = CH, + H..

The best catalyst was found to consist of zinc oxide and copper (or copper
oxide) with an admixture of compounds of chromium. The success of
the operation depended upon (a) the absence of alkali, which would cause
decomposition of the methanol and the production of higher alcohols and
oily products, and (b) the complete elimination of all metals except copper,
aluminum and tin from those parts of the apparatus which come in contact
with the reacting gases. Contact of carbon monoxide with iron, nickel, or
cobalt had to be avoided since they formed volatile carbonyls which de-
posited metal, by decomposition, on the active catalyst surface and thereby
acted as poisons to destroy activity.

Catalysts composed of the following oxides have been found to be
inert to the synthesis: alumina, silica, molybdenum oxide (Mo2OB),
vanadium oxide (V2O3), blue tungsten oxide (W2O0) , thoria, titania
(TiO2), magnesia, lime, barium oxide, and strontium oxide.130 At a
pressure of 150 atmospheres and a space velocity * of 5000 conversions of

1!»a. Brit. Pat. 227,147 (1925); French Pat. 571,354 (1924) Badische Anilin u. Soda Fabrik.
b. U.S. Pat. 1,558,559 (1925) Mittasch and Winkler. c. Frolich, Fenske, Taylor and Southwick,
lnd. Eng. Chem. 20, 1327 (1928).

"'French Pats. 540,343 (1922); 571,355 (1923) Patart.la" Lormand, lnd. Eng. Chcm. 17, 430-32 (1925).
""Audibert and Raineau, lnd. Eng. Chem. 20, 1105-10 (1928).

Vl f (NTP), g„ , .. Vol. of gas (N.T.P.)Space velocity = -—:—y-= r—TT,—(vol. of catalyst) (hou
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less than 2 per cent were obtained with cerous oxide (Ce2O3), black
uranium oxide (UO2), beryllium oxide (BeO), and zirconium oxide
(ZrO2). Manganous oxide (MnO) and chromium sesquioxide (Cr2O8)
were somewhat more active giving conversions of carbon monoxide to
methanol up to 5 per cent. Zinc oxide was found to be still more active
and at 350° C. a 17.5 per cent conversion was obtained. Such single com-
ponent catalysts are very sensitive to temperature and overheating results
in a rapid loss in activity. Multicomponent catalysts, on the other hand,
not only give increased yields of methanol but also resist high tempera-
tures or prolonged heating better.

In general, the best methanol catalysts have been found to consist of
zinc oxide-copper oxide, zinc oxide-chromium oxide, or zinc oxide-copper
oxide-chromium oxide in various ratios. Catalysts consisting essentially
of copper are very poor for the synthesis.1"8 Although the results of
Audibert and Raineau show copper to be an active catalyst it is possible
that inclusions of alkali from the preparation may have been a contributing
factor. 1BI)i140 Copper oxide as a catalyst is also quite sensitive to sulfur
poisoning.141 As zinc oxide is added to the copper catalyst the activity
markedly increases until a composition corresponding to between 60 and
70 mol per cent zinc is reached after which the activity again decreases
to a lower value for pure zinc oxide. These same relations hold for zinc-
chromium catalysts.1'12 Thus, the best catalysts appear to be those con-
taining a metallic oxide which is incompletely reduced under the conditions
of the synthesis.

The technical and patent literature contains references to hundreds
of different types of catalyst mixtures which are to be used under a wide
variety of conditions. Although the earlier patents of Patart and the
Badische Anilin u. Soda Fabrik specifically claimed the complete exclusion
of iron from the system, a point which has aroused considerable con-
troversy and litigation, it has been claimed that catalysts consisting
essentially of iron may even be used for methanol synthesis.148

Studies of the decomposition of methanol over various catalysts show
that the same catalysts are active toward the decomposition reaction oat
pressures of one atmosphere as are active toward the synthesis at the
higher pressures.* Indeed, to Patart is attributed the statement that the
results from the work of Sabatier on the catalytic decomposition of
methanol led directly to the use of certain of the methanol synthesis
catalysts.138' 144 Smith and Hawk 145 found that zinc oxide made by ignit-
ing the carbonate, mixtures of zinc and chromium oxides in the atomic
proportions of 4 zinc to 1 chromium, mixtures of zinc and uranium oxides,

A" Compare Frolicli, Fenske. Perry and Iiurd, /. Am. Chcm. Soc. 51,141 Audibert, Ann. Comb Liquidcs No. 2, March-April 1930, p. 239.187 (1929).
14JCryder and Frolich, Ind. Eng. Chem. 21, 867 (1929).143 a. Brit. Pat. 254,760 (1926) Badische Anilin u. Soda Fabrik. b. U.S. Pats. 1,603,643,

1,609 593. 1.6P5.924-5-6-7-8-9 (1926) Woodruff and "Bloomfield.
* Chapter I.
"4 Frolich, Fenske, and Quiggle. ibid. 20, 694 (1928).M0 Smith and Hawk, J. Phys. Chem. 32, 415-24 (1928).
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mixtures of zinc and vanadium oxides, and mixtures of cadmium and
chromium oxides were good catalysts for the decomposition of methanol
into hydrogen and carbon monoxide at 300° C. and one atmosphere of
pressure. Methanol was converted almost quantitatively to dimethyl ether
in the presence of an alumina catalyst at temperatures up to 350° C. and
atmospheric pressure.140 At higher temperatures the formation of oxides
of carbon, ethylene and methane increased rapidly. With a zinc oxide
catalyst, however, only negligible amounts of dimethyl ether were formed.
At temperatures above 325° C. the decomposition occurred with formation
of gaseous products. At temperatures in the range of 270° to 430° C.
it was possible to hydrate the ether and synthesize methanol in the presence
of the alumina.117 Catalysts which have mild dehydrogenating proper-
ties, such as copper, induce the formation of methyl formate from meth-
anol at temperatures in the range of 150° to 250° C. and atmospheric
pressure.148

Even at temperatures as high as 360° C. zinc-copper catalysts contain-
ing about 90 mol per cent copper oxide induce decomposition in such a
way that 80 per cent of decomposed methanol appears in the product as
methyl formate.140 At this same temperature pure copper catalysts do
not promote this reaction so strongly and about half of the methanol
decomposed appears as methyl formate and half as formaldehyde. With
copper oxide

CH3OH = HaCO + H3
2H,CO = HCOOCHa

H,CO = H3 + CO

catalysts containing less than 10 mol per cent of zinc oxide and with as
much as 30 per cent of methanol decomposed per pass less than 5 per
cent of the methanol decomposed appeared as carbon monoxide in the
products.

Catalysts such as metallic iron, nickel, cobalt, platinum and palladium,
which promote the decomposition of methanol at low pressures also pro-
mote the reactions:

2CO = C + CO2,
CO + 3H3 = CH* + HaO,
2CO + 2Ha = CH4 + CO.,

which all occur with a decrease in volume and which are, hence, forced to
the right by pressure. For this reason such metallic catalysts, although
active in causing the reduction of carbon monoxide, are worthless for the
purpose of producing methanol. This is especially true since the equi-
librium conditions favor these side reactions more than the methanol
reaction.

""Adkins and Perkins, J. Phys. Chcm. 32, 221-4 (1928).
"7 See also U.S. Pat. 1,602,846 (1926) Burke.14S See also French Pat. 673,337 (1928) Compagnie de Bethune.
"•Frolich, /. Soc. Chcm. hid. 47, 173T (1928).
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Mechanism

The simplest possible product that it is possible to form by the inter-
action of one molecule of hydrogen with one molecule of carbon monoxide
is formaldehyde.

Ha+-C0 = H2C0 (2000 cal.*).

The subsequent reduction of this formaldehyde by another molecule of
hydrogen may lead to the formation of methanol, the next product which
can form without rupture of the molecule.

HaCO + Ha = CHaOH (24,685 cal.).

Continued reduction of the methanol by hydrogen leads to the splitting
out of water and the formation of methane.

CH3OH + H, = CH4 + H,0 (50,000 cal.).

Interaction of methanol and carbon monoxide to form carbon dioxide and
methane occurs with a still larger heat evolution.

CHsOH + CO = CH4 + COa (60,282 cal.).

The fact that the two last reactions, representing a loss of methanol and
reactant gases, occur without a change in the number of molecules and
with a large evolution of heat made it difficult to stop the reaction at the
methanol stage until specific catalysts had been developed. The effect of
pressure in directing the reaction to the formation of methanol as indi-
cated by the first two reactions is apparent when it is considered that either
of the two reactions leading directly to the formation of the hydrocarbon,
methane, occur with a decrease in the number of molecules of only two
to one, whereas the methanol reaction occurs with a decrease of three to
one. The effect of pressure in altering adsorption phenomena at the sur-
face of the- catalyst probably accounts for the relative ease with which
the last two reactions are avoided.150

The presence of formaldehyde was recognized in the early work with
the synthesis of oxygenated compounds from water-gas, and was probably
accountable for because of insufficient activity of the catalysts to push
the reaction to methanol exclusively at a rapid rate.181 Indeed subsequent
patent claims disclose that with high rates of flow, rapid cooling of product,
and weak catalysts formaldehyde may be produced from hydrogen and
carbon oxides.162

* Heats of reaction are for all components in the gaseous state.150 Taylor and Kistiakowsky, /. Am. Chctn. Soc. 49, 2468-76 (1927), give data on adsorption
with zinc chromium catalysts.101 Brit. Pat. 20,488' (1913) Badische Anilin u. Soda Fabrik.

"a a. Brit. Pat. 180,016 (1922) Lush. b. U.S. Pat. 1,460,244 (1923); Brit. Pat. 179,951
(1923) Heinemann. c. Compare U.S. Pat. 1,740,141 (1929) Arsem assr. to Commercial Solvents
Corpn.



C h a p t e r V

O x i d a t i o n o f M e t h a n o l t o F o r m a l d e h y d e

A consideration of the synthesis and decomposition reactions of
methanol shows that only low conversions to formaldehyde may be ob-
tained by the direct catalytic decomposition of the alcohol. This is contrary
to the case of ethanol and the higher alcohols, where good conversions
to aldehydes or ketones may be obtained by direct dehydrogenation in the
presence of directive catalysts. In the case of methanol, catalysts and
temperature conditions conducive to the dehydrogenation of the alcohol
to formaldehyde are also conducive to the decomposition of the aldehyde
to hydrogen and carbon monoxide. Thus, Sabatier and Mailhe x mention
that in the presence of copper a 50 per cent conversion of methanol to
formaldehyde by direct dehydrogenation with only a 5 per cent loss is
possible. However, this conversion was possible only with freshly reduced
copper oxide. This catalyst rapidly lost activity and to obtain reaction
it was necessary to use temperatures so high that large decomposition
losses occurred. Thus, at 300° C. the decomposition of formaldehyde to
hydrogen and carbon monoxide is quite marked and at 350° C. almost
complete.* 2

CH:,OH = HaCO + Ha = CO + 2Ha.

The decomposition is endothermic and to dehydrogenate the alcohol,
heat must be supplied. However, if oxygen, usually in the form of air,
is supplied to the reaction and the process conducted in the presence of
certain metallic catalysts, such as finely divided copper or silver, high
yields of formaldehyde may be obtained and the reaction made exothermic.
It is by this oxidation process that practically all of the formaldehyde
is produced. This process, although apparently simple, requires close
temperature control and regulation of the extent of reaction to prevent
undue losses of raw material.

Today formaldehyde finds widespread use in the hardening of gelatin,
preservation of food, disinfection, tanning of leather and, most important,
in the production of resins by condensation with phenol (bakelite) and in
the synthetic organic chemical industry.

The investigations of Hofmann,3 Tollens,4 Loew,c Trillat, and Orloff
1 Sabatier and Mailhe, Ann. chim. phys. 20, 344 (1910).
* See also Chapter III, page 68, et scq-a Compare Tropsch and Roelen, Chcm. Zcntr. 1926, I, 3298.8 Hofmann, Ann. 145, 357 0867); Bcr. 11, 1686 (1878).
* Tollens, Bcr. IS, 1629 (1882); 16, 917 (1883); 19, 2133 (1886).
"Loew, /. prakt. chem. (2) 33, 321-351 (1886).
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on the oxidation of methanol have already been mentioned in connection
with the historical survey of catalytic oxidation processes as applied to
the alcohols in general. Some discussion of the special methods which
were followed by these investigators may, however, be in order before
proceeding to a discussion of the later developments in this field. The
net results of the work done in the earlier period may be fairly represented
by a description of the method used by Loew.5 In this process a current
of dry air was drawn as quickly as possible through a half-liter flask half
filled with methanol and then through a hard glass tube 30 cm. long con-
taining a cylinder of coarse copper gauze 5 cm. long. After leaving this
tube the gases were passed successively through an empty flask of 300 to
400 cc. capacity and then through two similar flasks half filled with water.
That part of the hard glass tube which contained the copper gauze was
surrounded with brass gauze and gently heated. When the alcohol vapor
reached the copper, the latter glowed more or less according to the rate
at which the oxidizing mixture passed over it. The operation required
no attention beyond keeping up the supply of alcohol and could be left
day and night. A 15 to 20 per cent solution of formaldehyde was obtained
in this way.

Trillat 6 noted that the action of the catalyst depends to some extent
upon the power which it possesses to condense a given vapor or gas and
that this power is at its maximum when the metal is present in its most
finely divided condition. The intensity of the action of platinum, for ex-
ample, was found to vary in the following order: sponge > colloidal >
black > sheet or wire. The apparatus used by Trillat was similar to that
described by Loew except that the catalyst was heated by means of an
electric current passed through the spiral metal catalyst. The products
formed as a result of the reaction were found to depend chiefly upon the
temperature of the spiral.7 Thus at 200° C. methanol was converted prin-
cipally into methylal; at dark red heat (about 400° C.) methylal and
formaldehyde were formed, the former varying from 0 to 50 parts in
every 100 parts by weight of the latter; at cherry red heat (about 600° C.)
these products were replaced by acids; and at a bright red heat (about
900° C.) more extensive decompositions with the formation of carbon
dioxide occurred.

In the presence of porous bodies, such as pumice, unglazed porcelain,
etc., impregnated with platinum black, the formation of methylal was
not observed and the reaction product varied very considerably in the
relative proportions of aldehyde and acid which were formed. The catalyst
was prepared by treating pieces of pumice the size of a cherry, first with
sodium hydroxide and then with sulfuric acid. After washing thoroughly
and drying, these were impregnated with platinum black which was ob-
tained by precipitation from solutions of platinum chloride. The product

8 Trillat, Bull. soc. chim. (3) 27, 797 (1902).
T Trillat, Bull. soc. chim. (3) 29, 35 (1903); Ger. Pat. 55,176 (1890).
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yield, which was obtained in this way was, howevej, poor and the method
was dangerous because of the possibility of explosions.

With a copper catalyst yields of 48.5 per cent formaldehyde were
obtained by Trillat at 330° C. when the air stream carried 0.26 grams of
methanol per liter. In the development of this process it was found that
higher temperatures could be used to obtain higher rates of conversion.
At present, temperatures of about 500° C. are used with copper catalysts.

In other experiments, a conical jet of alcohol vapor warmed under
pressure was allowed to escape into the catalyst by means of a small orifice
and was projected directly against the contact material, the air being
admitted through a similar and separate opening. Brochets-u describes a
form of apparatus which is similar to that of Trillat's and states that if
the methanol contains water vapor the reaction takes place with explosive
violence. The possibility of obtaining explosive mixtures and the neces-
sity for getting correct proportions of air and alcohol were soon recog-
nized.10 Devices were perfected to permit adequate mixing of alcohol
vapor and air (or oxygen-nitrogen mixtures) and consisted essentially of
coke-filled towers maintained at a uniform temperature to which alcohol
and air could be admitted at definite rates. The homogeneous mixture of
methanol, oxygen, and nitrogen, preheated at 45° to 50° C, was then
passed into the catalyst chamber.

Orloff's detailed investigations of the phenomena concerning the oxi-
dation of methanol were preceded by a preliminary and very thorough
examination11 of the following catalysts: (1) Coke containing finely
divided reduced copper on its surface and in its pores. This was made
by soaking small pieces of coke in a solution of copper nitrate and then
calcining and heating in the presence of a mixture of the vapors of hydro-
gen and methanol. The catalyst so prepared had a mottled red and
yellowish-green appearance. It had practically no action on alcohol except
in the presence of air, but by drawing a current of air through methanol
kept at 60° C. and then passing the mixed gases over the catalyst contained
in a chamber and heated at 380° to 420° C , it was found that about 39.78
per cent of the alcohol reacted to form formaldehyde and 15.9 per cent
decomposed to yield oxides of carbon. (2) Asbestos coated with reduced
copper. This was a very energetic catalyst but the yield of formaldehyde
was very low because the decomposition of formaldehyde to, hydrogen
and carbon monoxide was also promoted. (3) Asbestos coated with a
mixture of cerium sulfate and thoria. This catalyst had practically the
same action as asbestos coated with reduced copper. (4) Platinized
asbestos. This was such a powerful catalyst that the temperature had
to be kept down to 95° to 98° C. and even so, the action resulted in the
decomposition of the greater part of the aldehyde which formed, giving

S Brochet, Compt. rend. 119, 122 (1894); 121, 133 (1895).9 Also compare Kusnezoff, "Formaldehyd, seine Darstellung, seine Eigenschaften xtnd seineAnwendung."
10Ger. Pat. 106,495 (1899) Klar and Schulze.
n Orloff, /. Russ. Phys. Chem. Soc. 39, 1024 (1907).
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yields at best of only about 10 per cent of the desired product. (5) Metal-
lic platinum. Platinum wire heated in a glass tube at 330° to 400° C.
acted well, yielding 41 per cent of formaldehyde. (6) Iron filings. A
length of about 5 cm. of iron filings (10 grams) heated to a dark red glow
in a copper tube gave a small yield of formaldehyde and a large deposit
of carbon. Orloff stated further that in all of these cases the yield was
improved by passing the mixture of methanol and air through a copper
coil (undoubtedly acting catalytically) heated by one or two Bunsen
burners, prior to its contact with the catalyst under investigation.

The results of this investigation confirmed quite largely the former
findings of Sabatier and his fellow workers in regard to the dehydroge-
nating action of metal and metal oxide catalysts. At temperatures of about
350° C. such metals as iron, cobalt, nickel, platinum, copper and such
oxides as those of aluminum, manganese, zirconium, zinc, titanium, silicon,
glucinum, and cadmium had been found to exert a dehydrogenating action,
to a greater or lesser degree, on methanol.

This decomposition reaction is endotherniic, requiring the external
addition of heat for the maintenance of temperature. The addition of
oxygen to combine with the hydrogen liberated by the decomposition was
hence rather a means of supplying heat than a means for forming formal-
dehyde chemically. An examination of the thermal changes involved in the
oxidation of methanol to formaldehyde showed Orloff that the process as
a whole was exothermic. Reasoning on the basis of this observation, he
came to the conclusion that the reaction once initiated should be self-
sustaining without the further application of external heat and proceeded
to verify experimentally the truth of his deductions. In order to establish
the requisite conditions a current of air was drawn through 89 to 90 per
cent alcohol which was heated at 53.5° to 55° C. The mixed vapors of
air and alcohol had a temperature of 42° to 43° C. and the vaporized
alcohol had a purity of 99.5 to 100 per cent. In order to maintain this
purity of the vaporized alcohol no more than about 25 per cent of the
alcohol solution was allowed to distill in this way and when this propor-
tion had distilled a fresh solution of the 89 to 90 per cent strength was
substituted. The mixture of gases was passed over two or three rolls of
freshly reduced copper gauze having a total length of 10 to 15 cm. and
a total weight of 20 to 30 grams, contained in a glass tube 16 mm. wide
by 830 to S50 mm. long. This contact tube was surrounded by a sheet
iron jacket lined with asbestos. The operation was started by heating
the tube to 300° C. but as soon as the mixture of alcohol and air began
to pass through it, the heating was discontinued since the copper on contact
with the entering gases immediately became red-hot and continued to
maintain the temperature throughout the experiment. Under these con-
ditions 48.45 to 49.25 per cent of the alcohol reacted to form formaldehyde.
The gases formed as a result of the reaction consisted of carbon dioxide,
a little carbon monoxide and about 20 per cent hydrogen. This exit gas
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mixture burnt with a blue flame and was used to heat the tube in starting
the operation.

In experimenting with a copper catalyst it was -found that too long
a layer of the catalyst promoted the decomposition of the aldehyde and
that it was therefore better to increase the width rather than the length
of the contact material. Thus an increase in the length of copper gauze
from 10 to 15 cm. to 20 cm. was found to have an unfavorable effect on
aldehyde yield.* It was also found that the strength of methanol in the
distillate must not fall below 98 per cent because if this happened the
catalyst became too hot and unfavorable decomposition occurred. The
methanol must not contain more than 2 per cent of acetone as even this
amount tended to decrease the yield. The copper must be freshly and
completely reduced since otherwise it would not properly catalyze the
reaction. The glass tube may be replaced by a copper tube but in this
case external heating had to be resorted to periodically during the opera-
tion in order to maintain the catalyst at the most favorable temperature.
Attempts to replace the copper by platinum or by iron filings gave unsatis-
factory results and combination of copper gauze with platinum proved only
slightly better. Asbestos impregnated with the lower oxides of vanadium
was stated by Orloff12 to be second in efficiency to freshly reduced copper.
Dilution of the air with carbon dioxide was found to have an unfavorable
effect upon the reaction while the yield of aldehyde was increased by' dilu-
tion with methane and carbon monoxide.

An improvement in method was made by introducing into the forward
end of the catalyst chamber "ignition pills" 1S prepared by soaking pieces
of pumice first in H2PtCla dissolved in methanol, drying, calcining and
then saturating with a solution of PdCl4.2NH4Cl, the operation of soaking
and calcining being repeated several times. Instead of pumice stone,
asbestos soaked with the platinum and palladium black and pressed into
balls could be used. The mixture of methanol and air on reaching the
kindling catalyst, ignited spontaneously and the copper gauze began to
glow without the external application of heat. Another improvement con-
sisted in first passing the formaldehyde through a tall column rectifier kept
at 41° to 42° C, and then through another condenser to collect the
unchanged methanol which was then recirculated.

The oxidation of methanol starts below 300° C. in the presence of a
catalyst and quantities ranging- up to 60 per cent of the total amount used
in any experiment are decomposed. Not far from the oxidation tem-
perature of the alcohol, formaldehyde undergoes decomposition into carbon
monoxide and hydrogen. As much as 50 per cent of the formaldehyde
which is formed may decompose in this way under certain conditions and
in the presence of certain catalysts. The oxidation of hydrogen to water

* Compare Ret. 24.Ma. Orloff. /. PJIT. Plivs. Chcm. Soc. 39, 851) (1907); 40, 796-9 (1908); compare h. U.S.
Pats. 1,709.853 (1929); 1,735,763 (1930); Brit. Pats. 291,419 (1927), 296,071 (1927) Jaeger,
assr. to Selden Co.13 Orloff, ibid. 40, 796 (1908).
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and carbon monoxide to carbon dioxide occurs simultaneously with the
decomposition of formaldehyde and the heat liberated thereby serves to
increase the temperature of the contact substance, causing a further decom-
position of the aldehyde.14

Theoretically, one pound of pure methanol requires 267 cu. ft. of dry
air measured at 32° F. and 760 mm. of mercury pressure for oxidation
to formaldehyde. This proportion can be attained only approximately in
practice by bubbling air through methanol since even if the liquid methanol
is maintained at the temperature to give the correct vapor pressure, com-
plete equilibrium between air and methanol is not easily obtained without
the use of long gas travel. It has been found, however, that considerable
variation of this theoretical ratio does not seriously alter the conversion.

LeBlanc and Plaschke 10 found that the best temperature for operation
with a silver gauze catalyst was 450° C. measured near the end of the
mass. This is not the maximum catalyst temperature, however, since the
forward end is usually at a red heat. At this temperature and with an
increasing air to alcohol ratio, the yield of formaldehyde reaches a maxi-
mum and then decreases. The maximum yield was found to occur at a
ratio of 0.46 grams oxygen per gram of methanol in the feed mixture.
Above this oxygen ratio the loss of alcohol increases rapidly and con-
stantly as the oxygen is increased. With a copper gauze 80-90 mm. long
the best mixture was found to be 0.39 grams oxygen per gram of methanol.
These oxygen ratios check closely with the value of 0.4 to 1 stated by
Orloff 10 to be the best. These values are both lower than the amount of
oxygen theoretically required (0.5 to 1) for the oxidation of the methanol.

LeBlanc and Plaschke 1!i state that the amount of hydrogen in the
gases from the reaction exceeded the sum of the carbon monoxide and
carbon dioxide. This fact led them to propose the dehydrogenation mecha-
nism. Orloff states that under favorable conditions of operation hydrogen
represents 19 to 20 per cent of the gas volume, and that the proper course
of the reaction could be followed by the amount of hydrogen formed.

It has been the practice to decrease the amount of oxygen or air used,
even at the expense of conversion per pass in order to prevent side reac-
tion losses. For good operation the inert gases should contain 3.5 to 4 per
cent carbon dioxide, very little carbon monoxide, and no methane.17 Such
operation indicates very little loss by the decomposition of formaldehyde.

Theoretically 100 grams of pure methanol should yield 93.75 grams
of pure formaldehyde, equivalent to 256.9 grams of 40 per cent formalde-
hyde solution. In practice about 82 per cent of theory is realized. High
yields of over 90 per cent are possible only in laboratory apparatus or for
short periods of time in commercial apparatus.18

14 Compare Orloff, /. Russ. Phys. Chem. Soc. 40, 1590 (1908); Ber. 42, 895 (1909); Chem.
Zentr. 1909, I, 984.>D LeBlanc and PlaHchke, Z. Elcktrochcm. 17, 45-57 (1911).

"Orloff, /. Russ. Phys. Chem. Soc. 39, 1414-39 (1907).17 Siegel, Chem. Ztg. 51, 782 (1927).18 Ullmann's "Knzyklopndie der Technischen Chemie," 2nd Ed., vol. 5, p. 417.
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The oxygen in the formaldehyde process probably plays a multiple
role by (1) furnishing heat through reaction with hydrogen and thus
maintaining the temperature level necessary for the endothermic dehydra-
tion reaction, (2) lowering the partial pressure of the hydrogen and thus
permitting greater decomposition through the reversible dehydrogenation
reaction, and (3) increasing the activity of the catalysts by inducing a
process of alternate oxidation and reduction. Practically all of the early
workers recognized the fact that the essential reaction was one of dehy-
drogenation and that the use of oxygen was as an auxiliary to facilitate
the process. The original theory considered the process as essentially one
of direct oxidation. Secondary oxidation to formic acid, carbon dioxide,
and water was postulated, but as no formic acid was identified and as free
hydrogen usually appeared in the product this theory was short lived.
The success attending the application of the dehydrogenation theory to
the formaldehyde process has led to the attempted adaptation of it to other
oxidation processes some of which it has not been so well suited to,
however.19

The experiments of Ghosh 20 have disclosed interesting features of the
dehydrogenation process. A copper catalyst prepared by precipitating
the hydroxide from the acetate by sodium hydroxide, drying at 110° C ,
and reducing with hydrogen at 180° C. began to decrease in activity after
17 hours of use and after 22 hours had only a half of its original activity.
With a space velocity of 900, and temperature of 195° C. the efficiency
was 64.6 per cent at the end of 17 hours. A catalyst prepared from copper
sulfate had only a quarter of the activity of the acetate catalyst. The
addition of less than one per cent of nickel as a promoter increased the
initial activity but decreased the life. Addition of silver lowered the
activity. Small additions of thorium resulted in increased activity and
prolonged life but as the amounts added were increased decomposition of
formaldehyde to hydrogen and carbon monoxide occurred. With a catalyst
containing 0.1 per cent cerium nitrate an efficiency of 73.4 per cent (cor-
rected for 9.4 per cent unchanged methanol) was obtained after 36 hours
of operation with a space velocity of 1774, and a furnace temperature
of 200° C.

Iron-iron oxide catalysts have been repeatedly reported to be unsatis-
factory for methanol decomposition or oxidation, because of their activity
in causing complete oxidation to carbon dioxide or decomposition to carbon
if a deficiency of oxygen prevails. However, catalysts composed of iron
and molybdenum oxide have been found to be very efficient for methanol
oxidation.21 Such a mixed catalyst apparently combines the excellent
directive power of molybdenum and the activity of iron. Molybdenum
oxide deposited on small iron balls was shown to be 100 per cent efficient

10 Compare Jobling, Client. World III, 1914. No. 8, 232, 2SS, etc.20 a. Ghosh and Chakravarty, Quart. J. Indian Chcm. Soc. 2. 142-9 (1925) (equilibrium),
b. Ghosh and Baksi, ibid. 3, 415-30 (1926), (catalyst); British Chcm. Abstract (A) Feb. 1930,
p. 172 (poisons). '"""aiAdktns and Peterson, /. Am. Chcm. Soc. 53, 1512-20 (1931).
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toward the oxidation of methanol to formaldehyde. Although no side
reactions occurred with this catalyst, only about 38 per cent conversions
of entering methanol could be obtained after a steady state of catalyst
activity had been obtained. The amount of methanol converted was a
linear function of the amount of methanol passed over the catalyst per unit
of time. Not more than 10 per cent of the available oxygen could be
consumed no matter how large the excess of alcohol or how long the time
of contact. From a mechanism standpoint this apparently indicates that
for this particular catalyst, adsorption of methanol at the active surface is
as essential as adsorption of oxygen.

With air-methanol mixtures of 93 liters of air per 10 grams of alcohol
the catalyst composed of equal atomic amounts of iron and molybdenum
permitted an initial conversion of 82 per cent. The activity, however,
increased over a period of 23/2 hours and the conversion rose to 90.8 per
cent. This value is comparable with that obtained by Thomas2i with
copper, silver, and gold catalysts. However, considerably higher yields
could be obtained with the iron-molybdenum oxide catalyst at these high
conversions. The reactor which was used in the experiments had a cross
section of 50 X 6 mm. (l.D.) and a 15 cm. depth of catalyst was normally
used. The experimental procedure was a departure from that previously
used in methanol oxidation experiments. Whereas most of the other
experimental work had been done under autothermal conditions with the
commonly used gauze catalyst attaining whatever temperature it might
under the conditions of feed rate and air ratio, these recent tests were
conducted with a U shaped, flat aluminum catalyst tube immersed in an
electrically heated sodium^potassiuni nitrate bath, with temperature under
accurate control. With this apparatus and an air-methanol ratio at 93
liters per 9 grains, conversions of 85.2, 91.8, and 91.9 per cent were
obtained at 353°, 373°, and 400° C. respectively. At these conditions
efficiencies were (X).0, ()0.7 and 85.3 per cent. More carbon monoxide
than dioxide appeared in the gaseous reaction products.

Where oxygen is introduced with the methauol vapors over a copper
catalyst, it has been observed that the freshly reduced copper assumes a
rose color showing that oxidation occurs in the presence of methanol vapor
at 400° C. Results appear to be about the same whether the gaseous
mixture of alcohol and air is preheated or not. The walls of the tube
used in preheating should be of lire-brack, glass or porcelain if the elimina-
tion of catalytic action upon the contained gases is desired." In cases
where the gases are not preheated the length of the contact mass may be
lengthened and the temperature raised from 300° to 400° C. When pre-
heating is employed, the diameter of the contact may sometimes be in-
creased with favorable results. The catalyst acts by becoming alternately
oxidized by oxygen and reduced by the hydrogen liberated in the decompo-

" Compare lpaticw's "PyrotfeuetiHehe Kontuktresktionen," /. Russ. Phys. Chcm. Soc. 35, 577,
599, 603, 600 11903) and earlier.
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sition of the alcohol. Besides the main reaction, the decomposition of
formaldehyde occurs as a side reaction. It is this side reaction which
represents the main source of loss of alcohol and it must be kept at a
minimum. The hydrogen and carbon monoxide liberated in this way also
become oxidized and the heat generated in this way may cause excessive
temperatures to be reached in the catalyst bed.

Although the oxidation-reduction mechanism apparently holds for such
oxidation catalysts as oxides of copper, nickel, cobalt, manganese, molyb-
denum, vanadium, etc., it cannot be offered as the simple mechanism for
the case of such metal oxide catalysts as are not readily reduced to the
metal or lower oxide. To obtain pertinent data for such catalysts Lowder-
milk and Day28 studied the oxidation of methyl and ethyl alcohols,
ethylene, benzene, and toluene in the presence of the oxide of samarium.
The results indicated that the presence of the rare earth oxide with copper
promoted oxidation. However, the net effect was to give no advantage
over a copper catalyst since the oxidation tends to go too far. The best
yields of formaldehyde were obtained with an alcohol-oxygen ratio of
1 gram to 0.3-0.31 liter. The actual yields obtained with copper-pumice
catalysts never dropped below 85 per cent compared with 72 per cent
obtained by Thomas.24 The reason for the higher yield is attributed to
the fact that 15 mm. length only of catalyst was used whereas Thomas
used a 74 mm. length which gave more opportunity for decomposition.

When pure samarium oxide was used as the catalyst the process yields
were very low. This fact combined with the fact that the catalyst tem-
perature was always very high, above 600° C. even with very low air
rates, indicates that the catalyst was very active. The analytical results
indicated that at the high catalyst temperature the initially formed formal-
dehyde rapidly decomposed to hydrogen and carbon monoxide. When an
excess of oxygen was used the further oxidation of formaldehyde also
occurred.

A fairly large number of other processes which describe the conversion
of methanol into formaldehyde are to be found in the literature. The use
of silver deposited on copper wire or gauze and of a silver spiral alone
has already been referred to in the preceding chapter.17* -5 In this work
Plaschke obtained yields of 58 per cent with silver and of 55.4 per cent
with copper at temperatures of 455° C. and with a space velocity of almost
4000. Various adaptations of this form of catalyst have been described
and patented. For example, Bobrov20 found that when vapors of methanol
and air were passed over copper gauze spirals, yields of formaldehyde
which varied between 37 and 42 per cent were obtained, while if these were

33 Lowdermilk and Day, /. Am. Cham. Soc. 52, 3S3S-4S (1930).24 Thomas, /. Am. Ghent. Soc. 42, 867 (1920).20 a. Plaschke, Doctor's Dissertation, University of Leipzig (1909) may be secured through
H. Gravel and Co., 33 King St., Covent Garden, London, W. C. b. Piccard, Hclv. Chim. Ada 5,
147 (1922). c. Wohler, Herzog's "Chem. Tech. der organ. Verbindungen," Heidelberg (1912),
p. 557; (1927), p. 764. d. Ger. Pat. 286,731 (1913) Verein fur cheraische Industrie; J. Soc.
Chem. Ind. 35, 73 (1916).

» Bobrov, J. Russ. Phys. Chem. Soc. 50, 130 (1918); /. Soc. Chem. Ind. 42, (A) 329 (1923).
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replaced by copper gauze discs which were packed perpendicularly to the
axis of the tube, the yields increased to 67.6 to 71.6 per cent. The yields
obtained with coppered, silvered and gilded asbestos used in conjunction
with copper discs were respectively 70 to 72, 77.7, and 72.8 per cent.
Acetone up to 4 per cent was said not to interfere with the reaction. Pure
methanol used with a silver catalyst gave a yield of 89.5 per cent formalde-
hyde but the product polymerized almost immediately. Somewhat different
results were obtained by Thomas.24

The results of Thomas give a basis for comparison of the relative
efficiency of catalysts of copper, silver and gold. The experiments were
performed with pure methanol and the air-methanol vapor mixture was
preheated to 100° C. prior to admission to the catalyst which was preheated
to 400° C. but not heated during the runs. The work was on the basis
of a constant air rate, that is, a constant rate of supply of oxygen to the
catalyst. The catalyst temperature varied with the ratio of oxygen to
alcohol in the feed. It was found that the temperature varied from 65\J"
to 565° C. but that the catalyst was hottest near the entrance. Measure-
ments with a thermocouple in a special gold gauze catalyst disclosed that
actual temperatures vary from 530° to 900° C. in the hottest section of
the catalyst. The results of the work replotted on a single graph are shown
by Figure 7.

With catalysts of metal gauze rolls as described under Figure 7, air
to alcohol ratio equivalent to 0.25 grams oxygen per gram of alcohol, and
air rates of about 125 liters per hour the copper, silver and gold catalysts
in the order named gave the following conversions and yields, respectively,
88.5 and 40 per cent, 95 and 55.5 per cent, and 90.4 and 49.7 per cent.
With the copper catalyst best yields were obtained at 0.55 to 0.65 grams
oxygen per gram of alcohol but at this high air ratio the yields were low.
The silver catalyst was characterized by the fact that large variations in
gas speed had little effect on the reaction at constant mixture compositions
in spite of apparently large temperature differences at the catalyst. With
this catalyst the decomposition to carbon oxides was low and the yields
were correspondingly high. The gold catalyst had a much greater tendency
to decompose methanol than did silver. The total loss to decomposition
increased directly as the rate of air feed. As the length of the gold gauze
roll was increased the decomposition of formaldehyde increased slightly,
and it was evident that the oxidation reaction was complete in the first
20 mm. of length.

A comparison of these three metal catalysts shows that on the basis
of total methanol reacted the silver catalyst was more active than the
copper which was more active than the gold. Since the silver catalyst was
also least active toward the decomposition of formaldehyde to hydrogen
and carbon monoxide, it was recommended as the most desirable.

Patents based on the use of silver (or silver along with copper, or
rhodium or platinum or any metal of the platinum group) have been taken
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silver coated with very small amounts of platinum. The combination of
metals used in the catalysts were not in the form of alloys but in the form
of a base metal with the auxiliary metal deposited on it. Another process
patented by Blank28 claims silver precipitated on asbestos as a catalyst
and states that the amount of undecomposed alcohol which passes over
with the reaction gases is so small as to be almost negligible. In still other
patents 20 a similar method of oxidation is applied to the construction
of a formaldehyde lamp. In this case flax thread is immersed in silver
nitrate solution from which the silver is then precipitated by the addition
of formic acid. The flax after drying is carefully combed and placed in
the chimney of a carefully constructed methanol lamp. The mechanism
is arranged in such a way that after a preliminary lighting hot vapors of
methanol and air pass continuously through the chimney and maintain the
silver at a red heat.

A silver (or copper) catalyst suitable for the oxidation of methanol
may also be prepared by heating silver or copper cyanide or a mixture of
these in the presence of air to the point where puffing occurs. By incor-
porating a ferro- or ferri-cyanide, e.g., bismuth ferro-cyanide, bismuth
ferri-cyanide, calcium cerium ferro-cyanide, cerium cobalt ferro-cyanide,
vanadium or molybdenum ferro-cyanide with the starting material, an
activated product may be obtained. The silver or copper cyanides are
prepared by precipitating a soluble cyanide with silver nitrate or cupric
chloride respectively.30

The use of different metals which are capable of acting as oxidation
catalysts was further explored by Fokin.31 Such catalysts may be prepared
by impregnating a porous inert carrier such as coke, pumice stone or
alundum, with a solution of copper, nickel, iron formate, etc., drying and
heating in an atmosphere of hydrogen to reduce the formate at the lowest
possible temperature.8- Platinized asbestos for use as a catalyst may be
prepared by dissolving platinum in aqua regia, evaporating the solution to
dryness, extracting the residue with hydrochloric acid, neutralizing the
solution with sodium carbonate, mixing it with a paste of asbestos and
distilled water and finally reducing at 60° C. with formic acid. The
product is then washed, dried, carded and separated into flakes.03 Fokin
found that the conversion of methanol to formaldehyde ranged from a low
value of one per cent for a nickel catalyst, up to 84 per cent for a copper-
silver alloy, with the other catalysts arranged as follows in increasing order
of activity; aluminum, manganese, cobalt, platinum, copper, silver, and
gold. The yield of formaldehyde in terms of percentage of methanol
reacted is not explained, but probably refer to percentages of the theoretical
yield by weight.

*Ger. Pat. 228,697 (1908); Fr. Pat. 418,349 (1909) Blank.
"U.S. Pat. 1,067,665 (1913) Kusnezow; Fr. Pat. 412,501 (1910) Bouliard.30 Brit. Pat. 163,046 (1920) Clancy, assr. to the Nitrogen Corpn.11 Fokin, /. Russ. Phys. Chem. Soc. 45, 268 (1913); Chem. Zentr. 1913, I, 2016.MU.S. Pat. 1,122,811 (1914) Snelling.M Brit. Pat. 120,551 (1918) Frabetti.
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In the production of formaldehyde by most of the methods which
have been described up to this point, relatively pure materials and tem-
peratures up to 400° C. or higher are required. If, however, vanadium
pentoxide is used as the catalyst the claim has been made34 that it is pos-
sible to produce better yields of formaldehyde, that the catalyst is not
affected by poisons such as acetone and water, that the reaction takes place
at a sufficiently low temperature to be below the decomposition point of
formaldehyde, and that, moreover, a large excess of air is beneficial to
the reaction, thus minimizing the danger from explosions which take place
only at certain concentrations of the alcohol-air mixtures. A temperature
as low as 225° C. has been claimed to be used and methanol which contains
as much as 5 per cent agetone is said to give satisfactory results.313

Claims have been made that by the maintenance of a substantially
neutral reaction mixture throughout the formaldehyde process, the forma-
tion of by-products is greatly decreased. For this purpose a basic material
such as ammonia is added to the reaction mixture prior to the conversion.1'1"
Rapid cooling is used to prevent the formation of paraformaldehyde.

The principal catalyst poisons have been found to be oils, organic
chlorine, or sulfur-containing compounds which usually enter with the air
used for the oxidation.17' -Ob The presence of acetone in the methanol had
been found to be objectionable but with the substitution of the very pure
synthetic alcohol for the product of wood distillation this difficulty has
disappeared. Water vapor in appreciable quantities serves to decrease the
temperature of the catalyst and hence, to slow down the reaction. Some
patents have even claimed the addition of steam for the purpose of con-
trolling the reaction rate.

Several patents have been issued which refer to the preparation of
formaldehyde by the oxidation of such substances as ethanol, glycerol and
acetaldehyde. It has been claimed that ethanol may be oxidized to for-
maldehyde by passing the vapors mixed with air over platinum at white
heat.37 Formaldehyde may also be formed by passing a mixture of
vaporized glycerol or glycol and air over a copper wire gauze heated at
300° to 500° C. After the initial reaction, the process may become auto-
thermal and yields of 30-35 per cent of aldehyde obtained. The copper
gauze may be replaced by silver, iron, lead, antimony, manganese or the
oxides.88 In operations where acetaldehyde is used, the aldehyde is mixed
with oxygen, air or gases containing oxygen and then passed over heated
catalysts similar to those used for methanol oxidation or composed of the
oxides of metals such as vanadium or cerium which are capable of forming
a number of different oxides. According to the example which is described
in the patent, the mixture of aldehyde and air passes over a coil of copper

"U.S. Pat. 1,383,059 (1921); Brit. Pat. 163,980 (1921) Bailey and Craver, asars. to theBarrett Co.35 See Christiansen, J. Am. Chem. Soc. 43, 1670 (1921) for data on the effect of3«U.S. Pat. 1,738,745 (1929); Brit. Pats. 336,282-3 (1930) Bakelite Cormi37 Swiss Pat. 74,843 (1917) Perronne, Chem. Abstracts 12, 484 (1918)38 Jap. Pat. 39,153 (1921) Makajima and Kaisha.
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wire netting heated at 450° C. at the rate of 0.5 liter per minute per sq. cm.
of cross section. The oxidation is of the type of flameless combustion
and may be carried out in the presence of steam or other indifferent gases
or vapors. The product may equal 50 per cent of the decomposed
aldehyde.8*

From the data of Kharasch 40 the theoretical heat of reaction for the
oxidation of methanol to formaldehyde is given by the equation:

CH3OH(1) + 1/2 O8(g) = HsCO(l) + tLO(l) + 36,800 cal.
(32.04 grams) (30.02 grams)

A portion of this heat serves to preheat the entering air-methanol vapor
mixture to reaction temperature, a portion is lost by radiation from the
catalyst chamber, and a portion carried out as sensible heat in the reaction
products. The decomposition of formaldehyde to hydrogen and carbon
monoxide is endothermic and would use a portion of the heat particularly
where this decomposition occurred to a large extent. However, a portion
at least of such liberated decomposition products are also oxidized and
furnish more heat to raise the catalyst temperature or be dissipated.

During oxidation the entire contact mass is not raised to a red heat
but only the forward portion upon which the incoming gases first impinge.
This acts as catalyst for the primary reaction. The secondary reactions
are catalyzed by the rear, non-glowing portion of the contact which never-
theless cannot be eliminated because of its effect (by reason of its mass)
in equalizing and controlling the heat distributed to the forward portion.
In order for the catalyst to glow during the reaction its mass must be
very compact so as to accumulate heat rapidly. In order to function at
the same time as an oxygen carrier, it must have a texture such as to
offer the greatest possible number of impact areas to the incoming gas
current. With an insufficient catalyst mass, fluctuations in the feed rate
may cause erratic operation due to constant fluctuation in temperature of
the light catalyst mass with rate of feed.

Orloff found that increase in the mass of the catalyst beyond certain
limits tended to lower its temperature as well as that of the gases impinging
on it and in this way to slow down the reaction. In any given operation
he found that other factors being equal, that catalyst should be selected
which for the least mass presents the greatest number of impact areas
to the impinging gases, which at the same time affords a sufficient number
of open spaces between the surfaces of the contact to permit the complete
mixing of the reacting gases, and which in addition, possesses a heat
capacity that approximates the average value found for the metals. Copper
fulfills these conditions well, and is used in preference to silver because
of its lower cost. While it is impossible to overestimate the importance of
extensive impact areas combined with intervening spaces that provides for

39 Brit. Pat. 178,842 (1923) Consort. Elektrochem. Ind. Ges.
40 Kharasch, Bur. Standards J. Research 2, 359 (1929).


