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PREFACE

Ix the development of chemical science during the preceding
hundred years, the steady progress in importance which cata-
lytic operations have achieved is distinctly remarkable. Their
importance emerges alike in the purely theoretical and in the
technical aspects of the subject. In the natural order, also,
investigation has shown how predominating a part the catalytic
phenomenon plays. From the strictly utilitarian point of
view, Industry was not slow to appreciate the advantages
to be derived from the employment of agencies which should
facilitate and ‘“speed-up ’ manufacturing processes, nor was
there lacking a body of scientific workers who steadily supplied
the investigative and theoretical bases upon which such appli-
cations could be reared. As the scientific viewpoint developed
the physiologist and biologist rapidly associated the simpler
chemical phenomena with the more complex processes operating
in living matter. To-day, therefore, catalysis intrudes prom-
inently into all branches of natural science, both pure and
applied. ‘ '

The need for an exposition of the fundamental principles
involved in this particular field of general chemistry and
of the applicability of such principles in modern life has been
widely felt and has offered to the authors the necessary induce-
ment to prepare the present volume. An excellent chapter
in Mellor’s ‘“Chemical Statics and Dynamies ”’ has formed,
hitherto, the sole treatment in English of the theoretical aspects
of the problem. From time to time various papers have
catalogued the more important practical applications of
catalysis. The monograph of Sabatier, ‘“La Catalyse en
Chimie Organique,” deals more particularly with the applica-
tions to preparative organic chemistry with slight reference
to the physico-chemical theories involved. Dr. Gertrud Woker
has compiled a detailed survey of the theoretical aspects of
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catalysis and of their application to the problems of analytical
procedure, in Margosches’s Sammlung, entitled, ““ Die Chemische
Analyse,” Vols. XI, XXI and XXIII. The volume entitled
“ Untersuchungen im Gebiete der Kinetik der Chemischen
Reactionen und Katalyse,”” by the Russian, Orloff, and ““ La
Catalisis Quimica,” by P. E. Vittoria, are supplementary
to the above volumes. From all these sources, to which we
wish to acknowledge our indebtedness, we have freely drawn
in an effort to obtain a systematic and comprehensive treat-
ment of the whole subject.

For personal assistance in the compilation of the work
we wish to express our thanks to Professor F. G. Donnan,
F.R.S., for advice and for stimulating and continuous encour-
agement, and to Professor W. M. Bayliss, F.R.S,, for a kindly
criticism of the chapter dealing with Ferments and Enzyme
Action. : -

The diagrams have been drawn by our laboratory assistant,
Mr. A. Hiscocks, to whom we express our acknowledgments
and thanks.

With a subject the literature of which is already so consider-
able and is increasing so rapidly and continuously, it is not
possible to give an exhaustive summary of the scientific and
technical references. The aim, rather, has been to embody
in the text the main lines of development, choosing from the
available examples suitable data for the purposes of illustration.
It is hoped that such an object has been achieved. Criticism
or additional information relative to the subjects treated
will be welcomed.

The subject matter of the volume deals with the influence
of catalysts in the reactivities of atoms and molecules among
themselves. In the future, the problems of chemistry will
centre more and more around the intra-atomic reactions and
atomic structure. Already, the evidence is available that the
atoms undergo processes of radio-active disintegration at
definite but, thus far, unalterable speeds. Will the catalytic
agencies be found which shall accelerate the velocity of atomic
decay and render available the enormous stores of intra-atomic
energy ? Such is a fitting problem for the years that lie ahead.

LoxpoxN, November 11th, 1918.
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CATALYSIS IN THEORY AND
PRACTICE

CHAPTER I
EARLY HISTORY

THE conscious development of catalysis in chemical science
dates from the co-ordination by Berzelius, in 1835, of a number
of isolated observations made by wvarious investigators in
the early decades of the nineteenth century. Berzelius for
many years contributed annually to the Swedish Academy of
Sciences a report on the progress of the physical sciences
during the preceding year. The communication of March,
1835, subscquently published as the Jahresberichte fiir Chemie,
1836, contained, infer alia, a discussion of the researches of
Mitscherlich? on the réle of sulphuric acid in the preparation
of ether from alcohol. It was shown by Berzelius that the
results of this investigation possessed features common to
several investigations of the most diverse character.

The argument as developed by Berzelius may be briefly
summarised.? “ Up to 1800, it was recognised that, besides
the normal tendency of bodies to combine, heat and in some
cases light could also act in the process of combination.
Later, the influence of electricity was recognised, but it was
soon seen that chemical and electrical affinities were the same
thing, and that heat and light had no other action than to
augment and diminish these affinities.” A new type of force
was involved,. however, according to Berzelius, in a number
of reactions. Thus Kirchhof had shown?® that in the con-

1 Pogg. Ann., 1834, 81, 273. ,
2 Jahresber., 1836, 15, 237 ; Ann. Chim. Phys., 1836, (iii), 61, 146.
3 Schweigger’s Jowrn., 1812, 4, 108.
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2 CATALYSIS IN THEORY AND PRACTICE cHAP.

version of starch to sugar by means of dilute acids, the acid
effecting the change remained unaltered. Thenard discovered
hydrogen peroxide and showed that in presence of acids the
substance was stable. With alkali, however, decomposition
set in with evolution of oxygen, which was also facilitated
by the presence of substances such as manganese, silver,
platinum, gold, and fibrin.! Edmund Davy? demenstrated
that with finely divided platinum soaked in spirit of wine
ethyl alcohol was oxidised to acetic acid. In 1822 Dibereiner?
showed that spongy platinum in the cold induced the spon-
taneous combustion of hydrogen and oxygen, and this obser-
vation was followed by the discovery of Dulong and Thenard 4
that gold, silver, and even glass possessed the same property
if the temperature of these agencies was sufficiently raised.
Finally, cites Berzelius, the researches of Mitscherlich show
that the conversion of alcohol to ether was not dependent
on the affinity of sulphuric acid for water, since by a proper
adjustment of conditions the addition of alcohol to sulphuric
acid resulted in the evolution of ether and water, the sulphuric
acid therefore being analogous to the alkali of Thenard in
the decomposition of hydrogen peroxide.

Berzeliug therefore concludes: “It is then proved that
several simple and compound bodies, soluble and insoluble,
have the property of exercising on other bodies an action very
different from chemical affinity. By means of this action
they produce, in these bodies, decompositions of their elements
and different recombinations of these same elements to which
they themselves remain indifferent.

““This new force, which was hitherto unknown, is common
to organic and inorganic nature. I do not believe that it
is a force quite independent of the electrochemical affinities
of matter; I believe, on the contrary, that it is only a
new manifestation of the same; but, since we cannot see
their connection and mutual dependence, it will be more
convenient to designate the force by a separate name. I will
therefore call this force the catalytic force, and 1 will call
catalysis the decomposition of bodies by this force in the same

* Ann. Chim. Phys., 1818, 9, 314. 2 Phil. Trans., 1820, 100, 108.
3 Schweigger’s Journ., 1822, 34, 91 ; 1823, 38, 321.
¢ Ann. Chim. Phys., 1823, (ii), 23, 440 ; 24, 380.



I EARLY HISTORY 3

way that one calls by the name analysis the decomposition of
bodies by chemical affinity.”

The illustrations of catalysis cited by Berzelius in the
memoir just quoted represented by no means an exhaustive
list of the catalytic operations which had up to that time
been used and studied. Obviously, many of the primitive
arts involved unconsciously the application of Berzelius’s
“ catalytic force.” The production of wine, for example, by
fermentation processes dates back to the ancients, though
neither sugar nor alcohol appear to have been known, as
such, to Pliny, Berthelot tracing back the rectification of
alcohol from wine no further than the eighth century.! The
production of acetic acid by fermentation of wine gave the
ancients their earliest acid solvent. The manufacture of
soap by the action of alkalis on fats also dates back to ancient
times. Pliny? refers to ‘“ Sapo, Gallorum hoc inventum,”
and makes it probable that the Romans received from Gaul
and Germany a product prepared from animal fat and the
aqueous extract of ashes. Ether, which has been attributed
to the Arabians, was certainly well known in the Middle
Ages, being produced by the action of sulphuric acid on
alcohol. The first exact knowledge of its preparation we owe
to Valerius Cordus in the sixteenth century. The mineral
acids were not known until the alchemical era, but the prepara-
tion of sulphuric acid by setting fire to sulphur admixed with
saltpetre is the alchemical origination of the catalytic lead
chamber process of sulphuric acid manufacture. The identity
of the sulphuric acid obtained by the different methods of
preparation from alum, from vitriol, and from sulphur and
nitre was established by Libavius in the Iatro-Chemical era,
to whom is also to be attributed the first use of the term
‘“ catalysis ”’ in a chemical treatise. In the table of contents
of his treatise on Alchymia is to be found a section devoted
to “ Catalysis,” but, according to Goldschmidt,? examination
of the treatise itself fails to reveal anything corresponding
with that implied in our modern use of the term. One cannot
entirely dissociate the alchemist’s search for the * philosopher’s
stone ”’ from the modern search for suitable catalysts. George

1 Ann. Chim., 1852, (vi), 23, 433. ? Hist. Nat., 28, 12.

3 Zeitsch. Elektrochem., 1903, 9, 736.
B 2



4 CATALYSIS IN THEORY AND PRACTICE cuar.

Ripple likened the stone to a ferment. The records of the
efficacy of the philosopher’s stone in the literature of alchemy
suggest, moreover, the poisoning of .catalysts with which,
later, this volume will be largely concerned. Thus, Roger
Bacon ascribes to the stone the power to transform a million
times its weight of base metal into gold. The more audacious
Raymond Lully cites the transformation of ten billion times
its weight of base metal. But, with the decay of alchemy,
the claims become more modest, or the poisoning effect
becomes the more pronounced, for John Price, the last al-
chemist and gold-maker of the eighteenth century, is but
able to chronicle an efficacy of thirty times and one of sixty
times the weight of the stone.

Of researches prior to and in the early decades of the nine-
teenth century concerned with the operation of a catalytic
agent and not included in the co-ordination of Berzelius,
particular mention might be made of the following. Mrs.
Fulhame? dealt with the influence of water on chemical reaction,
more especially in the reduction of metallic oxides and in the
oxidation of carbon monoxide, and clearly demonstrated the
necessity for the presence of water, at least in traces, for the
production of reaction. The researches of Doébereiner on
the combustion of hydrogen and oxygen were preceded by
the observations of Sir Humphry Davy? on the capacity of
platinum wires or foil heated to below redness to promote
the combination of oxygen with coal-gas, cyanogen, hydrogen
cyanide, alcohol, ether, or naphtha. Erman® showed that
platinum at a temperature of 50° was sufficient to ignite a
mixture of hydrogen and oxygen. Doébereiner’s work on
the action of cold platinum introduced into the gases was
rapidly followed by that of Turner* on the action of platinum
in promoting the combination of hydrogen with chlorine and
other gases, and his unsuccessful attempts to cause preferential
combustion.

Impurities such as hydrogen sulphide, ammonia, carbon
disulphide, ethylene, and ammonium sulphide, were shown
to inhibit the activity of platinum. It was this inefficiency

1 ¢ An Essay on Combustion,” London, 1794.
2 Phil. Trans., 1817, 97, 45.

3 Abh. Akad. Wiss. Berlin, 1818-19, 368.

$ Edin. Phil. Journal, 1834, 11, 99, 311,
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of the platinum sponge on the compounds of charcoal and
hydrogen in mixture with oxygen, while it reacts so remark-
ably with common hydrogen, and also, though slowly, on
carbonic oxide,”” that suggested to Henry! ‘‘ the possibility
of solving by its means some interesting problems in gaseous
analysis. I hoped. more especially to. be able to separate
from each other the gases constituting certain mixtures, to
the compositions of which approximations had hitherto been
made, by comparing the phenomena and results of their
combustion with those which ought to ensue, supposing such
mixtures to consist of certain hypothetical proportions of
known gases.” And the conclusion is drawn that, “ When
the action of the platinum sponge was moderate, only the
hydrogen and carbonic oxide were consumed, or at most
the olefiant gas was but partially acted upon. From the
facts which have been stated, it appears that when the com-
pound combustible gases, mixed with each other, with hydrogen,
and with oxygen are exposed to the platinum balls or sponge,
the several gases are not acted upon with equal facility ; but
that carbonic oxide is most disposed to unite with oxygen ;
then olefiant gas, and, lastly, carburetted hydrogen. By due
regulation of the proportion of hydrogen it is possible to
change the whole of the carbonic oxide into carbonic acid
without acting on the olefiant gas or carburetted hydrogen.”
At a temperature of 170° it was further shown by Henry
that ““ when carbonic oxide and hydrogen gases in equal
volumes, mixed with oxygen sufficient to saturate only one
of them, were placed in contact with the sponge, from the
quantity of carbonic acid remaining at the close of the experi-
ment it appeared that four-fifths of the oxygen had united
with the carbonic oxide and only one-fifth with the hydrogen,”
a remarkable result, which was-also obtained when excess was
used. This extraordinary research represents in many respects a
study of catalytic action of the most fundamental importance
even at the present day.

The genesis of the modern contact process of sulphuric
acid manufacture dates also from the period prior to the
Berzelian definition of catalysis. Phillips, a Bristol manufac-
- turer of vinegar, patented? the use of platinum, whether of

! Phil. Mag., 1825, 65, 269, * B. P., 6069/1831.



6 CATALYSIS IN THEORY AND PRACTICE cHAP.

wire or sponge, for the oxidation of sulphur dioxide by means
of air. The process was employed at Lille by Kuhlmann in
1883, but was abandoned owing to loss of catalytic activity
by the platinum, an inhibiting factor which was not satis-
factorily overcome in technical practice until the dawn of
the present century.

It is to Faraday! that we owe a detailed inquiry into * the
power of metals and other solids to induce the combination
of gaseous bodies *’ and into ‘‘ some very extraordinary inter-
ferences with this phenomenon.”” The researches were initiated
in the course of experiments to render efficient the hydrogen-
oxygen voltameter, in which Faraday ‘ was occasionally
surprised at observing a deficiency of the gases resulting from
the decompositions of water, and at last an actual disappearance
of portions which had been evolved, collected and measured.
. . . It was found that this effect was not due to the escape
or solution of the gas, nor to recombination of the oxygen
or hydrogen in consequence of any peculiar condition they
might be supposed to possess under the circumstances; but
to be occasioned by the action of one or both of the (platina)
poles within the tube upon the gas around them.” It was
established that the positive platina plate was more active
than the negative, and that with the former, in addition to
its rapid action on oxygen and hydrogen, a feebler action
was exerted by it on mixtures of nitrous oxide and hydrogen.
According to Faraday, mixtures of olefiant gas or carbonic
oxide with oxygen, or of equal volumes of hydrogen and
chlorine, were not affected by the prepared platina plate.

“ Reverting to the action of the prepared plates on mixtures

of hydrogen and oxygen, I found that the power, though
gradually diminishing in all cases, could still be retained for
a period varying in its length with circumstances.
The continuance of the action greatly depended upon the
purity of the gases used. . . . The act of combination always
seemed to diminish, or apparently exhaust, the power of
the platina plate.”

As a result of his inquiries Faraday concludes that it may

1 ¢« Experimental Researches in Electricity,” 1849, 1, 165, 6th series,
Nos. 564-659; “ Everyman’s Library,” No. 576, pp. 84-111; Phil. Trans.,
1834, 114, 55.
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be observed of this action, that, with regard to platina, it
cannot be due to any peculiar, temporary condition, either
of an electric or any other nature: the activity of plates
rendered either positive or negative by the pole, or cleaned
with such different substances as acids, alkalis, or water ;
charcoal, emery, ashes, or glass ; or merely heated, is sufficient
to negative such an opinion. Neither does it depend upon the
spongy and porous, or upon the compact and burnished, or
upon the massive or attenuated state of the metal, for in any
of these states it may be rendered effective or its action taken
away. The only essential condition appears to be a perfectly
clean "and metallic surface, for, whenever that is present the
platina acts, whatever its form and condition in other respects
may be ; and though variations in the latter points will very
much affect the rapidity, and therefore the visible appearances
and secondary effects of the action ; 7.e. the ignition of the
metal and the inflammation of the gases, they, even in their
most favourable state, cannot produce any effect unless the
condition of a clean, pure, metallic surface be also fulfilled.

“All the phenomena connected with this subject press
upon my mind the conviction that the effects in question
are entirely incidental and of a secondary nature; that they
are dependent upon the natural conditions of gaseous elasticity
combined with the exertion of that attractive force possessed
by many bodies, especially those which are solid, in an eminent
degree, and probably belonging to all; by which they are
drawn into association more or less close, without at the
same time undergoing chemical combination though often
assuming the condition of adhesion ; and which occasionally
leads, under very favourable circumstances, as in the present
instance, to the combination of bodies simultaneously subjected
to this attraction. I am myself prepared to admit (and
probably many others are of the same opinion) both with
respect to the attraction of aggregation and of chemical
affinity, that the sphere of action of particles extends beyond
those other particles with which they are immediately and
evidently in union, and in many cases produces effects rising
into considerable importance: and I think that this kind
of attraction is a determining cause of Débereiner’s effect,
and of the many others of a similar nature.”
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It will be evident, therefore, that Faraday, in 1833, and
prior to the co-ordination by Berzelius of the several examples
of catalytic aetion, had clearly expressed a theory as to the
mechanism whereby such action should occur. The theory,
it will be observed, confirms the viewpoint expressed by
Berzelius in his later publication, that the catalytic force is
not independent of the affinities of matter but only a new
manifestation of the same. ,

The retardation caused by admixture of foreign gases on
the combination of hydrogen and oxygen was also studied
by Faraday, who found that “ the order in which carbonic
acid and these substances seemed to stand was as follows,
the first interfering least with the action.; nitrous oxide,
hydrogen, carbonic acid, nitrogen and oxygen.” These did
not prevent the action of the plates, ““ nor was the retardation
so great in any case as might have been expected from the
mere dilution of the oxygen and hydrogen.” Faraday found
that ethylene decreased the action of platinum more than
did carbon monoxide ; but this result was not confirmed by
Henry!; Bancroft? thinks this was probably due to some
impurity in Faraday’s ethylene. The retardation by carbon
monoxide, however, is well confirmed by both investigators.

Of the explanation of retardation, Faraday writes: “ The
theory of action which I have given for the original phenomena
appears to me quite sufficient to account for all the effects
by reference to known properties, and dispenses with the
assumption of any new power of matter. I have pursued
this subject at some length, as one of great consequence,
because I am convinced that the superficial actions of matter
whether between two bodies, or of one piece of the same body,
and the actions of particles not directly or strongly in combina-
tion, are becoming daily more and more important to our
theories of chemical as well as mechanical philosophy. In
all ordinary cases of combustion it is evident that an action
of the kind considered, occurring upon the surface of the
carbon in the fire, and also in the bright part of the flame,
. must have great influence over the combinations there taking
place.”

The student of catalysis no less than, for other reasons, the

1 Phil. Mag., 1836, (iii), 65, 329. Si . Phys. Chem., 1917, 21, 755.
-
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student of electro-chemistry, is deeply indebted to Faraday
for this early orientation into the mechanism of catalytic
action.

The isolation by Payer and Persoz! of the enzyme diastase
from the extract of barley malt was succeeded by the discovery
of emulsin in bitter almonds by Liebig, and the formulation
of a theory of its mode of action, which, however, in view of
the preceding review of Faraday’s work, is wrongly stated by
Ostwald? to be the first theory of catalytic action.

In propounding a theory of catalytic action Liebig was
animated with the purpose of demonstrating that the Ber-
zelian concept of a special catalytic force was superfluous.
As originally expressed, the cause of catalytic action lay in
the facility possessed by a body in decomposition or combina-
tion of communicating to another body in contact with it the
same chemical activity or the same powers of combination
which the body itself possessed. In illustration of this pro-
perty, Liebig cited the combustion of a body by bringing it
into contact with a body which is itself undergoing combus-
tion, and in further illustration, the solubility of platinum
when alloyed with silver in acids in which normally the
platinum alone remains insoluble.

The illustrations chosen by Liebig can scarcely be described
as happy, since as Berzelius very readily pointed out,® numerous
researches had already shown that a burning body was not
necessary for the production of combustion. Even cold
platinum sponge was sufficient to bring about the ignition
and also explosive combustion of hydrogen and oxygen. On
the other hand, the solubility of platinum when alloyed with
silver was not to be explained on Liebig’s assumptions, since,
as Berzelius emphasised, solution of platinum was not effected
when present in alloys with iron, copper, zinc, or mercury.

Liebig was therefore constrained to modify his theory of
catalytic action, and did so in reference to the problem of
sugar fermentation. The hypothesis became one of ‘ mole-
cular vibrations,”” communicable, by contact, to another body,

1 Ann. Ohim. Phys. 1833, (ii), 53, 73,

2 “ Uber Catalyse, Vers. Ges. Deutsch, Naturforscher und Arzte,” Hamburg,
1901.

3 Jahresber., 1841, 20, 452.
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thus setting up in the atoms of the second system similar
motions leading to reactions or decomposition. In the
particular case of sugar fermentation, this would involve
that the decomposing yeast-cells, in the process of decomposi-
tion induce instability in the molecules of sugar which thereby
suffer accelerated decomposition to alcohol and carbon dioxide.

The disadvantage of the Liebig theory lies in its unassail-
ability since no possible test of the theory can readily be
devised. It is comprehensive, and as such has earned con- -
siderable popularity, owing to its applicability to numbers of
imperfectly understood reactions ; but, as Ostwald pointed
out! it is of but little use as an auxiliary to scientific research,
for the direction and suggestion of new lines of investigation.
The theory called forth the following caution from Berzelius :
In science, one always loses by plausible explanations published
prematurely ; the only correct method of attaining certain
knowledge is-to be found in leaving the incomprehensible
until the explanation sooner or later is given by facts which
are so clear that divided opinion upon the matter can scarcely
arise. The procedure thus recommended by Berzelius was
faithfully exemplified in the researches of Schénbein, to whom
is due many of the facts of the problem of catalysis which we
at present know, but who partook to no extent in the theoretical
discussions as to cause.

The action of oxides of nitrogen in the lead chamber process
possesses considerable historical interest in regard to catalysis
since the explanation originally put forward by Clément and
Désormes? involving a series of cyclic reactions, the alternate
formation and decomposition of ‘ chamber crystals,” may
be regarded as the first attempt to explain a catalytic process
by what has come to be termed the intermediate compound
theory. In all the early discussions of the nature of catalytic
processes this case was apparently overlooked. The cor-
responding explanation of the etherification process by
Williamson in 1854,% involving the intermediate formation
and subsequent decomposition of ethyl sulphuric acid, estab-
lished the concept of intermediate compound formation and
led eventually to its extended application to the theoretical

1 Loc. cit. 2 Ann. Chim., 1806, 59, 329.
3 Ann. Chitm. Phys., 1854, (iii), 40.
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interpretation of catalytic processes in which the stoichio-
metric relationships were not so definitely established.

In the development of a subject so intimately concerned
as is catalysis with the conception of velocity of reaction
the researches of Wilhelmy?! entitled ‘‘ On the Law aecordmg
to which the Action of Acids on Cane-sugar Occurs,” call
for special reference. The importance of the researches lies
in the fact that they were the first successful attempts to
study the operation of the time factor in chemical reaction.
Wilhelmy ‘showed with reference to the hydrolysis of cane-
sugar that the rate of inversion was at any moment propor-
tional to the amount of cane-sugar undergoing transformation,
in strict agreement with the mathematical equations which
he developed from general considerations. The research
moreover, is the first successful attempt to establish the law
of mass action in a quantitative manner. Wilhelmy further
studied the influence of temperature and concentration of
acid in reference to reaction velocity, without, however,
coming to any important conclusions. At the close of his
research Wilhelmy remarks : “ I must leave it to the chemists
to decide, whether and how far the formulz obtained are
applicable to other chemical processes; in any case, all those
processes to which one ascribes the operation of a catalytic
force seem to me to belong to this class.” As Ostwald has
pointed out, the research was overlooked by numerous later
1nvest1gators and it was not until the attention of men of
science had been directed to the work by Ostwald? that it
was recognised that Wilhelmy is to be designated the dis-
coverer of the laws of chemical reaction velocity, since the
formulee which he put forward were subsequently shown to
be applicable to a number of chemical processes. The
extension of Wilhelmy’s work was undertaken by Loéwenthal
and Lennsen,® who showed that the velocities with which the
acids invert cane-sugar is proportional to the strengths of
the acids. The influence of temperature on reaction velocity
was successively studied by Berthelot,* by Harcourt and

1 Pogg. Ann., 1850, 81, 413, 499.

2 J. pr. Chem., 1884, 29, 385.

8 Ibid., 1862, (i), 85, 321, 401.

¢ Compt. rend., 1864, 59, 616 et seq. ; Ann. Chim. Phys., 1869, (iv), 18, 146.
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Esson,® and later still by Warder,? Urech,® van’t Hoff,
Arrhenius, and many others.

Ostwald claims to have introduced the concept of reaction
velocity as a definite criterion of a catalytic process by his
insistence, since 1888, on the point of view that the catalyst
is to be regarded as accelerator (or inhibitor) of a reaction
already taking place, in contradistinction to the concept that
a catalyst can initiate a reaction. In agreement with this
idea, the following definition of catalysis was put forward
by Ostwald: “ Catalysts are substances which change the
velocity of a given chemical reaction without modification
of the energy factors of the reaction.” ¢ It is claimed by
Ostwald for this change, slight though it appears, that it has
yielded important results in the scientific development of the
subject, since it has facilitated exact investigation of the
magnitude and character of such acceleration. It will be
shown, however, in the succeeding chapter, that the point
of view thus put forward does not enjoy universal acceptance.
Schonbein, J. J. Thomson, H. E. Armstrong, and Duhem
have all indicated their opinion that a catalyst may actually
initiate a reaction.

Of the early efforts in the study of catalysis there remain
for consideration those which have reference to the influence
of the catalyst on reversible processes. As early examples
among these may be cited the researches of Lemoine® on the
decomposition of hydriodic acid as a type of a heterogeneous
catalysis, and those of Berthelot® on the equilibria attained
in esterification processes, as a type of homogeneous catalysis.

Lemoine demonstrated that in presence of platinum sponge
the decomposition limit at 350° was 19 per cent., attained
practically immediately. On the contrary, operating without
a catalyst at the same temperature under a pressure of two
atmospheres, a limit of 18'6 per cent. decomposition was
attained, although only after an interval of 250 to 300 hours.

Berthelot established the same independence of the equili-

v Phil. Trans., 1867, 167, 117. 2 Amer. Chem. Journ., 1881, 3, 203.
* Ber., 1883, 16, 762 ; 1884, 17, 2165 ; 1887, 20, 1836.

¢ Chemische Betrachtungen, ‘ Die Aula,” 1895, No. 1.

5 Ann. Chim. Phys., 1877, (v), 12, 145.

¢ Bull. Soc. chim., 1879, 31, 342.
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brium state in the esterification of alcohols by acetic acid
in the absence, and in presence, ‘of traces of mineral acid -
catalysts such as hydrochloric or sulphuric acid. At the
ordinary temperature the equilibrium state was reached with
equivalent initial concentrations of alcohol and acid when
66 per cent. of the alcohol had been converted in either case,
the time required, however, involving years of contact in the
absence of catalyst as opposed to a few hours in presence
of the mineral acid. In the subsequent theoretical discussion
it will emerge that the réle of the catalyst in the question
of equilibrium has a very considerable significance, and has
therefore been the object of numerous investigations. The
manifold directions which these have assumed necessitate
special and individual treatment not consonant with an
historical survey, and consequently further discussion will
not be intruded at this juncture.

From 1880 onwards the studies of catalytic reactions rapidly
multiplied. They were concerned with all the many-sided
aspects of the problem. On one hand, investigations yielded
advance in the knowledge of theoretical principles underlying
catalytic change. On the other, carefully conducted investiga-
tions added to the list of reactions capable of catalytic accelera-
tion, a list which, judging by the investigations of Thenard,!
on hydrogen peroxide decomposition, or by the speculations
of Ostwald might well become comprehensive of all chemical
reactions. Catalytic processes were employed with signal
success in the studies inaugurated by the theory of electrolytic
dissociation of Arrhenius and in the development of modern
physical chemistry which resulted from that theory and the
theory of dilute solutions of van’t Hoff. At the same time
there was developing, constantly and consciously, the appli-
cation of catalysis to industrial enterprise, which has yielded
results the importance of which can be adjudged from a
consideration of the manufacture of synthetic indigo, of
contact sulphuric acid, of synthetic ammonia, or of the modern
hydrogenation of fats.

It is to the many features of all such developments that
attention will, in the succeeding chapters, be directed.

1 Ann. Chim. Phys., 1818, 9, 314.
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THEORETICAL INTRODUCTION
h a

CRITERIA OF CATALYSIS

In the preceding chapter relative to the early history of
catalysis it has been shown that a latge number of reactions
proceed in the presence of suitable agents, which, following
the nomenclature of Berzelius, are called catalytic agents,
the reactions themselves being spoken of as examples of
catalysis. Thus far, however, no exact definition of catalytic
action has been laid down, and little has been said as. to
criteria of catalysis beyond the definition attributed to Ost-
~ wald, in which the acceleration of a reaction by the presence
of a given substance is regarded as a criterion of catalytic
action. In order, therefore, to delimit the field of chemical
science with which this survey is concerned, it is necessary
to proceed to an examination of the various tests which may
be applied to a given chemical operation in order to ascertain
whether, in the process thereof, the phenomenon of catalysis
intrudes. The criteria thus laid down it will be advantageous
to illustrate by reference to typical examples and to the
research work which has been conducted with a view to veri-
fication.

A close analysis of the examples which have already been
- cited would lead to a general conclusion which, as a first
criterion of catalytic processes, may be stated thus: Zhe
chemical composition of the catalytic agents is unchanged on
completion of the reaction process.

In the case of heterogeneous catalytic reactions, as, for

example, the early experiments on the catalytic combustion
: .
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of various gases in presence of platinum, this criterion is the
more readily obvious. The metal catalyst can be employed
successively to bring about reactions between successive
quantities of the gases, with the proviso, however, to be
discussed more in detail somewhat later, that in the operation
of the process the absence of materials which prevent the
action of the catalyst is ensured.

In homogeneous systems, while not so obvious, the same
criterion holds. So long ago as 1812 Kirchhof demonstrated
its validity in reference to the hydrolysis of starch by employ-
ment of dilute acid catalysts. It was shown that, after
completion of the hydrolytic process, the acid remained in
the system in its original concentration and could be employed
to produce hydrolysis of further quantities of the substrate.

Stress must be laid on the statement that the unchange-
ability of the catalyst is limited to its chemical composition.
In regard to its physical state, this does not hold. Numerous
examples could be cited in heterogeneous catalysis to illustrate
the change in physical state of the catalyst with participation
in catalytic change. Ddébereiner’s platinum wire becomes
covered, after reaction, with a finely divided deposit of metallic
platinum, or corroded or pitted in the process of catalysing
the hydrogen-oxygen combination. The same phenomenon
is observed in the case of the platinum wire forming the gauze
used as catalyst in the modern technical process for the
oxidation of ammonia with air or oxygen, and Bone has
illustrated its occurrence in the employment of silver gauzes
in surface combustion processes.

- The change in physical state of the catalyst is generally
attributed to its activity in a series of cyclic actions in which
the material participates, the final reaction of the cycle
resulting however in the regeneration of the catalytic
material in its initial form. Thus, in the well-known action
of manganese dioxide in promoting the decomposition of
potassium chlorate with evolution of oxygen, it has been
observed that, if, initially, a crystalline form of the oxide
be employed the final product is manganese dioxide in the
form of a fine powder. The researches of Sodeau! have
associated this change in physical state with the participation

1 J. Chem. Soc., 1900, 77, 137, 717 ; 1901, 79, 247, 939 ; 1902, 81, 1066.
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by the manganese oxide in the process of chlorate decomposi-
tion. ;

The change in physical state is also frequently associated
with a change in the activity of the catalytic material. Copper
oxide increases considerably in the activity with which it
promotes combustion processes by prolonged use. Thus the
temperature at which the combustion of hydrogen and oxygen
commences is considerably lowered by continued use of the
same sample of catalyst, with the result that the reaction
may easily be brought about at temperatures below 100°
with a sample the physical state of which has been suitably
changed in process of operation. Consequently, in the
definition of the catalytic activity of a given material the
emphasis to be laid on the physical state of the catalyst is
necessarily of prime importance. Massive oxide of iron as it
oceurs in certain minerals acts but indifferently, and only at
comparatively high temperatures, as a catalyst in promoting
the reaction between carbon monoxide and steam,

CO-+H,0 = CO0,+H,,

a reaction which is made use of in the modern catalytic process
for the manufacture of hydrogen from water-gas. On the
other hand, the porous oxide of iron obtained by low tempera-
ture calcination of spathic iron ore, or the porous mass obtained
by reduction of iron by means of charcoal, possesses marked
activity in promoting the chemical reaction at much lower
temperatures.

A second criterion of catalytic action may now be stated,
a consideration of which will reveal that it is a corollary of
that already formulated: minimal amounts of a -catalytic
agent are adequate for the transformation of large quantities
of the reacting substances.

Since the chemical composition of the catalytic agent is
unchanged on completion of the reaction process, it follows
that the process could be repeated as often as desired, and
thus the necessity of this second criterion is demonstrable.
So long ago as 1806, observation of the cyclic nature of the
reaction of oxides of nitrogen in the lead chamber process of
sulphuric acid manufacture led Clément and Désormes to
this conclusion, which is universally valid in all cases in
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which the possibility of secondary reactions is excluded.
These latter, however, are by no means infrequent, and so
it is common in the literature of catalytic agencies to refer
to the ‘“life ” of a catalyst. This may be stated in a variety
of ways, all of which, however, are referable to the ratio of
reactants transformed to catalytic material employed.

In illustration of the several points thus raised in connection
with the quantity of catalyst required for the transformation
of reacting substances, the following examples may be cited.
Bredig has pointed out that the combination of hydrogen
and oxygen at the ordinary temperature would be brought
about by 2°5 c.c. of a colloidal solution of platinum containing
as little-as 0°17 milligram of platinum, and that at the outset
the rate of combination was 1'8 c.c. of gas per minute. After
a period of time during which 10 litres of gas had undergone
combination, it was found that the activity of the colloidal
solution was still unimpaired, the velocity of combination
being, within the experimental error, identical with that
prevailing at the commencement. Mellor! cites the observa-
tion of Titoff? that the presence of 0.000,000,000,000,1 N.CuSO,
solution is sufficient to produce a perceptible acceleration of
the rate of oxidation of an aqueous solution of sodium Sulphite.

Sulphuric acid is the usual catalyst for the dehydration of
alcohol to yield ether. As operated in modern technical
practice, secondary reactions are practically excluded, so
that an initial quantity of sulphuric acid is sufficient for the
transformation of large quantities of alcohol. In the labor-
atory, and also in less modern types of technical plant where
the control of the process is by ho means so certain, it is a
matter of common observation that, in addition to the
etherification process, side reactions intrude, manifested by
charring of the organic material and reduction of the sulphuric
acid to sulphur dioxide. In such circumstances the catalyst
shows a steadily diminishing efficiency, so that sooner or later
replacement of the acid becomes necessary. Such an example
illustrates the importance of the problem of side-reactions to
the main catalytic process in the technical application of
catalysis. It will emerge later in the discussion on ‘‘ catalyst

1 ¢« Chemical Statics and Dynamics.”
2 Zeitsch. physikal. Chem., 1903, 45, 641.
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poisons ”’ that in such cases as the contact sulphuric acid
process, the synthesis of ammonia and its oxidation to nitric
acid, as well as in many other reactions of technical importance,
the essentials of success are to a considerable degree governed
by the elimination of materials which by reaction with, or
modification of, the catalytic material, suppress practically
entirely the activity of the catalyst.

Accepting the two criteria of catalysis already laid down,
it is possible, with the aid of the laws of thermodynamics,
to proceed to the formulation of yet other criteria. According
to the two laws of thermodynamics, the energy change associ-
ated with the transformation of a given reacting system is
a function of the initial and final states of the system, indepen-
dent of the path taken by the reacting substances in the
attainment of the end stater This is merely another method
of stating the law of conservation of energy, for, were conditions
otherwise, it would be possible to arrange a cycle of operations
in which a given reaction could be conducted by one path and
reversed by another, with which, therefore, unless the energies
required via the two paths were identical, a positive yield of
energy could be continuously obtained. In other words, a
perpetuum mobile would result. Now, since at the end of a
catalytic reaction, the catalyst remains unchanged in chemical
composition, the net energy contributed by the catalyst to
the reacting system must be zero. There follows, consequently,
the conclusion that the energy factors governing the reaction
which is catalysed remain identical in presence or absence
of a catalytic substance. Now the position of equilibrium
of a given reacting system is determined by the energy trans-
formed in the process according to the well-known equation
of van’t Hoff :

dlogk @
T Rt il

where K is the equilibrium constant,
@ the heat of reaction at the absolute temperature, 7',
R the gas constant (=2 cal.).
The conclusion is therefore inevitable that e catalyst cannot
affect the final state of equilibrium.
This deduction may also be established after the manner
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of van’t Hoff* in the following wise: ‘ Theoretically, too,
assuming that contact actions affected the equilibrium, we
should come upon a perpetuum mobile, by working alternately
with and without the centact substance ; the conversion might
thus be carried backwards and forwards indefinitely, and so
work might be accomplished in a way, without fall of tempera-
ture, in contradiction to the laws of thermodynamics.”

It must be emphasised that this conclusion involves accept-
ance of the criterion of catalysis that the catalyst remains
unchanged. Where possibility of side reactions enters,
apparent exceptions to this conclusion are found, as will be
shown in the examples which follow.

Since the energy change accompanying a reaction is a
measure of the driving force of the reaction, and since this
is not modified by the presence of a catalyst, although, with
this latter present, profound modifications in the velocity
of reaction may occur, it follows that the catalyst must act
in modifying the resistance of the system to the process of
reaction. Ostwald compares the action of a catalyst, therefore,
with the influence of oil on the wheels of a machine. The
energy of the drive is not altered by the process of oiling,
but merely the resistance. Similarly, the function of a re-
tarding agent may be compared with the action of gnt in
the machine. &

In any reversible action, ?

A+B=C+D, . \

the condition of equilibrium may be referred to the rates
" at which the reaction proceeds in the two directions. In
the one case, the reaction velocity is proportional to the
concentrations of 4 and B,

ry oc [A] [Bl=t; [4] (B,
and in the reverse change to the concentrations of C and D,
ry o« [C][D] =k, [C] [D]

At equilibrium, the rates of the two reactions are identical,
and hence
k, [4] [B] = k, [C] [D].

1 “Lectures on Theoretical Chemlstry,” 1898, p. 215.
c 2
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So that the equilibrium constant,

Now since the catalyst cannot affect the final state of
equilibrium, it is obvious that the ratio k,/k, is also indepen-
dent of the catalyst, and so it may be concluded that a catalyst
modifies the velocity of two inverse reactions to the same degree.

As a corollary to these two conclusions as to the state of
equilibrium, it follows of necessity that the state of equilibrium
is independent of the nature and quantity of the catalytic
agent.

The researches of Lemoine on the equilibrium obtaining
in the decomposition of hydrogen iodide, and those of Berthelot
on the equilibrium in the esterification of carboxylic acids
in presence of traces of mineral acid catalysts have already
been cited in the historical introduction with reference to the
influence of the catalyst on the position of equilibrium.
Numerous additional examples could be given in support
of the several criteria just outlined. Thus the equilibrium
in the reversible transformation of acetone to diacetonyl
alecohol was most carefully investigated by Koelichen,® who
found that the reaction,

2CH,-CO-CH, = CH,-CO-CH,-C(CH,),-OH,

catalytically accelerated by hydroxyl ions, attained the
same equilibrium state from either side with such varied
agents as ammonia, triethylamine, tetraethyl ammonium
hydroxide, and sodium hydrate. Of reactions catalysed by
acids, Henry? investigated the equilibrium obtaining in the
conversion of g-oxybutyric acid to g-butyrolactone, and
obtained good velocity constants on the assumption that the
catalyst accelerated the inverse reactions to an equal extent.
Bodenstein? indicated the same in reference to a heterogeneous
reaction, the formation and decomposition of hydrogen
selenide,
H, + Se = H,Se,

1 Zeitsch. physikal. Chem., 1900, 33, 129. ? Ibid., 1892, 10, 98.
3 Ibid., 1899, 29, 429.
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the catalytic agent being molten selenium. Turbaba! varied
the catalytic agent in the aldehyde-paraldehyde equilibrium,
showing that with hydrochloric acid, sulphur dioxide, oxalic
acid, zinc sulphate, and other agents the proportion trans-
formed was independent of the nature and quantity of the
catalytic agent.
Of apparent exceptions to the view that the catalyst can hof

alter the state of equilibrium of a system, reference may be
made to the case of - equilibrium in esterification processes

10
8
§ N%U\
6
a4
4

5
Values of [H,0]/[HC!]
Fre. 1.

and in the hydrolysis of esters, much investigation relative
to this issue having centred round these examples.

Jones and Lapworth? investigated the equilibrium constant
in the hydrolysis of ethyl acetate using hydrochloric acid as
catalyst. It was found that the value obtained varied ac-
cording to the amount of catalyst employed. The appended
diagram (Fig. 1) gives a plot of the values of the apparent
equilibrium constant,

_ [H,0][CH;CO-0OC,H,]
¥ [C;Hs-OH][CH,-COOHY’

1 Zcitsch. physikal. Chem., 1901,-38, 505.
2 J. Chem. Soc., 1911, 99, 1427.
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with different concentrations of acid. It will thus be seen
that the value of ¢, obtained by Berthelot and Paen de St.
Gilles for homogeneous liquid systems and in presence of
traces of acid catalyst, rises steadily, with increasing concentra-
tion of hydrochloric acid, to values in the neighbourhood
- of 9. It must necessarily be concluded, therefore, that_in
the equilibrium equation the values used to represent the
concentrations of the reacting species cannot be taken as
the actual masses of each substance present. Jones and
Lapworth associate the rising constant with a diminution
in the active mass of the ‘water, which, calculation shows,
corresponds nearly with the formation of a compound,

HCI-2H,0.

Admitting the possibility of compound formation, it is evident
that consideration must also be paid to the likelihood of
similar reaction with the other substances present. Jones
and Lapworth do not incline to the view that such compound
formation is of great importance, since, according to earlier
work of these authors, the activity of hydrochloric acid in
alcohol is but slightly affected by acetic acid and ethyl acetate.
This would point to the view that when passed into an equili-
brium mixture of the reacting substances the hydrogen chloride
would combine almost exclusively with the water. The
work of Kendall and his colleagues! demonstrates, however,
the strong tendency to ester-acid complex formation which
would undoubtedly also be manifest in mixtures of the type
employed by Jones and Lapworth.

The dependence of the equilibrium in the case of ester
. hydrolysis on the concentration of the catalyst is also the
subject of investigation by Armstrong and Worley.2 In
these résearches also the formation of acid-water complexes
is assumed to account for the variation of equilibrium point
as well as for the accelerating action of the acid.

Apparent exceptions to the conclusions as to equilibrium
may also arise in cases where side reactions or alternative
reactions occur. The several decompositions of hydroxyl-
amine and of hydrazine studied by Tanatar® may be instanced

1 J. Amer. Chem. Soc., 1916, 38, 1712.
2 Proc. Roy. Soc., 1912, [4], 87, 604.
3 Zeitsch. physikal. Chem., 1902, 40, 475; 41, 37.
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in this connection. A hot aqueous solution of hydroxylamine
yields on decomposition ammonia, nitrogen, and water,
with traces of nitrous oxide. If platinum black be employed
to accelerate the decomposition, the nitrogen evolution is
slight and the main gaseous product is nitrous oxide. The
explanation of this is simple if it be realised that the hydroxyl-
amine is capable of decomposing in two ways :

(@) 3NH,OH =NH,+N,+3H,0.
(b) 4NH,-OH =2NH,+N,0 +3H,0.

A preponderating catalytic acceleration of the latter by
platinum black would cause the increase in nitrous oxide
concentration and the apparent displacement of the ratio
of the reaction products. Similarly, hydrazine decomposes
in three different ways according to the reactions :

6N,H,—SNH, 2N,
6N,H,=6NH,+3N,+2H,
6N,H,—4NH, 4N, + 6H,

The first reaction predominates with hydrazine sulphate,
the second with free hydrazine, and the third with alkaline
solutions. :

Sabatier and Mailhe! have investigated a similar example
of alternative reactions in the decomposition of alcohols,
the one a dehydration, the other a dehydrogenation process :

(@) C,H,OH = C,H,+-H,0
(b) C,H,-OH = CH,CHO+H,.

It is shown that with certain agents, such as thoria, reaction
(b) is practically negligible, whilst, for example, with mag-
nesium oxide the dehydration process does not occur. Other
oxides show an action intermediate to these extremes and
with which both ethylene and hydrogen are found in the gaseous
products. Engelder? has shown that the presence of water
vapour or of hydrogen in the incoming alcohol also determines
the ratios of ethylene and hydrogen in the resulting decom-
position productions. Two separate and distinet reactions
~ are here involved, on each of which the catalyst chosen has

1 Ann. Chim. Phys., 1910, (viii), 20, 341.
2 J. Physical Chem., 1917, 21, 676.
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a specific influence, the velocity of each, moreover, being
determined in part by the catalyst.and also by the presence
of the reaction products. It should not be possible, therefore,
to mistake the phenomena occurring or to attribute the same
to an influence of the catalyst on the equilibrium.

The solvent medium as catalyst.—In a discussion of
the role of the catalyst in equilibrium reactions, it is
opportune to take into account the part played by the
solvent in chemical reactions, since in many respects the
phenomena displayed are analogous to those occurring in
simple catalytic processes. KEspecially in the property just
alluded to, that of directing a reaction along a definite path,
the solvent behaves in the same manner as a catalyst.
The solubility factor accounts in large measure for the direc-
tional influence of the solvent. Thus in aqueous solution
potassium iodide precipitates mercuric iodide from a solution
of mercuric chloride. In acetone, on the contrary, mercuric
iodide is soluble, and so addition of mercuric chloride solution
precipitates potassium chloride from solutions of potassium
iodide. The directive influence of the solvent is also marked
in the researches of Bruner and his pupils! on the relative
amounts of ring and side chain substitution products in
various solvents. The velocity with which a chemical reaction
in solution proceeds is also determined by the nature of the
solvent medium. Thus, the classical researches of Menschut-
kin? on the influence of solvent on the rate of interaction of
triethylamine and the ethyl halides, for example,

CszI +(02H5)3N i (02H5)4NI,

demonstrated a marked influence of the solvent as revealed
by the following table :

Velocity Dielectric constant
Solvent. constant. of solvent.

Hexane .. 4 = = 0-00018 2s

Xylene .. o i X 0°00287 26
Benzene .. e 3 k= 0-00584 2:6
Ethyl alcohol .. o% ip 0:0366 217
Methyl alcohol .. £ Al 0-0516 325
Acetone . . At L 3 0-0608 21-8
Benzyl aleohol .. P =5 01330 106

1 Bull. Acad. Sci. Cracow, 1910, 516.
2 Ber., 1882, 15, 1818 ; Zeitsch. physikal. Chem., 1887, 1, 611 ; 1890, 5, 589 ;
1890, 6, 41.
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Various efforts have been made to associate the influence
of the solvent with its electrical properties, as, for example,
the dielectric constant of the medium, or the ionising power
of the solvent in Bruner’s investigations of substitution,
but it can be seen even from the above table that such physical
properties alone are inadequate to explain the whole effect.

Definitions of catalysis which only include the criteria of
velocity change and unalterability of the catalyst at the
end of the operation manifestly will include solvents as
catalysts. Ostwald! expressly recognises this, and points
out in this respect that all the various intermediate stages
can be found between cases of solvent influence and cases
in which a very small amount of added substance changes
the reaction velocity. Ostwald considers that the differences
between the two extremes are merely quantitative, and that
a systematic study of catalysis should not exclude cases in
which the acceleration is small.

It is obvious, however, that the function of the solvent
is not in accord with the criteria of catalysis already laid
down in respect of the equilibrium position of a reaction.
From this point of view the case of the solvent must rather
be regarded in a manner similar to that outlined in the treat-
ment of ester hydrolysis and the influence of increasing
concentrations of hydrochloric acid on the equilibrium position.
The effects produced are connected with the presence of
large concentrations of solvent which exerts its influence on
the equilibrium of the reaction occurring, by itself interacting
with the components of the reaction system. Van’t Hoff
has stated this point of view with great clearness.2 The effect
of the medium may be regarded as dual.

(1) A catalytic action affecting the two actions of a reversible
process equally and having no influence on the final state of
equilibrium.

(2) A specific action dependent upon the relation of the
catalyst to each of the reacting substances.

That the position of equilibrium is independent of the
solvent medium if the latter is without specific action on the

1 Zeitsch. Elektrochem., 1901, 9. 998,
2 Vorlesungen iiber Chem., 1855, 1, 218 ; * Lectures oan Theoretical Physical
Chemistry,” 1899, 1, 221.
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reacting substances is capable of thermodynamic proof. For,
in any two reversible reactions :

n, A, = n,4, and n, B, ==n,B,,
the conditions of equilibrium are given by the equations,

ky[A,1"=Fk,[4,]" or n, log [4,]—n, log [4,]=K,,
and
k[ B, =k, [ B,]™ or n, log [B,]—n, log [B,]=Kj.

Expressing the algebraic summation of the several terms
by the general sign ¥, we have

3, log [4]=K, and 3, log [B]=K; . . . (1)

Now the ratio of the concentrations of a substance in two
solvents is determined by the partition coefficient of ‘the sub-
stance, provided that the molecular state of the latter is
identical in the two solvents. Hence if [4] and [B] denote
the respective concentrations and §, and Sy the solubilities
in each solvent A4 and B, it follows that

(4] [B] |

S el N e e e

8 8 &
From equations (1) and (2) there naturally follows, therefore,

that
(4] Sy
K=K =3 log = =3 log ==
A B n g[B] n Vo SB

or
K,—%,log 84=Kz—3, log Sz=K,

which means that K is the same whatever solvent is used.
Similarly, it follows that

‘ (4]
Z, log B,

which is the mathematical expression of the fact that the
equilibrium constant, K, of a reaction is independent of the
solvent if the concentrations of the reacting species are
expressed in terms of the concentrations of the saturated
solution. Buchbock! attempted to utilise this method of

1 Zeitsch. physikal. Chem., 1897, 28, 123 ; 1900, 34, 229.
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stating concentrations in his researches on the velocity of
decomposition of carbon oxysulphide in solutions of various
salts and acids, the reaction occurring being

COS +H,0 — CO,+1H,S,

which, with excess of water, gives a velocity equation of the
form
o5

o = HCOS),

or, with the above method of expression,

—d[CO8] k[COS]'
dt ML P

From the ordinary velocity constants and the coefficient of
absorption of carbon oxysulphide in the various solutions it
was possible to determine the value of k;. The results
obtained in about twenty different aqueous solutions of acids
and salts showed a fair agreement especially marked in groups
of similar salts. The deviations, however, from identity in
the values obtained for %k, demonstrate that influences
other than those considered in these deductions actually
occurred.

Adherents to the theory that the function of the catalyst
is to modify the reaction velocity have laid it down as a
criterion of catalysis that ‘e cafalytic agent is incapable of
starting a reaction ; it can only modify the velocity of the re-
action.”

In such circumstances it is assumed, therefore, that all
reactions which proceed in the presence of a catalyst must
also occur, although possibly at an extremely slow speed,
even in the absence of the catalyst. For example, since
hydrogen and oxygen combine at the ordinary temperature
under the influence of a Faraday platinum plate, it is assumed
that hydrogen and oxygen alone will slowly combine when
quite free from any catalyst at the ordinary temperature.
Manifestly, an experimental test of such a viewpoint is a
matter of considerable difficulty, for two reasons. The
analytical detection of an extraordinarily slow process in the
presence of an unlimited time factor is a matter of extreme
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difficulty ; secondly, in view of the universality of catalytic
action it would be difficult to devise an experimental test
in which all catalytic agencies were excluded, since, as is
frequently the case, even the walls of a containing vessel
may exert a considerable catalytic influence.

There are many who urge, however, that the catalyst is
capable of initiating a reaction. It does not seem to be im-
possible to realise a case in which by removal of a hindrance
to the progress of a reaction a substance should be capable
of initiating a reaction which, in absence of such a catalyst,
would not occur. The mechanical analogue of such a case
would be the starting of a machine due to the removal of grit
from the bearings by means of oil.

Positive catalysis.—Modification by a catalyst of the reaction
velocity may result either in an increase or a decrease of the
rate at which the reaction occurs. The modification may
be spoken of as positive catalysis when the reaction velocity
with which a given process occurs is accelerated by addition
of the catalytic agent. It is with examples of positive cata-
lysis that the science of catalysis is primarily concerned,
more especially in its practical aspects, since the economy
in the time, and, correspondingly, the temperature factors,
are the principal practical considerations.

The number of positive catalytic agents is extremely great,
as a perusal of the following chapters will help to show. They
comprise every type of substance, metals, oxides, salts, acids,
and bases. Occasionally, the reaction as it develops gives
rise to compounds which themselves accelerate the reaction.
Such cases are examples of positive autocatalysis. They may
be exemplified in the case of the hydrolysis of an ester, which
reaction is greatly accelerated by acids and therefore may
be hastened by the acid formed during the process of hydro-
lytic change. The acceleration which occurs in the solution
of copper in nitric acid is a familiar example of the auto-
catalytic effect, the modification of the velocity of solution
being ascribed to the nitrous acid produced during the action
of the acid on the metal.

Promoters.—The positive catalytic effect produced by a
given substance in a given reaction may, it is found, be con-

1 Veley, Phil. Trans., 1871, 182, 279.
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siderably enhanced by the admixture with the catalyst of
small quantities of other substances. Normally, the accelera-
tion produced by a catalyst is proportional to the concentration
of the catalytic agent present, as will be illustrated in numerous
examples in the following pages ; in the case of two catalysts
accelerating the same reaction, their doumble effect is fre-
quently the same as if each were reacting singly. This is true,
for example, when a mixture of colloidal platinum and gold
takes part in the decomposition of hydrogen peroxide. But
exceptions to this rule are common. DMercury and copper
sulphates each accelerate the oxidation of aniline or naphtha-
lene by concentrated sulphuric acid. Their joint effect is
greater than the sum of their individual activities. More
especially, however, in gas reactions accelerated by solid
catalysts does the phenomenon referred to become pronounced.
The modification of catalytic activity produced by even minute
quantities of foreign materials is in many cases quite astonish-
ing and exploitation of this factor has been most marked in
recent practical applications of catalysis. This may be
illustrated by a textual quotation from the Badische Co.’s
English patent! on improvements in the manufacture of
hydrogen by the water gas—steam catalytic process: ¢ In
the researches on the production of hydrogen from mixtures
of carbon monoxide and steam, according to the equation

00 + H,0 = €0, + H,,

we have found that the power of catalytic agents generally
can be improved by the presence of certain bodies which
may be termed promoters. We have found, for instance,
that the activity of-the catalytic agents, especially those
consisting of, or containing iron, nickel, or cobalt, or oxides
thereof, and also the catalytic activity of other metals or
oxides even such as, by themselves, are less active, can be
greatly increased by the addition of certain compounds or
bodies to which, as aforesaid, may be given the name pro-
moters. Thus the activity of catalytic agents consisting of
or containing iron, nickel, or cobalt, or oxides thereof, can
be greatly increased by the addition of oxygen compounds
of chromium, thorium, uranium, beryllium, antimony, and
1 No. 27963/1913.
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the like. Further, a catalytic agent consisting of or con-
taining iron in admixture with less than its weight of nickel,
particularly after working for a long time, yields better results
than does either iron or nickel when employed by itself. . . .
In many cases, particularly when using catalysts of weak
activity, we prefer to employ as promoter a compound which
differs considerably from the catalytic agent, in particular
with respect to valency, chemical basicity, and capability
of reduction. . . . The contact masses containing iron, as
the catalyst agent, and a smaller quantity of nickel, as above
described as promoter, bring about rapid and far-reaching
conversion without the simultaneous formation of methane,
even when a comparatively low temperature is employed
and, as compared with pure nickel, are further characterised
(especially when suitable oxides or oxy-compounds are em-
ployed as binding agents, or as promoters) by possessing
greater stability and less sensitiveness to deleterious influences
such as, for instance, fortuitous increase of temperdture and
impurities in the gas mixture.

As examples of such contact masses, the patent application
contains, infer alia, the following :

(1) The mixture obtained by evaporation and ignition of
a solution of 85 parts of iron nitrate and 15 parts of chromium
nitrate.

(2) The mixture obtained by ignition from a solution of
the ingredients : 40 parts of ferric nitrate, 5 parts of nickel
nitrate, and 5 parts of chromium nitrate.

(3) A preparation obtained by solution, evaporation, and
ignition of 194 parts of iron nitrate, 5 parts of ammonium
bichromate, and 1 part of thorium nitrate.

Especially in this latter case is the principle of the promoter
illustrated. It is clear from this example that a mixture.
containing, in the main, oxide of iron, with admixture of but
2'5 per cent. of chromium compounds and only 05 per cent.
of ceria is claimed to have considerable superiority as catalyst
over a contact mass containing iron oxide alone.

This method of activation of a catalyst by admixture of
small quantities of promoters is being rapidly extended in
technical applications, and already in such important industries
as ammonia synthesis, ammonia oxidation by non-platinum
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catalysts, and contact sulphuric acid- manufacture using base
metal contact materials the use of promoters has been definitely
claimed in the patent literature. SRS

Thus far no theory put forward to account for the accelera-
tion of reaction by minute quantities of promoters added to
the main catalyst material is completely satisfactory. A
possible mechanism, which, however, has received no experi-
mental test, may be advanced by considering the case of
ammonia synthesis from mixtures of nitrogen and hydrogen.
Reduced iron is an available contact substance, the activity
of which may be regarded as due to the simultaneous formation
of the compounds, hydride and nitride, with subsequent
rearrangement to give ammonia and unchanged iron. Or,
maybe, the activity of the iron is due to simultaneous adsorp-
tion of the two gases. The particular mechanism of the
catalysis is unimportant for the present considerations. Now
such bodies as molybdenum, tungsten, and uranium have
been proposed, among others, as promoters of the activity
of iron. It is conceivable that these act by adjusting the
ratio in which the elementary gases are adsorbed by or tem-
porarily combined with the catalytic material to give a ratio
of reactive nitrogen and hydrogen more nearly that required
for the synthesis, namely, one of nitrogen to three of hydrogen.
From the nature of the materials suggested as promoters, it
would seem that they are in the main nitride-forming materials,
which on the above assumption of mechanism would lead to
the conclusion that the original iron tended to adsorb or
form an intermediate compound with a greater proportion of
hydrogen to nifrogen than required by the stoichiometric
ratio. The catalytic activity of reduced iron as a hydrogena-
tion agent would tend to confirm this viewpoint.

In reference to this suggested mechanism it must be em-
phasised, however, that in such examples of ‘‘promotion ”’
as require only minute quantities of added promoter the
activity is more difficult to understand. With the case of
ammonia synthesis, the promoters are added in marked con-
centrations. It is difficult to realise, however, that 0'5 per cent.
of ceria or a concentration of one molecule of ceria among
200 molecules of iron oxide, in the example cited above in
reference to catalytic hydrogen production, can so far ¢ redress
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the balance ” of adsorption or combination as to produce
the marked increase in activity of which it is capable. It
is obvious that in this phase of the problem there lies an
exceedingly fascinating field for scientific investigation, with
the added advantages that, being practically virgin territory,
the harvest to be gained therefrom should be rich and
abundant. ‘

Negative catalysis.—In the main, the studies of catalysis
have been concerned with the acceleration of reaction. Cases
of retardation or of negative catalysis are, however, not less
interesting and important from the theoretical point of view,
whilst their influence in the prosecution of applied catalysis
is becoming increasingly marked. In the previous chapter,
it was shown that diminution of activity was noted in reference
to the catalytic activity of platinum by Turner, Faraday,
and others. Water vapour, which normally acts as an ex-
ceedingly efficient positive catalytic agent, acts as a retarder in
the decomposition of ammonia,! and in the oxidation of phos-
phorus?; water acts also as retarding agent in esterification
processes in alcoholic solutions, in the decomposition of diazo-
esters in alcoholic acid solutions, and in the decomposition of
oxalic acid. Oxygen retards the combination of hydrogen
and chlorine, carbon monoxide, hydrogen sulphide, ammonia ;
carbon disulphide retards the rate of combination of hydrogen
and oxygen. Bigelow?® showed the inhibiting action of such
substances as mannite, benzaldehyde, and benzyl alcohol on the
rate of oxidation of sodium sulphite by atmospheric oxygen.
Neutral salts retard the hydrolytic activity of weak acids as
well as that of bases. The diminution of the activity of
colloidal catalysts and of enzymes by the presence of even
small quantities of certain substances,such as hydrogen cyanide,
hydrogen sulphide and mercuric chloride, may also be treated
as cases of negative catalysis, although frequently referred
to as examplesof ““‘poisons,” a subject which is more fully treated
below. An interesting example of a practical use for a negative
catalyst is to be found in the retardation of the spontancous
decomposition of hydrogen peroxide solutions by addition

1 Than, Annalen, 1864, 181, 121.
2 Van de Stadt, Zeitsch. physikal. Chem., 1893, 12, 329.
3 Ibid., 1898, 26, 493 ; 27, 585.
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of such substances as hydrofluosilicic aecid, sodium pyro-
phosphate, and various organic eompounds.?

As in positive catalysis, so also in the case of inhibition,
there arises the possibility of retardation due to one of the
products of reaction. This phenomenon is termed negative
autocatalysis, or, alternatively, auto-retardation. It may be
exemplified by the researches of Miiller? on the negative
autocatalytic action of hydrobromic acid in the hydrolytic
decomposition of bromosuccinic acid. A more recent case
of the same type is the anticatalytic effect of the hydrobromic
acid formed in the hydrolytic decomposition of bromopro-
pionic acid, the mechanism of which has been most thoroughly
investigated by Senter and Porter.?

The problem of the mechanism of negative catalysis is as
important as that of positive catalysis, the theories for the
explanation of which are set forth in the latter portions of
this chapter. Briefly, however, it may be stated here that
the general tendency of theory to account for negative catalysis
is in the direction of assuming either a suppression of a positive
catalyst by the retarder or a reaction between the negative
catalyst and one of the constituents of the reaction under
investigation. The repression of the hydrogen-ion concen--
tration of the weak acid catalyst in ester hydrolysis, by
addition of a neutral salt having an ion in common with the
acid, may be cited in exemplification of the former in homo-
geneous catalysis. In heterogeneous catalysis, as in the
Faraday plate, adsorption of the negative catalyst on the
platinum would be a corresponding assumption.

Catalytic poisons.—The reduction in activity of solid cata-
lytic agents by the presence of relatively small amounts of
_ certain substances is generally referred to as ‘‘ poisoning.”
Obviously this is but a special application of the general problem
of negative catalysis. The subject has, however, attained
a considerable importance owing to its frequent occurrence
on the transfer of a catalytic process, perfectly practicable
on the laboratory scale with purified materials, to the stage

1 See J. Soc. Chem. Ind., 1906, 1219 ; 1908, 1214 ; 1909, 1314 ; 1910, 152 ;
Bull. Soc. Ind. Mulhouse, 1895, 78 ; 1897, 95 ; Pharm.-J., 63, 100.
2 Zeitsch. physikal. Chem., 1902, 41, 483.
3 J. Chem. Soc., 1911, 99, 1049.
D
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of technical production, in which the production of materials
of the same degree of purity is less readily accomplished.
The early patent of Phillips on contact sulphuric acid only
attained to commercial exploitation- when the problem of
the removal of arsenical and other * poisons” from the
pyrites-burner gases was attained. Volatile silicon compounds
act as poisons in the ammonia oxidation process. The
presence of minute amounts of sulphur in the iron em-
ployed as catalyst for ammonia synthesis is also detrimental
to the activity of the catalyst, and traces of sulphur compounds
or carbon monoxide in the gases are fatal. Chlorine is to be
avoided in ‘the preparations from which the nickel catalyst
for hydrogenation and the iron catalyst for the catalytic
process of hydrogen manufacture are obtained. Oxides of
sulphur and arsenic impair the activity of cuprous chloride
in the Deacon chlorine process.

To this imposing list of examples of technical importance
a corresponding number from the theoretically interesting
catalytic processes might readily be added. The ‘sickening’
of the Dobereiner platinum by continued use was the object
of the early investigations of Turner and Henry, whilst, as
previously noted, Faraday devoted considerable attention
to the same aspect of the problem in connection with the
catalytic activity of his platinum plates. Schénbein! pointed
out that the hydrides of sulphur, selenium, phosphorus, arsenic,
antimony, and tellurium were all active in retarding the
reaction between air and hydrogen or ether in the presence
of platinum. He was of opinion that the inhibition was due
to the formation of a film over the platinum, probably one
of solid sulphur or selenium, and not that of a gas film. Ban-
croft,? in a comprehensive memoir on the phenomenon of
poisoning, has compiled the following table relative to the
effect of minute concentrations of substances as poisons in
the decomposition of hydrogen peroxide by means of platinum
and by hemase, the active enzyme of the red blood corpuscles.
In the second and third column of the table are given the
molar concentrations at which the poisons reduce the rate

1 J. pr. Chem., 1843, 29, 238.
¢ J. Physical Chem., 1917, 21, 767.
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Poison, Colloidal platinum. Haemase.
R B M/300,000 M/1,000,000
PRI = =2 M /20,000,000 M/1,000,000
(Bl R R M /2,000,000 M/2,000,000
HegBry-=. i — M /300,000
T (O3 et M /200,000 ) M /300,000
TRV R hes M/5,000,000 M /50,000
NH,-OH-HCI .. M/25,000 M /80,000
C,H,NH-NH, . - M /20,000
G N 8= F M/5,000 - M/400
AR O SN M/50 No poisoning at M/2,000
GOV S O, Very poisonous No poisoning
2 R Rk ST e M/3,000 M /100,000
NHEECL R M /200 M/1,000
EIN@; 2 5 No poisoning M /250,000
15 s (O & M /50,000
NIQ A Al > M/40,000
KOO, - Slight poisoning (?) M /40,000

of catalytic decomposition of hydrogen peroxide approximately
to one-half of the rate in absence of the poison.

In earlier papers Bancroft had developed the view that
contact catalysis involves adsorption. From his résumé of
the literature of poisons he concludes that poisons act by
decreasing the adsorption of the reacting substances on the
catalyst. The selective action of this latter on the materials
with which it is brought into contact determines the behaviour
of the catalyst. On the basis of selectivity, it is easy to
understand that the same substances should not necessarily
poison both platinum and hsemase, nor should they poison
them to the same extent. On the other hand, there is no
reason why there should not be a certain parallelism in the
two cases. Bancroft points out from the researches of Boden-
stein! on the oxidation of sulphur dioxide with oxygen in
presence of platinum, and from the researches of Bodenstein
and Ohlmer? on the kinetics of the carbon monoxide—oxygen
combination in contact with quartz glass, that in the one case
the reaction product, sulphur trioxide, decreases the rate
at which the reaction proceeds and that in the other case
one of the components of the reaction, the carbon monoxide,
decreases the reaction velocity. In both cases the result
is attributed to the influence of the negative catalyst on the
adsorption of one or more of the reacting substances.

The investigations of Meyerhof?® on the ‘narcotic’ action

L Zeitsch. Elektrochem., 1903,9, 696. 2 Zeitsch. physikal. Chem., 1905, 53, 166.
3 Pfliiger’s Archiv, 1914, 157, 307.
: D 2
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of alcohols and urethanes in the catalytic decomposition of
hydrogen peroxide by platinum may also be cited in reference
to- the adsorption view. Ultramicroscopic evidence showed
that the addition of the narcotics did not cause an agglomera-
tion of the colloidal particles, and therefore the decreased
rate of decomposition is not attributable to such cause.
Meyerhof considers it probable that a surface film of the
poison is formed over the catalytic agent, which prevents
contact of the reacting substances with the catalyst. The
retardation caused by alcohols and urethanes in the action of
‘invertase on sugar is also attributed by Meyerhof! to dis-
placement of the sugar from the surface of the colloidal inver-
tase. Cases of agglomeration of colloidal particles are,
‘however, not unknown, as was pointed out by Bredig.2

It must be emphasised, in view of the multiplicity of cases
of catalytic poisoning, that an attempt to find one general
explanation for a whole class of phenomena is bound to yield
unsatisfactory results. It is certain that in several cases
the poisoning is due to direct chemical interaction between
the contact substance and the poison, the deterioration of
activity being progressive and accumulative. This is true
in the case of the poisoning by sulphur gases of a number of
metal and oxide catalysts. Further, poisoning in all cases
is not directly attributable to the actual ingredient in the
gaseous mixture ordinarily designated as the poison. Thus
in the case of carbon monoxide in the ammonia synthesis
it is probable that, under the experimental conditions pre-
vailing, the carbon monoxide is rapidly and quantitatively
converted to methane, which would be found in the exit
gases. In such a case the poisoning would be attributable
to the action of the water vapour produced during the forma-
tion of methane, a viewpoint which would explain also the
rigorous necessity of excluding oxygen and traces of water
vapour from the reacting gases. Investigation alone will
establish in each individual case the laws which govern and
determine the retardation observed.

1 Pfliiger's Archiv, 1914, 187, 251. % Zeitsch. physikal. Chem., 1899, 81, 332.
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THEORIES OF CATALYSIS

““There is probably no kind of chemical reaction which
cannot be influenced catalytically and there is no substance,
element or compound which cannot act as a catalyser.”—
W. Ostwald.

The phenomena of catalytic acceleration or retardation
of physical or chemical processes are so common as to defy
systematic classification, since such a complete system would
necessarily include all possible types of reactions, both homo-
geneous and heterogeneous. Thus far we have as yet ob-
tained no accurate information as to the actual mechanism
by which chemical reactions proceed, nor are we in a position
to apply criteria to distinguish between truly chemical pro-
cesses in which definite stoichiometric relationships always
obtain and that great class of reactions generally described
as physical processes such as solution and absorption. These
latter are characterised by extreme variability in the ‘ com-
bining ’ ratios of the reactants and by the indefinite results
yielded by an analysis of the reaction velocities.

Endeavour has been made to express our conception of
catalytic activity in, the more common terms to which we
have become accustomed by frequent use; yet it must not
be forgotten that, in the ultimate analysis, such expressions
as “compound formation,” or ‘‘absorption,” are similarly
deficient in giving us a concept of the reality or nature of the

- chemical or electrical forces which play a great part in bestow-
ing such unique properties on material substances.

The various alternative theories which have been put
forward from time to time to explain the mechanism of this
or that catalytic process in influencing the velocity of chemical
change may be briefly enumerated as follows :—

fa) The formation of intermediate compounds, including
the associative theory of chemical combination.

“(b) The effects of surface aﬁlsorption.

Ac) The electrochemical theory.

A(d) The effects of an alteration in the density of the
absorbable radiant energy.
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The theory of the intermediate compound.—In many
cases oxidation or reduction of the reagent employed to
assist the process occurs. When the reaction is complete
the catalytic agent is regenerated by suitable means. As
examples may be cited the regeneration of manganese dioxide
in the Weldon chlorine process, of bichromates in the oxida-
tion of anthracene to anthraquinone, and of hyposulphites in
the reduction of various dyes, such as indigo, to their leuco-
bases. The oxidising or reducing agent is thus an oxygen-
or hydrogen-carrier and undergoes a complete cycle between
the two states of oxidation.

The concept of cyclic action has been applied to the in-
fluence of catalysts in both homogeneous and heterogeneous
systems.! Thus in the Weldon chlorine process the manganese
salts undoubtedly function as a catalyst, but owing to the
necessity for employing air as an oxidising agent (see p.104)
the oxidation of hydrochloric acid has to be performed in
two stages, thus permitting an easy observation of the mechan-
ism of the process. Slightly more complicated, yet capable .
of experimental proof, are those cases of one-stage oxidation
processes in which the catalytic activity of the addition
agent may be shown to be due to the oscillation of the catalyst
between two states of oxidation. Thus, in the oxidation of
anthracene to anthraquinone by means of air in the presence
of chromic acid or cerium salts, the presence of both CrO,”
and CrO, ions or cerous and ceric salts may easily be demon-
strated, whilst conclusive evidence is forthcoming from the
fact that practically complete conversion of the catalyst to
the higher state of oxidation may be effected by reducing
the quantity of anthracene in solution, whilst reduction may
be accomplished by diminishing the air supply.

In many cases, both stages in the cyclic action cannot be
isolated, such as in the decomposition of potassium chlorate
in the presence of manganese dioxide orin the action of cobalt
salts on solutions of bleaching powder.

Again, in the oxidation of aniline to aniline black, where
copper salts are employed as catalytic agents, the oscillation
between the cuprous and cupric states cannot be observed,
yet such an oscillation may be expected to exist. In the

1_See Clément and Désormes, Ann. Chim., 1806, 59, 329.



19 THEORETICAL INTRODUCTION 39

electrolytic preparation of magnesium the presence of a small
quantity of ferric chloride is sufficient to lower considerably
the electrical efficiency, owing to the alternate anodic oxidation
and cathodic reduction of the iron

® +Fe::Fe

3

a marked case of * carrier ”’ action. 'In the fractional com-
bustion of methyl alcohol to formadehyde by means of air,
using copper gauze as catalytic agent, when performed at
low temperatures, a careful inspection of the gauze will
reveal an ever-changing colour of the surface of the copper,
from which one may infer the alternate reduction and oxidation
of one of the various oxides of copper CuO, Cu,O, or Cu,O.
In the oxidation of ammonia in the presence of the oxides
of base metals such as iron, bismuth, and cerium, it has been
found that the polyvalent metallic oxides form the best
. promoters and that the addition of several promoters con-
siderably augments the catalytic activity. 'We may reasonably
assume that such activity is due to the greater range of tem-
perature over which at least one of the oxides is unstable
or labile. Such instability is doubtless connected with the
dissociation pressure of the oxide at the temperature of
operation and the relative affinities for oxygen of the substance
undergoing oxidation and the lower oxide of the catalyst
material.

It may be argued that intermediate compound formation
plays a part in catalytic operations, but that the reaction may
proceed through the intervention of some other mechanism.
Thus in the preparation of sulphuric acid by the oxidation of
. sulphur dioxide in the presence of the oxides of nitrogen,
nitrosyl-sulphuric acid has been isolated as an intermediate
compound, yet evidence is not lacking to show that oxidation
can proceed . without its formation. It is, of course, quite
plausible, in order to combat this argument, to admit the
possibility of the formation of some other intermediate com-
pound more unstable and consequently not so easily isolated.

It must be admitted even by the opponents of the theory
that the intermediate compound must be labile or unstable
for catalyst to exert a great activity. This point is most
fremn oxidation processes using platinum
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or palladium, and reduction processes, utilising nickel or
the former metals, are used as catalytic agents. :

Sabatier,! as a result of many years’ investigations on the
use of nickel as a catalyst in hydrogenation processes, came
to the conclusion that the formation of an unstable nickel
hydride was the hypothesis to which least objection could
be raised as an explanation for its extraordinary activity
in this respect. Brodie? suggested in the case of platinum
that an alternate oxidation and reduction of the metal took
place in catalytic oxidation processes when this metal was
employed. Dela Rive? inferred that PtO was the composition
of the intermediate oxide, which inference was supported
by the analytical results of Engler and Wghler,? and of
Wohler.® Platinum monoxide, however, even when freshly
prepared, is not so active as platinum black, an observa-
tion which led these investigators to assume the formation
of still higher oxides of platinum, namely, PtO,, during
processes of catalytic oxidation. Bredig, from his researches
on the catalytic activity of colloidal platinosols, also came
to the conclusion that a definite oxide of platinum was
formed.® g

Examples of various organic catalytic processes supporting
the theory of the intermediate compound are by no means
infrequent. In the historic example of the preparation of
ether from alcohol by means of sulphuric acid, although
both Mitscherlich, Berzelius, and Graham recognised the
catalytic function of the sulphuric acid, it remained for
Williamson? to point out that the reaction proceeded through
the intermediary formation of sulphovinic acid.

The careful observations of Steele (p. 320) on the use of the
chlorides of aluminium and iron in the Friedel-Crafts reaction,
led to the isolation of definite chemical compounds, not only
between the acylchlorides such as (CgHy-CH,-Cl-Al-Cly),,
but also between aluminium chloride and the aromatic
hydrocarbons themselves. The preparation of the Grignard
reagent in which ether is used as catalytic agent revealed

1 “La Catalyse en Chimie Organique.” 2 Phil. Trans., 1862, 151, 855.

3 Pogg. Ann., 1839, 46, 489. 4 Zeitsch. anorg. Chem., 1901, 29, 1.
-5 Ber., 1903, 584, 3475. ¢ See also Spear, Diss. Heidelberg, 1917.
? Brit. Assoc. meeting, Edinburgh, 1850.
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the presence of unstable oxonium compounds (p. 314), which
can be isolated when special precautions are taken, whilst
in the study of enzyme action one is forced to conclude from
the characteristic selective action of such catalytic agents
that compound formation of definite chemical composition
must play an important part in such processes.

On the vexed question of the mechahism of the catalytie
operations in hydrolysis, saponification, and ester catalysis,
various investigators are ardent supporters of the intermediate
compound theory. Thus Bigelow and Kendall (see p. 259)
maintain that on addition of hydrochloric acid to, say, an
aqueous solution of methyl acetate, complexes are formed
between all the reactants thus:

HCI-(H,0),-; (CH,CO-OCH,)(HC]),, ;
(CH,-CO-OH)(HC1), ; (CH,OH)(HCI), ;

whilst similar complexes are assumed to exist between the
reactants and the ions of the dissociated acid. By utilising
strong solutions, thus depressing the hydrolysis of the com-
plex, Kendall has been successful in isolating some of the
double salts, and in all cases he has shown that the tendency
to double-salt formation is parallel in magnitude to the rate
of hydrolysis of the ester when various esters are submitted
to hydrolysis with one acid. Similar relationships have
been obtained when various acids are used as catalytic agents
for hydrolysis of the same ester. Kastle, Acree,! and others,
on the other hand, assume addition products are formed
between the ester and ion only, a point which will be dis-
cussed in a subsequent section.

Various modifications of the intermediate compound theory
have been suggested, of which the one proposed by H. E.
Armstrong is extremely interesting.? According to this in-
vestigator, chemical combination is reversed -electrolysis,
and the function of the catalyst is to form a circuit containing
at least three distinet terms or components analogous to a
closed voltaic circuit. In this way the catalytic agent collects
into one system the various clements necessary for a particular

1 Amer. Chem. J., 1907, 88, 489 ; 1908, 39, 300.
2 Brit. Assoc. Reports, 1885, 962 ; Ency. Brit., 1902, 26, 740.
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chemical change, and may be said to form molecular complexes
with the reactants. The theory offers a ready explanation
of the series of interesting results obtained by Bergmann
(1780), Mrs. Fulhame (1794), Dixon (1880), and especially
by H. B. Baker,! on the influence of small quantities of water
on the rate of combination of gases such as hydrogen or
carbon monoxide and oxygen. A mixture of dry hydrogen
and oxygen, hydrogen chloride and ammonia, or sodium and
hydrogen chloride, for example, may be heated nearly to
redness (safely to the m.p. of silver) without combination.
Combination occurs readily in the presence of conducting
water owing to the formation of the voltaic circuit,

H,/Electrolyte/O,

Baker has noted, however, that ‘‘ electrolytic ”’ water prepared
by the slow union of hydrogen and oxygen does not serve
as an active catalytic agent, which fact, according to Arm-
strong’s theory, is easily explicable when the low conductivity
of such water is taken into account.

In the bromination of benzene, using ferric chloride as
catalytic agent, Armstrong assumes that the ferric chloride
combines with both reactants to bring them within each
other’s range in an unstable system,

Br,/FeCl,/CsH,.

Yet another conception of the function of the intermediate
compound formed in catalytic operations may be deduced
from Liveing’s view of chemical reaction.?

Liveing cites as example (p. 76) the mutual decomposition
of silver oxide and hydrogen peroxide. He points out that
the decomposition of hydrogen peroxide is attended with
a considerable evolution of heat, and although, when this
heat is dissipated through the whole of the liquid, which has
a high specific heat, the temperature of the whole is not raised
. to the point at which silver oxide is decomposed, yet, and this
is the fundamental assumption in Liveing’s interpretation
of chemical changes, the energy liberated by the decomposing

1 J. Chem. Soc., 1902, 81, 400.

2 “ Chemical Equilibrium the result of the Conservation of Inergy,”
London, 1885.
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molecules of hydrogen peroxide will be communicated most
rapidly and at the highest potential to the molecules of silver
oxide with which they are in contact.

It is evident that this view has an important application
to those cases where one independent side reaction influences
the velocity of, or actually induces the operation of, another
reaction. These cases are very frequent in processes of autoxi-
dation and induced reactions (see p.138) which are not strictly
catalytic in action, since the reaction velocity is influenced
by a secondary reaction and not by a catalytic agent. It
is evident, however, that the idea may be extended to catalytic
operations. Thus, we may regard the function of platinum
in the combination of oxygen and hydrogen as not strictly
catalytic, the slow conversion of platinum into platinum
oxide being attended by the liberation of energy sufficient
to accelerate the combination of the neighbouring molecules
of hydrogen and oxygen, or, on the other hand, we may
regard it as periodic and truly catalytic. .
~ Thus, the formation of platinum oxide can be assumed to
be attended with the liberation of sufficient energy to effect
the combination of the neighbouring molecules of hydrogen
and oxygen. The exothermicity of this reaction is, however,
extremely great, and, assuming Liveing’s hypothesis of
local energy transfer, we may assume that the platinum
oxide is again decomposed into metallic platinum and oxygen.
The surrounding medium then cools down and the process
starts de movo. The catalyst is thus an energy conveyer
through the intermediate formation of an unstable compound.
It may, of course, be justly argued why, when one molecule
of oxygen has reacted with two of hydrogen, this combination
should not serve as a focus of an explosion or of an ever-
extending zone of slow combustion. Against this argument
it may be urged that the energy of combination of the few
molecules in the free gas space is dissipated with extreme
rapidity in the homogeneous gas mixture, and no other mole-
cules receive sufficient of the energy dissipated to raise their
internal energy to that required for reaction, whilst at the
surface of the metallic platinum a localisation of the dissipated
energy occurs permitting the operation of the cycle alluded
to above.
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Several cases of periodic chemical action will be referred
to in the subsequent pages of this work which are certainly
capable of interpretation on Liveing’s hypothesis of the
localised dissipation of energy.

From these few observations it will be noted that the
conception of the intermediate compound offers a simple
interpretation for many catalytic processes, and it may be
said to offer an intelligible solution for the modus operandi
of the majority of such reactions.

The adsorption theory of catalysis.—As a result of
Débereiner’s investigations on the catalytic activity of platinum
black in accelerating the combustion of hydrogen and oxygen,!
De la Rive? developed the theory of the intermediate compound
in which platinous oxide played the part of oxygen carrier
to the hydrogen. Berthelot’s suggestion,® that a hydride of
platinum carried hydrogen to the oxygen, never received
much support.

M. Faraday,* on the other hand, as a result of a series
of experiments on electrolytic gas, rejected the compound
theory and advanced the hypothesis that the catalytic activity
of platinum in accelerating the combination of hydrogen
and oxygen was due to the adsorption of both hydrogen and
oxygen on the surface of the metal in the form of a compound
film. '

He writes as follows®: ‘“ Hence it would seem to result
that the particles of hydrogen or any other gas or vapour
which are next to the platina, etc., must be in such contact
with it as if they were in the liquid state, and therefore almost
infinitely closer to it than they are to each other, even though
the metal be supposed to exert no attractive influence over
them.” - Faraday argued that the reaction velocity should be
congiderably augmented in this compressed film, not only
because the number of molecular impacts per unit of time
would be considerably augmented by such compression,—
““the particles are in the most favourable state possible for
combination upon the supervention of any determining cause,

1 Ann. Chim., 1823, 24, 93. 2 Pogg. Ann., 1834, 46, 189.

3 Compt. rend., 1882, 94, 1377.

4 ¢“On the Power of Metals and other Solids to Induce the Combination
of Gaseous Bodies,” Nov. 30th, 1833. 5 P. 63.
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such as cither the negative action of the platinum in sup-
pressing or annihilating as it were their elasticity on its side >
—Dbut also because in the act of absorption those forces which
prevent combination would be decreased, an important
consideration which has only recently been the subject of
systematic investigation and which will be referred to later.

Faraday also laid the foundations of the most interesting
and important generalisation of the adsorption theory by
his studies on the combination of hydrogen and oxygen in
the presence of carbon monoxide. In the presence of this
gas, hydrogen and oxygen would not undergo combination
at the surface of cold platinum, and similar results were
obtained with olefiant gas and ether ; the platinum, however,
had not undergone any permanent change, as was found to
be the case on the addition of phosphine or arsine to the
gas mixture, since it re-exerted its normal activity on a fresh
gas mixture. Famsaday himself had no definite opinion as
to the cause of these phenomena. He says :

““ Whether the effect produced by such small quantities
of certain gases depends upon any direct action which they
may exert upon the particles of oxygen and hydrogen by
which the latter are rendered less inclined to combine, or
whether it depends upon their modifying the action of the
plate temporarily (for they produce no real change on it)
by investing it through the agency of a stronger attraction
than that of the hydrogen, or otherwise, remains to be decided
by more extended experiments.”’

The earlier investigations on the fractional combustion
of gases by Henry,! Turner,2 and others, indicated that
Faraday’s speculation on the possibility of selective absorption
was in all probability the correct one. In §(353) Faraday re-
marks : “ In fact, the very power which causes the combination
of oxygen and hydrogen is competent, under the usual casual
exposure of platina, to condense extraneous matters upon
its surface, which, soiling it, take away for the time its power
of combining oxygen and hydrogen, by preventing their
contact with it.”

Taraday’s concept of catalytic activity being due to adsorp-

1 Ann. of Philosophy, 1825, 25, 422.
2 Edin. Phil. J., 1824, 11, 99, 311.
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tion phenomena has been advanced from a slightly different
point of view by Sir J. J. Thomson,* who has shown, as a
logical deduction from Laplace’s theory of capillarity, that
in chemical combination between thin layers of liquid there
is a factor present which is absent in the case of liquids in
bulk, and we may expect that chemical combination between
the layers of liquids might take place even though it were
absent in ordinary cases. Some idea of the process imagined
may be gathered from the following considerations.

According to Laplace, the attractive force between two
molecules of a liquid is a function of their distance apart

(Fig. 2), z, from the point of contact up to the range of mole-
cular action. :

If we imagine two fluids 4 and B of densities o, oy,
separated by a boundary surface a —a, we can easily calculate
the expenditure of work required to produce unit area of
interface between 4 and B on the boundary surface a, a.
Considering in one fluid, 4, the presence of a boundary
surface, b, b, we can find the attractive force between a thin
lamina of fluid &z in thickness and the homogeneous boundary
surface, b, b, if it be a distance z from this surface.

The force on unit area of the layer is equal to o,¢(z)c,82.
Hence the mutual pull of the liquid on each side of the boun-
dary surface per unit area is equal to

0120[ ¢(2) dz,

1 ¢« Applications of Dynamics to Physics’and Chemistry.”
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and the work required to remove any slice 8z in thickness
at a distance z from the boundary surface is

01282 9(2)8z.

Consequently, the work required to form a new common
surface in 4 of unit area is

(1%

aﬁj 7¢(z)dzdz = crl?zzfcp(z)dz — gy 2 ofz[——«p(z)]a?z.

o

= olzof z2P(z)dz,

since the first term vanishes at both limits.

Since two new surfaces are formed in this way, one on each
side of b, b, the work required to form unit surface is

o]

5 alzofzq)(z)dz.

In a similar manner, the work required to form unit surface

in Bis =

3 05? /z(j)(z)dz.

Whilst the work done in allowing a unit surface of 4 to come
into contact with a unit surface of B under their own molecular

forces is i

0y 0 0[ 2p(z) 1z

Hence the total expenditure of work required to produce a
surface of unit area at the interface of 4 and Bis

ot + o =200 [296)02
= %(‘71—02)2 C,
where C is a constant for all surfaces,
=TAB’

where 7' is the interfacial surface tension.
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Let us assume that in between 4 and B there is formed a
third fluid layer, C' (Fig. 3), of density the mean between A
and B. Then since ..

s ol
Tig) — 2
= NTis=NTio+ /T
andNaz =T or
or Tye+Top=1T4p.

Hence the energy of each area is only one-quarter of the energy
of the original area, and the total energy due to the surface
tension only one-half what it was before; by interposing
n films between 4 and B, the energy is reduced to 1/,.,
of its original value. It is therefore evident that combination

000000 5

C

\\:\\\\\ N

Fia. 3.
between 4 and B would decrease the energy due to surface
tension. Thus, under these conditions, capillarity will tend
to increase the chemical action.

Many cases are known in which such surface tension phen-
omena affect both the rate and the final equilibrium of a
reacting system. In plant cells the large amount of surface
energy available from a slight alteration in the surface tension
frequently outweighs any thermal energy which may result
from chemical action.

Sir J. J. Thomson has noted several anomalous reactions
with dyestuffs when caused to react in thin films and similar
observations have been made by Liebreich,! Liveing,? Bredig,?
and others.

Bancroft,? in a series of recent communications, has care- -

1 Phil. Mag., 1887, 23, 468 ; 1890, 29, 216.
2 Proc. Camb. Phil. Soc., 1883, 14, 370.

3 Zeitsch. physikal. Chem., 1899, 31, 258.

4 J. Physical Chem., 1917, 21, No. 8.
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fully reviewed the whole subject of selective combustion of
_gases in the presence of solid catalytic material and has come
to the conclusion that the facts are capable of the simplest
explanation on the adsorption hypothesis.

He points out that from the work of Turner, Henry, Lunge
and Harbeck,? Bone,? and others, the. order of preference
of adsorption, as judged by the criterion of selective combustion,
may be varied by change of adsorber or solid contact material,
and gives the following orders :—

Order of preference
Catalytic material. in adsorption.

Platinum .. ol Vi Co, H,, C,H,, CH,
Charcoal .. " g o C,H,,
Borosilicate glass .. ot CH,, H,

The writers have observed the following interesting sequence,
using oxide of iron as catalytic material H,S, S, CO, H,.

Restriction of the catalytic activity may likewise be brought
about by the selective adsorption of a poison such as grease
or carbon monoxide in the case of platinum or of a product
of the reaction, such as carbon dioxide, in the combustion of
carbon monoxide or of sulphur trioxide in the contact process
for the manufacture of sulphuric acid. Bancroft, furthermore,
points out that stabilisers added to colloidal catalysts may cut
down their catalytic activity owing to a decrease in their
adsorptive powers, but this factor may be partially compensated
for by an increase in the surface of contact.

In addition to the general statement that selective adsorp-
tion permits of different reactions being accomplished with
the aid of different catalytic material, Bancroft lays emphasis
on two important points. First, catalysts tend to produce
the system which they adsorb most strongly, and secondly,
the compound or adsorptive layer may be regarded as a
solvent and hence may exert an influence on the final equili-
brium, a point which we have seen has been fully developed
by Sir J. J. Thomson on the theory of capillarity. It is
evident, on either the hypothesis of the intermediate compound
or the theory of selective adsorption, that the presence of a
relatively large quantity of catalyst cannot fail to influence
the equilibrium value of the reacting constituents since they
may be nearly entirely withdrawn from their normal conditions

1 Zeitsch. anorg. Chem., 1898, 16, 50. 2 J. Chem. Soc., 1902, 81, 538.
E
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of reaction to form an intermediate compound with the
catalyst or pass into the adsorbed layer, where they may
re-establish equilibrium different from that which would
occur in their normal state. :

On the other hand, however, a catalyst even when acting
as a new medium cannot influence the equilibrium when the
reactants are removed from the sphere of influence of the
catalyst, otherwise the possibility of a perpetuum mobile would
present itself. The following example, however, will serve to
emphasise the point.

If a mixture of nitrogen and hydrogen in the stoichiometric
ratio of one to three be passed through a layer of granulated
iron-molybdenum at a temperature of 500°, the two gases
will be compressed on the catalyst surface, there to react
to form ammonia in the equilibrium amount dependent on
the pressure obtaining in the adsorbed layer. The gaseous
mixture passing from the adsorbed layer being displaced by
fresh gas, undergoes decomposition as it passes through the
areas of decreasing pressure and emerges into the gas stream
with the equilibrium amount obtaining at that pressure and
temperature. It is evident that at the adsorbing surface itself,
where the gas pressure is a maximum, the conversion to
ammonia must be in excess of that demanded by conditions
in the normal gas stream, and furthermore, since the product
of the reaction is selectively adsorbed, the actual concentra-
tion of ammonia must be extremely high.

This point opens out a vista of interesting speculation
as to whether mechanical energy cannot be converted into
chemical energy by such a process. If ammonia is selectively
adsorbed at the catalyst surface, it may be possible to drive
off this gas by expenditure of work, conveniently by forcing
fresh gas to the surface, without its subsequent decomposition
to the normal uncompressed equilibrium values. Concentra-
tions of ammonia would thus be obtained in the normal gas
stream in excess of that demanded by the equilibrium values
for that particular temperature and pressure at the expense
of mechanical energy expended in renewing the adsorbed gas
films. :

According to Jellinek,! indications of the presence of am-

1 Zeitsch. anorg. Chem., 1911, 71, 121.
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monia in excess of the normal equilibrium amount have already -
been obtained. It would be of the greatest interest to obtain
confirmation of these results.

Characteristics of the adsorption layer.—Various esti-
mates have been given for the thickness of the absorbed layer
of gases or liquids on a solid surface. The magnitude naturally
varies with the nature of the adsorbing surface and the
material in contact with it. The quantity adsorbed is like-
wise dependent on the concentration of the substance in the
surrounding medium, and is inversely proportional to the
absolute temperature as indicated by W. Gibbs’s equation :—

L

RT &
where ¢ is the concentration of the solute adsorbed m the
surrounding medium, I' the ‘adsorption coefficient ’ or the
mass of solute per sq. cm. less the amount which would
originally have been present if no adsorption had taken place,
and s the interfacial surface tension. In the following table
are summarised the approximate values found for such
adsorption film thicknesses and also the average distance
between the molecules in gases and liquids at N.T.P.

Range in pu * Measurement. Observer.
0-02 Inferior limit to diameter of Kelvin.
gaseous molecules.
0-07—0-02 Mean distance between centres !
of liquid molecules.
0-011-—0-014  Diameter of gaseous hydrogen O. Meyer, Exner, Van

molecule. - der Waal.
3—4 Mean distances between centres O. Meyer.
of gaseous molecules. :
1 Thickness of electric double Lippmann and Ober-
layer. beck.
1—3 Thickness of metal films which Oberbeck.
polarise platinum.
12 Thickness of silver plate affect- Wiener.
ing the phase of reflected light.
12 Thickness of black soap film. Riicker and Reinold.
50 Thickness of normal film, Quincke.
96—45 35 3 i Riicker and Reinold.
118 Superior film thickness in soap. Plateau and Maxwell.
1350 53 > Y Riicker and Reinold.
10.5 Thickness of permanent film on Bunsen.
glass at 21°,
500 Thickness of adsorbed CO, film Mitscherlich.

on charcoal.

2 15up=i10=%cm:
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It must be noted, however, that Bakker’s more recent
determination for the film thickness of CO, on charcoal?
only amounts to 1. Gurvitsch’s figures? for the thickness
of the adsorbed layer on other materials are also of interest :—

Thickness of film in pu.

Substance. Silver foil. Glass wool.
COIREIICT D v S, 35 30
S s e S wx e 33 a
CHE-CO:CIEEn s o A 28 26

From the above figures it is evident that the film thicknesses
are by no means inconsiderable and that the actual quantities
of gas or liquid absorbed per sq. cm. of surface may rise to
quite high values. The quantity adsorbed is naturally under
a pressure which, where in contact with the solid itself, is
probably extremely high. At present mno information is
forthcoming on the rate at which the pressure falls off with
the distance from the surface, since Laplace’s function,
F =K ¢(2), has not been evaluated.

The ‘internal pressure in liquid water as calculated from
the latent heat of evaporation is approximately 10,500 at-
mospheres, in ethyl ether 1,300, in ethyl alcohol 2,100, and
in carbon disulphide 2,900. An alternative method of ap-
proximating to a value of the average internal pressure in an ab-
sorption layer is obtainable from the magnitude of the electro-
striction which would be produced inside an electrical double
layer, 1077 cm. thick. If the potential difference were one
volt, and assuming the specific inductive capacity had the
value of unity, the electrostriction would exert a pressure of
4,400 atmospheres per sq. cm.

The difficulty with which the thin films of moisture are
removed from glass apparatus, usually requiring heating
to 350° in a high vacuum, shows that the adhesive forces
are by no means inconsiderable whilst Mitscherlich?® has shown
that at least one-third of carbon dioxide compressed on
charcoal would be in the liquid form-as a result of such com-
pression.

We have already noted that gases appear to be selectively
adsorbed ; the quantity of the several gases adsorbed per

1 Zeitsch. physikal. Chem., 1916, 91, 571.
* J. Buss. Phys. Chem. Soc., 1915, 47, 805. 3 Pogg. Ann., 1843, 59, 94.
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sq. em. of adsorbent or per gram of uniform-sized material
is roughly proportional to the compressibility and ease of
condensation of the gas, as is shown by the following figures :

Volume (corrected N.T.P.)
. per c.c. of charcoal
Gas. at 0°, at —180°.

Heligm s o st h Sn s 2 15
Hydrogen: ~.......ve.. 4 135
I o e 15 155
(05 9745 e N A A Lo 18 230
Carbon dioxide ........ 500 S

The velocity of adsorption is extremely rapid, equilibrium
being usually established in a few seconds.

It will be noted that, since the value of 1/n in Freundlich’s
equation for the reaction isotherm (K = ap'”, where K is
the adsorption per gram, a a constant depending on the
characteristics of the gas and p the partial pressure of the gas
adsorbed) sinks with lowering of temperature whilst the
value of a rises, the separation of oxygen and nitrogen
from cold air can be brought about by this means. Dewar
has found that charcoal adsorbs equal quantities of oxygen
and nitrogen from air at —180°.1

On the adsorption theory, the function of promoters added
to a catalytic material would be to establish, by selective
action, the optimum concentration of the reactants on the
catalyst surface. Thus at 500°, uranium carbide appears
to adsorb both hydrogen and nitrogen in approximately the
correct stoichiometric ratios to form ammonia, and is thus
the most active catalytic material to use. Other catalysts,
such as iron or cobalt at 550° adsorb hydrogen and but little
nitrogen, but by the addition of a promoter such as molybdenum
or titanium a partial compensation for this deficiency of
nitrogen can be obtained. It must not be forgotten, however,
that alteration in temperature will effect not only the absolute
amounts of the adsorbed constituents, but also their relative
amounts. Thus, although it is possible to effect the selective
combustion of hydrogen in the presence of methane with
limited amounts of oxygen at relatively low temperatures,
all traces of any selective action disappear with elevation of
the temperature. A more detailed account of the phenomena

1 Proc. Roy. Soc., 1904, 74, 124.
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oceurring in adsorption processes and the thermodynamical
treatment of the subject are to be found in the following
text-books, to which the reader is referred :

J. W. Gibbs, * Scientific Papers, 1.”

H. Freundlich, “ Kapillarchemie, 1906.”

J. J. Thomson, ““ Applications of Dynamics to Physics and
"Chemistry,” 1888.

The electrochemical theory of catalysis.—We have
noted that whilst the intermediate compound theory offers
a ready interpretation of a number of homogeneous catalytic
reactions, yet its application to heterogeneous catalysis is
somewhat forced, since in many cases we must postulate the
existence of unknown compounds, as in the catalytic decom-
position of many substances such as AsH, or PH, on glass
surfaces or the oxidation of methane at the surface of boro-
silicates. The adsorption theory based on the generalisations
of Faraday offers a more promising concept of heterogeneous
catalysis, but for homogeneous reactions an easy interpretation
is not forthcoming.

Faraday himself was of the opinion that in the adsorbed
layer not only was the frequency of molecular collision in-
creased, but those forces normally operating to oppose chemical
combination were considerably reduced in intensity.

Doubtless the effect of compression on the specific inductive
capacity of the medium in the compressed layer considerably
augments the velocity of reaction since the value of the
specific inductive capacity of a gasis raised by compression
(K, =K,(1+4ap—Bp?), (where a = 10~ * approx.) and reactions
generally proceed quicker in solvents of high dielectric
capacities.

Thus Cavendish showed that the oxidation of nitric oxide
proceeded more rapidly in aqueous solution than in the gaseous
state. Dixon’s observations on the oxidation of sulphur
dioxide led to similar conclusions, whilst the partial agreement
between reaction velocity and the specific inductive capacity
of liquid solvents has been confirmed by numerous observers
(see p. 24). Many other observations, however, tend to
indicate that this per se is not the important factor which
Faraday laid stress on. It is extremely probable that in the
adsorbed layer there exists an orientation of the molecules.
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This hypothesis receives considerable support from the work:
of Langmuir,! Harkins,? and Marcelin,® on surface tension
phenomena. Langmuir has indicated that in thin films of
fatty acids floating on water, a definite orientation of each
acid molecule to the water seems to exist. Thus, the carb-
oxyl groups are immersed in the water and the hydrocarbon
chains are crowded into the gas space above :

C o
| |
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I
COOH COOH  Liquid

A conception of contact action of this kind led Twitchell
(see p. 271) to the development of his process for the hydrolysis
of the fatty glycerides.

According to Langmuir, the adsorbed film, which is bound
to the adsorbing surface by chemical forces, namely, the
primary or secondary valencies, should be only one molecule
thick. He points out that the relatively ‘ thick ” film thick-
‘ness obtained by various observers is to be accounted for
by the fact that porous or capillary spaced bodies are usually
employed as adsorbents or that saturated vapours have been
utilised for obtaining comparative figures, under which con-
ditions condensation of liquid may take place in the capillary
spaces. In some instances, solution and absorption may be
mistaken for adsorption.

Langmuir has developed this general theory of adsorption
to the particular case of the adsorption of gases by plane
solid surfaces, and records the results of a series of experiments
on the adsorption of various gases by sheet platinum, glass
and mica at low pressures (ca. 0,lmm. mercury) and various
temperatures. In the case of glass and mica, the order of
the gases in their magnitudes of adsorption was always the
same and in the following order: hydrogen, oxygen, argon,

1 J. Amer. Chem. Soc., 1916, 38, 2221 ; 1917, 39, 1848 ; 1918, 40, 1361.
? Ibed, 1917, 39, 541. 3 Ann. Physik, 1914, 1, 19.
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nitrogen, carbon monoxide, methane, and carbon dioxide.
The adsorption process was shown to be reversible and very
slight with these materials at the ordinary temperature, less
than 1 per cent. of the surface being covered with a layer
one molecule thick. At lower temperatures (— 118° to
— 183°) and at higher pressures, saturation could be obtained,
the amount adsorbed varying with the pressure according
to the relationship

N 2 o
_No‘ I i—:— no
where p = number of molecular impacts per unit area.
Fraction condensed
Rate of evaporation of gas from an entirely
covered surface.

= gram-molecules absorbed per unit area.
N Avogadro’s constant.

g =

No adsorption with platinum could be observed until the
metal had been activated by heating to 300° in hydrogen
and oxygen at low pressures. The metal thus treated would
adsorb hydrogen, oxygen, and carbon monoxide, the maximum
quantities of the two latter gases corresponding with uni-
molecular layers. Carbon dioxide showed no tendency to be
adsorbed at the ordinary temperature, and it was found that
oxidation of hydrogen or carbon monoxide by oxygen could
easily be. effected at the temperature of the room. The
adsorption of carbon monoxide or oxygen is not reversible,
and complete removal could not be effected by exhaustion.

Emphasis may also be laid upon the electrochemical
measurements of Palmaer, Ostwald, J. J. Thomson, and many
others, which indicate the existence at all absorptive boun-
daries of an electrical double layer. This can only be brought
about by electrical orientation of a layer of neutral molecules
or, in the case of ionised substances, of selective adsorption
of one of the ions of the molecule, resulting in the formation
of a layer of the ions of opposite sign held by electrostatic
attraction to the surface of the adsorbing medium.

On the hypothesis of directive as well as of selective adsorp-
tion the gulf between the intermediate compound and the
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adsorptive theory is bridged, since the postulate of directive
force necessarily assumes some form of chemical union between
the contact surface and the molecules of the surrounding
medium.- These quasi-chemical combinations may, according
to this view, become sufficiently definite as to give the complex
all the characteristics of a chemical compound.

This theory of catalytic operations can be applied to con-
sideration of the phenomena of enzyme actions.

Thus, from the velocity coefficients of the reaction between
an enzyme and a co-enzyme, from the apparent false equili-
brium obtained in the Danysz effect in the combination of a
toxin and an antitoxin and in the fractional but not stoichio-
metric removal of an enzyme from the sphere of action in
many hydroclastic processes, by the products of the reaction,
the evidence for the purely adsorptive nature of such combina-
tions is extremely strong. This view is further supported
by the action of small traces of ionising salts on the enzyme
activity, which can easily be attributed to selective ion
adsorption. On the other hand, the selective nature of the
enzyme actions and the fundamental relationships which must
exist between an enzyme and its co-enzyme to cause only
these two substances to react can only be interpreted on the
hypothesis of chemical combination. It seems that the
primary action is one of adsorption, and that chemical com-
bination proceeds after the adsorption has completed itself.
In this case we can observe the gradual conversion of an
adsorptive compound into a real chemical molecule or a gradual
strengthening of the bonds of combination.

Attempts have been made to apply this conception to
homogeneous systems, and H. E. Armstrong’s associative
theory (p. 41) is clearly a simple extension of the broad
principles of the adsorptive theory.

In the chapter on catalytic operations in organic chemistry
many instances will be found in which the process of compound
or complex molecule formation may be readily explained and
anticipated in new reactions by making certain assumptions
as to the electro-positive or electro-negative character of an
atom or a radicle. These assumptions, which will be dealt
with in that section, are by no means forced or laboured,
since they can be logically deduced from the magnitude of
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the electrolytic potentials of the elements themselves, and
although as yet we have no realistic conception of the nature
of the forces which govern these magnitudes, they are
characteristic and unique properties of the elements. Further-
more, from the physico-chemical investigations in atomic
structure during the present century it appears more than
likely that we are justified in expressing our magnitudes
in terms of electrical pressure instead of in any other intensity
factor.

Again, in photo-chemical processes we have instances in
which radiation causes the primary combination by the dis-
charge of an electron from one of the molecules. By the
subsequent impingement of this discharged electron on other
neutral molecules their combination can be effected owing
to the enhanced activity of the complex molecule-electron,
and combination will only cease when the travelling electron
comes into collision with its original positive ‘“rest’ and
is absorbed by it. Radiation in this case functions as an
inductive agent and the electron is the actual catalyst.

In most cases of combustion and in many cases of violent
chemical action such as the oxidation of metals or the inter-
action of alkali and bases, the presence of electrons may be
demonstrated ; that they are not manifested in all cases
of chemical action may be due, not to their absence, but to
the fact that in the case of heterogeneous catalysts their
kinetic energy when discharged from the inactive molecule
is not sufficient to break through the electrical double layer,
or adsorption film on the catalytic surface, whilst, in homo-
geneous reactions, practically immediate recombination with
the positive “rest ” occurs. Sir J. J. Thomson! gives many
instances in which the presence of the electron or electron-
molecule complex or the positive rest may be demonstrated,
when precautions are taken to break down the electrical
double layer by mechanical means.

Radiation frequency and catalysis.—It is well known
that the reaction velocities of most chemical reactions are
influenced by a change in temperature of the reactants.
Thus, hydrogen and oxygen can exist at the ordinary tem-
perature without undergoing any apparent reaction. At

1 ¢« Conduction of Electricity through Gases.”
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600°, combination proceeds with such an extreme rapidity
that explosion frequently results. The effect of temperature
is usually exponential, the velocity constant more than doubling
itself for a 10° rise, although the exceptions are sufficiently
numerous to define this statement more as a generality than
as a rule. Arrhenius! pointed out that such a high tem-
perature coefficient could not be deduced from a consideration
of the increase in the number of the molecular collisions between
the reacting molecules for a 10° rise in temperature. This
may be calculated from the kinetic theory. Less than a
2 per cent. increase in the number of molecular impacts is
to be expected on this basis.

Tt must therefore be assumed, either that some other factor
is operative in increasing the number of molecular impacts
with rise in temperature in addition to an increase in the
kinetic energy of the molecules and the decrease in the viscosity
of the medium, or, as postulated by Arrhenius, that, at all
times, the number of molecular impacts per unit of time is
amply sufficient to account for the velocity of chemical change,
not all such molecular collisions, however, being effective in
producing chemical change. From these considerations, Arr-
henius was led to the concept of active and inactive molecules
in which the equilibrium between these two tautomeric forms
of the same substance shifted in favour of the active form
with rise in temperature. This concept was subsequently
extended by Arrhenius to explain the mechanism of catalytic
influence, the addition of the catalyst being presumed to bring
about an increase in the concentration of the active form.
The alteration of the velocity coefficient with the temperature
could be formulated in the expression,

dlogK E
dP SR
E being the energy required to transform one gram-molecule
from the inactive to the active state. This mathematical
formulation of the influence of temperature has been adopted
in most of the subsequent researches on the subject, and
its application to the phenomenon of catalytic action has
largely been employed. Recent investigation, however, in

Y Zeitsch. physikal. Chem., 1889, 4, 22 ; 1899, 28, 317.




60 CATALYSIS IN THEORY AND PRACTICE cuae.

Arrhenius’s laboratory has brought forward evidence in
apparent disagreement with the concept of an equilibrium
‘between active and inactive molecules.!

Marcelin? deduced a similar expression to that of Arrhenius,
on the assumption that an inactive molecule becomes active
when its internal energy exceeds a definite critical value,
E, in the above equation, becomes, in Marcelin’s expression,
the extra amount of energy or critical increment of energy?
in excess of the average energy of the molecules which has
to be supplied to effect this conversion. Lewis* has applied
Marcelin’s concept of conversion of inactive to active mole-
cules by a critical energy increment to homogeneous catalytic
processes, utilising a mathematical formulation of the concept
developed by Rice and having the form

dlogK V,—V,+3RT

ke .- i TR
where V, denotes the critical value of the internal energy of
a number of the molecules, and V,, the mean potential energy
of the molecules. According to Rice, when a positive catalytic
effect is present, a negative term is introduced into the numer-
ator, thereby lowering its value to an increasing degree with
increasing concentration of the catalyst. Lewis cites experi-
mental evidence in support of such a view. From an exam-
ination of the literature, Lewis also concludes that the larger
the velocity constant of a reaction the smaller is the value
of the numerator in the above equation.’ The source of
energy increment is to be found in the infra-red radiation of
the system, and preliminary measurements of the infra-red
absorption spectra .of hydrogen chloride, potassium chloride,
and methyl acetate in aqueous solution were carried out in
order to sustain this point of view in regard to catalytic action
in the hydrolysis of esters by acids in presence of neutral
salts.

The elementary treatment of the problem given by Lewis®

1 See Taylor, Medd. K. Vetenskapsakad. Nobel-Inst., 1913, 2, No. 34.

2 Compt. rend., 1914, 158, 161.

3 Lamble and Lems, J. Chem. Soc., 1914, 105, 2330.

¢ Idem, 1914, 105, 2330; 1915, 107, 233 ; 1916, 109, 55, 67 ; 1917, 111,

389, 457, 1086 ; 1918, 113, 471.
5 Rep. Brit. Assoc., 1915, 394.
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is amplified in the later papers of the series cited above. It
is shown that quantitative expressions for the velocity,
temperature-coefficient, and effect of the catalyst can be
developed from the radiation hypothesis, infra-red radiation
being absorbed in terms of quanta. The expressions derived
are all in agreement, over limited ranges of temperature,
with the empirical equation of Arrhenius, the general applic-
ability of which is well known. Further, it may be deduced
on these grounds'that the addition of a negative catalyst
raises the temperature-coefficient whilst a positive catalyst
diminishes it. The further development of the radiation
hypothesis has been directed towards the elucidation of the
problem of general chemical reactivity, rather than in con-
nection, with catalysis which is regarded as a special case
of chemical reactivity. The heat of reaction, the equilibrium
constant, and the absolute velocity constants of gas reactions
have all been investigated by Lewis from the point of view
of radiation, the material accumulated being necessary to
the eventual investigation of catalytic processes in particular.

A consideration of the preceding theories, however, serves
to show that the reactivity of a molecule may undergo exalta-
tion without a rise in the energy of the molecule occurring.
Successful combination as a result of molecular collision is
certainly stimulated by an increase in the energy of the
impinging molecules, but, at the same time, similar results
appear to be capable of attainment by directive collision in
which the reactive parts of each molecule are brought into
juxtaposition by some suitable artifice of molecular orientation.
Especially does this seem to be possible in the case of hetero-
geneous catalysis, with which, however, Lewis has thus far
not dealt.



CHAPTER II1

THE MEASUREMENT OF REACTION VELOCITY IN
CATALYTIC PROCESSES

THE development of the science, as well as the technical
application of catalytic processes, has been based upon numerous
isolated observations of the influence which certain substances
exert on the reaction velocity of many homogeneous and
heterogeneous chemical reactions. During the last thirty
years the quantitative aspect of the problem has received an
ever-increasing attention and the measurement of the influence
of known quantities of catalytic substances on the reaction
velocity, under certain fixed conditions of temperature and
pressure, is fundamental to the subject.

In homogeneous reactions the problem is one of comparative
simplicity, since the course of the reaction may be followed
by any of the suitable chemical or physical methods, such as
the liberation of gases, e.g., in the decomposition of hydrogen
peroxide, hypochlorites, or diazoacetic esters; by chemical
titration, as in ester hydrolysis or the liberation of jodine ;
by electrical conductivity, utilised by Hantzsch in his studies
on the conversion of pseudo-acids, or by change in optical
rotatory power, as in sugar hydrolysis. Other methods based
upon the measurement of the rate of change of the electro-
lytic potential of an electrode in‘a known solution, or of an irre-
versible electrode in a changing electrolyte, or again of colour, .
diathermicity, or dilatation of solutions or gaseous mixtures
are occasionally employed. The relative concentrations, if a
solvent be employed, are given in grams per litre, owing to the
frequent uncertainty as to the state of molecular complexity
of solutes in various solvents.

The measurement of reaction velocity as a function of cata-
- 62
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lytic activity in heterogeneous systems is, however, by no means
such a simple operation, since various factors, absent in homo-
geneous reactions, become operative and have to be taken into
consideration when the quantitative aspect of the problem is
under investigation.

Investigations on heterogeneous catalytic processes may for
this purpose be broadly classified into two groups :

(@) Those in which the reactants proceed to equilibrium
in the presence of a definite amount of catalytic
substance.

(b) Those in which the reactants are passed through the
catalytic material under given conditions and are

" subsequently collected and submitted to analysis.

In those cases in which a predetermined quantity of a mixture
of the reactants is permitted to react in the presence of a
definite amount of catalytie substance two important factors
have to receive attention ; first, the measurement of the re-
action velocity as a function of the quantity of catalytic
material ; and, secondly, the dispersivity of the heterogeneous
catalyst in the homogeneous medium.

We _have already noted that in homogeneous reactions the
reaction velotity is generally proportional to the concentration
of the catalyst, i.e.,

K = f(m),

where f is the proportionality factor.

In heterogeneous reactions, such as the decomposition of
arsine or hydrogen iodide on glass surfaces, or the liberation of
oxygen from hydrogen peroxide in the presence of colloidal
metals, or the various clastic processes of enzyme actions, the
reaction velocity is influenced rather by the active volume of
catalytic material ; thus, in decompositions taking place on
glass or metal surfaces K is roughly proportional to the area
of the catalytic surface.

K = f(4).

The investigations of Bodenstein on the kinetics of gas
reactions in glass and quartz vessels have contributed greatly
to our knowledge of such surface action.1

1 Zeitsch. physikal. Chem., 1903, 1904, 1905, 1907.
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In other cases, where the heterogeneous catalyst is a colloid,
the mass of the added catalytic material is usually determined.

Only as a first approximation may one consider that the
mass of, say, a given quantity of platinum in a platinosol is
proportional to the active volume, since the active volume
is practically confined to a surface skin of no very considerable
thickness. =

There exists, of course, a considerable amount of uncertainty
as to how far the density of the metal itself is altered during sol
formation, and, again, how far the sol particles may be regarded
as smooth- or rough-surfaced spheres or ellipsoids.

An approximation to the surface of a colloidal sol may be
obtained by an estimation of the number of sol particles per
c.c. or the volume concentration (n), and by a determination
of the mean radius of each particle (r). The mean area of
catalyst surface per c.c. of substrate (or the gram concentra-
tion) is then given by :

A = 47rin

and the mass M by $mripn
(p being the density of the metal.)

Hence

; 4 3

¥ o
or, a factor proportional to the active volume or surface area
per c.c. may be obtained by dividing the concentration of
catalyst by the mean diameter of the suspensoid particles.

We have already noted from the preceding considerations
that it is not strictly accurate to develop a relationship between
reaction velocity and concentration of added catalytic material
in heterogeneous catalysis, and that better agreement is to be
expected when the superficial area of catalyst is substituted
for the mass concentration.

The second factor of importance to be noted is the distribution
of this catalytic material throughout the medium in which the
reaction is taking place. In those cases in which solid surfaces
are utilised as catalysts the reaction velocity is governed by
two factors : (a) the rate of diffusion of reactants to the surface,
or of the products of reaction away from the surface, and (b)
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the rate of chemical action actually taking place at the catalytic
surface. Frequently, the diffusion rate is extremely slow,
whilst the catalytic activity is high. Under such conditions,
comparison between. different catalysts is impossible, since the
rate of diffusion alone governs the velocity of the reaction.

When colloidal suspensions or emulsions are used as catalytic
agents the active surface is not entirely immobile, as is the
case in heterogeneous catalysis at solid surfaces, and so, in
virtue of the Brownian movements of the sol particles, an
enhanced apparent activity results.

The magnitude of the Brownian movement at any fixed
temperature is dependent on two factors, the diameter of the
sol submicron and the viscosity of the medium, as can be
observed from the following figures obtained by Zsigmondy
for gold sols.

Diameter (in uu). Amplitude (in u).
6 > 10
10 3—4
35 1—7

From Svedberg’s researches on the influence of the medium
on the amplitude of motion, a general relationship between
viscosity and the amplitude may be obtained :

Medium. Amplitude (in ).  Absolute viscosity.
7 x 102

Glycerol 3 0 83

Isobutyl alcohol 06 393
n-Propyl alcohol 07 2:26
Water " Lan 5% 11 1-02
Ethyl acetate . =20 046
Acetone . 3-1 032

The second type of heterogeneous catalytic reactions which
present still fresh and varied problems includes those in which
the reactants are forced through a bed of granular contact
material, the effluent gases or liquids being then submitted to
analysis. Many examples of such reactions are to be found in
technical practice, such as the catalytic process for the pre-
paration of ammonia, hydrogen from water gas, the removal of
calcium and magnesium salts from hard waters by sodium
zeolites or chlorine from hydrochloric acid. The advance to
be recorded in the scientific investigation of the hydrodynamics
of the problem is not considerable.

F
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Itis at once evident that if a volume, ¥, of reactants be passed
through a volume, v, of material per hour the ‘‘ space velo-
city ”’ or the volume of gas passed through unit volume of

catalyst is g— litres (or c.c.) per litre (or c.c.) per hour. The

“gpace velocity,” or S.V., is an important characteristic,
especially for technical purposes, and a clear statement of the
space velocity is necessary when the feasibility of any prccess
in under discussion. A closer analysis of this definition will,
however, indicate that a certain amount of uncertainty is
attached to this conception. It must be understood that the
S.V. (space velocity) is always referred to the reactants at
normal temperature and pressure, a matter of considerable
importance when the reaction takes place in the vapour or
gaseous state at elevated temperatures. Again, the conception
of ““reactant ”’ permits of a certain degree of latitude. Thus,
in the synthesis of ammonia from nitrogen and hydrogen in the
stoichiometric ratios 1 :3 both the gaseous constituents take
part in the reaction, and since the stoichiometric relations
are not altered after catalysis, both gases are to be con-
sidered as reactants. In other cases, such as in processes of
hydrogenation, of selective combustion, or of the conversion
of water gas into hydrogen and carbon dioxide in the presence
of steam, the question arises as to whether the S.V. should be
referred entirely to the reactant, i.e. the substance undergoing
hydrogenation or combustion, or again to the carbon monoxide
in the water gas. Thus, in the case of the water-gas conversion,
the quantity of hydrogen in the gas or of steam employed
might conceivably modify profoundly the velocity of reaction
at the surface of the catalyst.

The procedure generally adopted is to refer the S.V. to'some
important constituent of the reactants. Thus, in the water
gas reaction, the S.V. may be taken from the mean of the total
volume of gas entering and leaving the catalyst mass corrected
to N.T.P. after condensation of the steam, whilst in cases of
hydrogenation, of, say, an oil, the S.V. would be referred to
the mass of oil hydrogenated per unit volume of catalyst
space or per unit mass of catalyst.

From the space velocity a second figure, no less important
for technical operations, may be obtained, namely, the * space
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time yield,”” or S.T.Y. If the fractional conversion of reactants
accomplished by a single passage through the catalyst mass at
a space velocity of ¥V be R, then the space time yield or the
yield in litres of desired product per litre of catalyst space per
hour, will be B V. In many cases, for convenience, the
S.T.Y. is expressed in kilograms per litre of catalyst space
per hour, or other similar units which give a numerical value
to the product R V.

It may be observed that there is a relationship between
R and V, since, for low values of V7, the equilibrium under the
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conditions of operation is arrived at and R attains its maximum
value. With an increase in the space velocity, equilibrium
amongst the reactants may not have time to establish itself
during the passage through the contact mass, and, with exceed-
ingly high space velocities the composition of the reactants
will scarcely be affected by such passage. Thus, to attain a
maximum value of the product RV, it is not necessarily or
indeed always desirable to limit the space velocity to such low
figures as may be necessary to ensure attainment of equilibrium.
Higher values for the S.V. and a lower conversion may give
a greater output per hour. The RV, ¥V curve will consequently
assume some such form as the diagram above (Fig. 4).

F 2

0
o



68 CATALYSIS IN THEORY AND PRACTICE cHaAv.

(i) The region O to a, in which equilibrium is established
at all velocities up to a space velocity of @', whence the product
RV is proportional to ¥V . (ii) The region a to b, where from
space velocities a’ to b/, equilibrium is not established and the
percentage conversion gradually falls off, the product RV,
increasing, however, with increasing values of 7. (iii) The
region b to ¢, where, with exceedingly high space velocities,
the rate of diminution of R, the fractional conversion, exceeds
the rate of increase in the space velocity with a consequent
decrease in hourly output.

In all circulating processes the optimum space velocity is
represented by the point b’ on the characteristic RV — V
curve, whilst for non-circulating processes the maximum
hourly output and the best utilisation of the reactants (in those
cases where equilibrium conditions are desired) is attained at
space velocities indicated by the point @'

No satisfactory data have been published on the design of
converters for such types of heterogeneous catalysis, but the
following points which bear upon this subject may be
mentioned.

We have derived a figure for the space velocity from a con-
sideration of the rate of flow of the reactants through a given
volume of catalyst space. This figure evidently gives us no
information as to the actual velocity through that space, since
part ‘is occupied by the catalytic material. For purposes
of calculation we may assume that the catalyst consists of a
number of uniform spheres, and, further, that they are packed
in a simple and regular manner in the catalyst chamber.

It can be easily shown, for the simplest type of spherical
packing, viz., point contact in sets of three, thus :

&

that the free space unoccupied by the spheres (assumed in-
elastic and incompressible) is 33-5 per cent. of the total volume
occupied and is independent of the diameter of the spheres,
whilst the free cross sectional area is 9:55 per cent. of the area
of the catalyst chamber and is likewise independent of the
diameter of the spheres. The dependence of the area of
contact exposed by the surface of the spheres on the diameter
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of the individual is exemplified in the following curve (Fig. 5).
The advantages of fine packing are clearly demonstrated.

The works of O. Reynolds on gravitational theory, and of Pope
and Barlow on chemical crystallography, may be consulted
for other types of spherical packing. They will be of use in
giving an orientation into the problems of arrangement of
the catalyst bed, but their utility is limited by the deviations
of the catalytic material from spherical shape.

Tt is evident that for a S.V. of V, the true space velocity
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is approximately 3 V, when due allowance is made for the space
occupied by the catalytic material, and that the linear velocity
in metres per second may be obtained by calculating the rate
of flow in a tube one-tenth the cross sectional area of the
converter. In technical design, a linear flow rate of 10 metres
per second is frequently taken as a convenient basis for calcu-
lation of gaseous reactions. Although fine division of the
catalyst is desirable from the point of view of increasing the
superficial area per unit volume of converter space, and
although it may be possible to preserve uniform and approxi-
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mately spherical packing in fine grained material, yet the
increased skin friction caused by the great extension of surface
to which the reactants are exposed during their passage raises
the value of the frictional loss or back pressure in the converter
to such a high figure as to preclude economic working. A second
objection of a practical nature to undue reduction in catalyst
size may be raised in that even coarse powders are very prone
to removal by passage of the gaseous reactants, and are liable
to exhibit the phenomenon of ‘‘ channel formation >’ due to
slight unevenness in the distribution of the material.

Types of apparatus for experimental work.—For the ex-
perimental investigation of catalytic processes involving gas
reactions at a solid contact substance, two simple types of
apparatus may be described which have proved of great
utility.

Sabatier developed a form of apparatus which has been used
with success in the investigations which he has conducted with
his collaborators on the hydrogenation of organic liquids. This
type of apparatus is generally applicable to the study of cata-
lytic interaction of gases and of vapours of liquids.

A glass, or preferably quartz, tube of suitable dimensions
forms the reaction space, in which is placed a layer of the
catalytic agent to be employed—in the case of nickel a layer
of the unreduced oxide.

One end of the tube is closed with a stopper carrying two
tubes, as illustrated in the accompanying diagram (Fig. 6), of
which one serves as delivery tube for the incoming gas (hydro-
gen in the case of hydrogenation studies), the other for delivery
of the liquid, or of the gas to be investigated. In the case of
liquids, a capillary tube is employed, the liquid being stored in
the vertical tube, 7. The rate of flow of liquid may be regu-
lated by varying the diameter of the capillary and the height
of liquid in the reservoir. Sabatier recommends that the inflow
of liquid into the reaction space be constant by arranging that
it does not leave the capillary in drops. By allowing the end
of the capillary, C, to touch the inside of the reaction tube this
may be readily attained. If the reservoir, 7, be connected
with a vessel of considerable dimensions the height of liquid,
4 B, may be maintained reasonably constant over long periods.

The reaction tube is heated in any suitable manner, either
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by gas flame, as in an organic elementary analysis, or more
conveniently for the attainment of an even temperature by
means of an electric resistance furnace. In the latter case,
where the heating is uniform around the tube, the catalyst
may be inserted as a plug in the reaction space as alternative
to the layer of material employed in the gas-heated tube.
The heating should extend sufficiently far along the tube to
allow of vaporisation of the incoming liquid at C.
| TWith sufficiently volatile liquids, an alternative arrangement
o is possible in which the mixture of the gas
| and vapour is obtained by allowing the
5‘» ‘ former to bubble through the liquid, passing
: thence direct into the reaction space. By
regulation of the temperature of the liquid
and by ensuring saturation of the gas at the
given temperature, from a knowledge of the
vapour pressures of the liquid, a definite ratio
of gas to vapour may be readily attained.
The authors have found this a suitable
method of introducing definite quantities of

A

Y2222

Gas/n/etW
. 0

Catalyst —>= Qutl/e

Fia. 6.

steam and alcohol vapours into the reaction mixture. It has
been found, however, advisable in the case of steam, first to
supersaturate the gas with steam by passage through water
maintained at a temperature higher than that required to
give the definite ratio, and then to pass the supersaturated
gas through a further quantity of water maintained at the
requisite temperature.

Sabatier, in the case of solids which are readily vaporised,
places the material in porcelain boats inside the reaction space
some distance before the catalyst mass. The incoming gas
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carries along with it the vapours of the solid arising from the

heated boats.

The temperature employed may be determined according to
Sabatier by means of a thermometer placed alongside the
reaction tube, when the latter is embedded for evenness of
temperature distribution in a layer of heated magnesia or fine

| Catalyst

lé—» Outlet

Fia. 7.

sand. Alternatively, it may
be placed inside the reaction
vessel, in which case, how-
ever, there is difficulty in
altering its position to deter-
mine the temperature at
various points. With. the
latter alternative, a thermo-
couple is more useful than a
mercury thermometer, owing
to the difficulty of reading
the latter when inside the
tube.

A modified form of appa-
ratus has been largely used
by the authors, more espe-
cially for the investigation
of catalytic gas reactions at
different temperatures. The
features of the apparatus
are its simplicity and
adaptability, ease of tem-
perature control and obser-
vation, as well as evenness
of temperature distribution.
The accompanying diagram
(Fig. 7) illustrates the salient
details of the apparatus. The
outside glass or silica tube

is electrically heated by means of a resistance wire suitably
{nsulated and lagged. The upper end of the tube terminates
in a length of tubing of narrower bore sufficient to pass the

thermometer or thermo-couple,

position at any suitable height.

which may be adjusted in
The catalytic material is
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contained in an inner concentric tube which, when in position,
allows of a narrow space between the inside of the heater tube
and the outside of the catalyst tube through which the gases
pass up from below and are thus brought to the desired
temperature. By this arrangement, apart from the radia-
tion across the gas space, the heating of the catalyst
material is caused by the incoming gases, and so can be the
more easily regulated. Also, the charging of the reaction space
with the contact body is more readily effected than in the
apparatus designed by Sabatier. Large sizes of this type of
catalyst furnace, constructed in iron with suitable modifications,
have been employed with considerable success in experiments
upon a semi-technical scale.

The contact mass: catalyst supports.—The form of the
catalytic material is a factor of essential import in the problem
of successful catalysis. Stress was laid in the preceding chapter
upon the relation between physical condition and activity.
Examination will show that efficient catalytic agents are, in
general, porous, amorphous materials. The porosity of the
material results in a greater surface per unit of bulk and the
amorphous condition of the catalyst is, in all probability, a
cause of its increased activity. For, as the recent researches
on the X-ray spectra of crystals have shown, crystalline form
is associated with a definite arrangement of atoms in the
crystal, arising, doubtlessly, from the mutual saturation of
the force fields of the various component atoms. With an
amorphous substance, this mutual saturation of the residual
valencies is absent, with the probable result that the material
is in a more active condition catalytically. .

For small scale experiments, the utilisation of catalytic
material in the form of a porous, coarse powder is generally
quite easily attained. If the powder be too fine, considerable
resistance is offered to the passage of the gas, and this fre-
quently results in channelling through the contact mass with a
corresponding decrease in efficiency and lack of knowledge as
to the quantitative details concerning the various factors of im-
portance such as space velocity and linear velocity of flow.
To avoid such eventualities, recourse is had to the incorporation
of the catalytic mass upon a suitable support. Thus, finely
divided platinum is frequently employed in the form of platin-
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ised asbestos, obtained by impregnation of asbestos fibre with
a solution of a platinum salt followed by calcination of the mass
to yield the metal in a fine state of division, and, yet, at the
same time, in a form suitable for use. The use of inert supports
also faclhtates economy of ca.talytlc materlal an especial
advantage in the case of expensive reagents.

A variety of substances have been employed in such a manner
as support materials. In addition to the asbestos fibre already
alluded to, mention may be made of glass wool and silica fibres,
pumice, various porous, siliceous materials such as fire-clay,
alundum and unglazed porcelain, the various forms of charcoal,
anhydrous salts and porous oxides obtained by calcination of
suitable minerals.

The choice of material to be employed is generally deter-
mined by processes of experimentation. As with the choice of
catalysts generally, no sure guiding principles can be laid down.
Experience shows, however, that in a great many cases use of
a given catalyst support brings about a serious diminution in
catalytic efficiency, generally attributed to a functioning of
the support as a negative catalyst. Obviously, with a catalyst
which is poisoned, for example, with sulphur, the presence of
sulphur in the catalyst support is not permissible. The extra-
ordinary sensitivity of certain catalysts to minute impurities
restricts severely the number of possible supports. Inreactions
which are conducted at high temperatures, also, the possibility
of interaction between catalyst and support material must
be constantly envisaged. Especially in the case of oxide
catalysts is this necessary, owing to the ease of combination
with siliceous materials with formation of non-active silicates.
In such cases catalyst supports which are basic in character
are to be favoured. The ideal support, therefore, should be
a porous material, free from impurities negatively catalytic
to the contact body, incapable of interaction with the catalyst
and, if possible, itself positively catalytic, even though feebly
so, to the reaction in which it is to be employed. With such a
material, suitably graded in size, the problem of form in cata-
lytic material may readily be solved for all sizes of catalyst
units.



CHAPTER 1V
PROCESSES OF OXIDATION

THE most varied and extensive application of catalysis
to the problems of industrial chemistry has been made in the
technical development of processes of catalytic oxidation.

Catalysts have been successfully employed to accelerate
various processes of oxidation extremely dissimilar in char-
acter. Thus in processes of surface combustion, the catalytic
material induces the complete combustion of gaseous and
vaporised fuels for the production of intense and localised
heat, whilst, on the other hand,-the incandescent mantle
exhibits similar localised combustion for the production of
light. In those cases also in which the process of oxidation is
reversible within the usual temperature range of operation, as
in the oxidation of sulphur dioxide to sulphuric anhydride
or of hydrochloric acid to chlorine and water, technical develop-
ment was only possible after the discovery of catalytic agents
which would accelerate the processes of oxidation at relatively
low temperatures so as to ensure the maximum yield of the
desired product at reasonable space velocities.

Another extending field for the technical development of
processes of catalytic oxidation is to be found in the cases of
fractional oxidation, where, by the choice of suitable catalytic
material and the proper conditions of temperature, pressure,
and concentrations of reacting substances, the reaction is
caused to proceed along one path only, with the avoidance of
possible side reactions or products of combustion of a higher
or lower state of oxidation than is desired. Mention may be
made of the technical processes for the oxidation of ammonia
to nitric oxide, of hydrogen sulphide to sulphur, and of methyl
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alcohol to formaldehyde, as examples of such fractional oxid-
ation. In all these cases, under adverse conditions, the yield
of the desired product may be reduced to nil.

Processes of catalytic oxidation may also be selective in
character. Thus, iron sulphide may be oxidised in the presence
of the inflammable constituents of coal gas by the regulated
admission of air under suitable temperature control. Mixtures
of methane, hydrogen, and carbon monoxide may be analysed
by the admission of oxygen, the combustion being conducted
in such a manner that, by a suitable choice of catalytic material
and operating temperature, only one constituent undergoes
oxidation.

The classical experiments of Schonbein on autoxidation,
in which the reaction velocity of the process of oxidation is
extremely slow, opened up a new and interesting chapter in
the theory of combustion. The significance of such processes
of cold combustion will at once be apparent from a consider-
ation of the mechanism of the corrosion or rusting of metals
and the many remarkable cases of induced chemical reactions
which accompany processes of autoxidation.

In the following pages, examples are given of the varied
and manifold applications of catalysis to these diverse pro-
- cesses of oxidation. It will be noted that, as in many other
cases, practice, as exemplified by technical development, has
outstripped the theoretical treatment of the subject.

THE MANUFACTURE OF SULPHURIC ACID

The sulphuric acid industry is practically unique in-the fact
that the two processes employed on an ever-extending scale
for its manufacture, the so-called ‘‘ chamber *’ and ‘ contact >’
processes, are both catalytic in operation and in the most
modern plants the relative costs of production are practically
identical. The ‘‘ chamber ** process, however, is-confined to
the production of the monohydrate, the maximum strength
of acid obtainable being 98 per cent. H,SO,, whereas the * con-
tact ”’ process is more suitable for the production of ‘“ oleum,”
i.e., sulphuric acid containing varying amounts of SO, dissolved
in it, pure “oleum ” or fuming acid having the composition
250,-H,0 or H,S,0,. :
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The ‘* chamber ” process.—In this process the oxidation of
sulphur dioxide to sulphuric anhydride by means of atmo-
spheric oxygen is eatalytically hastened by oxides of nitrogen,
and is one of the very few cases of homogeneous catalysis in 2
gaseous system.

In actual operation a 6 to 12 per cent. mixture of sulphur
dioxide in air obtained by passing a regulated amount of air
over burning sulphur or sulphides such as pyrites, or spent
oxide from gas works is brought into contact whilst still hot
(400°) with a solution of nitrosyl sulphuric acid, by passage
through one or two volvic lava- or flint-packed columns termed
Glover towers, down which a stream of nitrosyl sulphuric acid
is distributed.

The resulting mixture of sulphur dioxide, oxides of nitrogen,
and air then pass into a series of leaden chambers into which
steam or dilute sulphuric acid is blown by means of suitably
shaped nozzles. The earlier rectangular reaction chambers,
which would only produce one-sixth of a pound of sulphuric
acid per cubic foot in twenty-four hours, are now replaced either
by tangential chambers in which nearly 1} 1b. of sulphuric acid
can be produced per cubic foot in the same time or by plate or
packed towers in which the oxidation of the sulphur dioxide
to the trioxide no longer takes place in the gaseous phase, but
in the dilute nitric acid which is added to each tower. Although
a considerable economy in space is gained in such tower systems,
yet the extra installation costs and the increased resistance to
the gas passage bid fair to militate against this advantage,

The spent gases from the reaction chambers are freed of all
residual oxides of nitrogen by passage up a coke or stoneware
ball-packed column, the Gay-Lussac tower, down which sul-
phuric acid is distributed.

The weak sulphuric acid from the lead chambers (ca. 65 per
cent.) containing both oxides of nitrogen and nitric acid mixed
with the nitrous vitriol from the Gay-Lussac tower is partially
concentrated (to 78 per cent.) in the Glover tower, where the
oxides of nitrogen are removed by the fresh gases and finally
brought up to 98 per cent. strength by evaporation in Gaillard
towers or by means of cascade concentrators.

It is evident that under ideal conditionsthe oxides of nitrogen
which are continually returned to the reaction chambers by



78 CATALYSIS IN THEORY AND PRACTICE cHaPr.

means of the Glover tower should suffer no diminution during
the cycle of operations. In actual practice, however, there is
a small but continuous loss of the catalyst equivalent to from
1 to 4 parts of sodium nitrate in 100 parts of sulphur burnt.
This deficit has to be continuously made good either by the
addition of nitric acid to the Glover tower or by supplying
oxides of nitrogen to the entering gasés. In the latter case
either small quantities of sodium nitrate (nitre) and sulphuric
acid are placed in pots situated in the flue of the pyrites burners,
or in the most modern practice, oxides of nitrogen, produced
by the catalytic combustion of ammonia (see p. 90), are added
at the base of the Glover tower.

The loss of oxides of nitrogen in the cycle is probably due to
a variety of causes, amongst the more important of which may
be mentioned :

(#) The presence of organic matter in the sulphur dioxide
—a common occurrence when spent oxide is utilised.

(b) Loss in the sulphuric acid finally produced and at the
exit of the Gay-Lussac tower.

(¢) Thereduction of nitric oxide to nitrous oxide or nitrogen
by the coke packing in the Gay-Lussac tower and by
decomposition in those parts of the contact chambers
where the acid is under 40 per cent. strength.

An explanation of the mechanism by which the oxidation
of sulphur dioxide to the trioxide is accomplished with the
aid of oxides of nitrogen was first suggested by Davy in 1812,
as a result of a series of experiments which had been conducted
some six years previously by Clément and Désormes.* It was
noted that when insufficient steam was admitted to the reaction
chambers white crystals of nitrosulphonic acid were deposited ;
Davy’s hypothesis for the oxidation was based upon the
intermediary formation of this acid according to the following
equation :

OH
(1) 280, + H,0 -+ 3NO, — 2802\/\ + No,
NO,

1 See Lunge, Vol. I ; Raschig, J. Soc. Chem. Ind., 1907, 10, 965 ; 1911,
80, 106 ; Partington, * The Alkali Industry,” 1918.
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”

the nitrosulphonic acid reacting with excess of steam and
oxygen to form sulphuric acid :

OH OH
() 4so2< + 2H,0+0, — 4soz< + 4NO,
NO, 2L O OH, , ¢
whilst the nitric oxide is re-oxidised to nitrogen dioxide as
follows :

(3) 2NO -+ 0, = 2NO,.

Lunge and Naef in 1884 found, on analysis of the chamber
gases in the second and third chambers, that nitric oxide and
nitrogen dioxide were present in equivalent proportions,
behaving as N,0,.

(4) NO, +NO = N,0,,

and suggested the following series of reactions to account for
the formation and subsequent decomposition of chamber
crystals.

OH
(5) 280, + 0, + H,0 + N,0, — 280,
\NO
OH
6) 280,¢  +H,0 = 2H,S0, + N,0,.
AN
NO,

In the first chamber the gases are usually colourless owing to
a deficiency of nitrogen dioxide. Lunge and Naef suggested
that the removal of this constituent was taking place by means
of a side reaction as follows : :

OH OH
(7) 280, +2H,0 +50,

NO, OH

which would thus explain the presence of the nitric oxide in
excess of the equivalent proportions demanded by equation
(4). These comparatively simple reactions according to Raschig?
and Trautz,? are not a sufficient explanation for all the pheno-

1 Annalen, 1887, 244, 200. .
2 Zeitsch. physikal. Chem., 1888, 2, 608.
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mena observed when sulphurous or sulphuric acids are agitated
with oxides of nitrogen. It is common knowledge that in the
usual nitrometer estimations a purple or pink coloration is
nearly always present towards the end of the reaction.

The composition of the purple acid is unknown, but in all
probability contains the nitrosc-group, NO, to which its colour
may be attributed.

Trautz postulates the formation of an unstable nitrosulphonic
acid according to the following reactions :

OH OH

2so2< N So8p 70 ey
: H “\NO

OH : OH
2802< et soz< 4-NO,

NO /NO

SOz\

OH

which is subsequently decomposed according to the following
two side reactions :

OH
(1) so2< 4 N,0,
NO — 3NO + 2H,S0,
soz< 1+ H,0
OH
OH OH
2) .soz< + 2802< + 2H,0 — 4H,80, + 3NO.
NO NO,
soz<
~ “OH
The existence of a hypothetical nitrosulphuric acid
OH
SOg/ has also been suggested by Lunge, formed by the
No-No,

interaction of nitric acid vapour on sulphur dioxide in the
presence of air,
OH
0, + 280, + 2HNO, — 2302(\
O'NO,
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It must, however, be admitted that our knowledge of the
various side reactions which may occur between the oxides of
nitrogen catalysts and the oxides of sulphur is far from complete,
but it appears probable that the explanation advanced by
Lunge and Naef represents the most important sequence of
actions taking place under the conditions in actual chamber
practice.

The ‘‘ contact '’ process.—The early development of the
lead chamber process for the manufacture of sulphuric acid
took place in the years 1740 and 1750.

In 1812, Davy, who was the first to point out the true
function of the oxide of nitrogen in the oxidation of sulphur
dioxide, suggested the possibility of using platinum sponge as
a catalyst for the same purpose. Phillips, in 1831, may claim
to have been the pioneer in testing Davy’s suggestion on the
industrial scale, but owing to the rapidity with which his
catalytic material became poisoned the process was abandoned
until 1875, when Squire and Messel succeeded in making the
process a technical success for the production of * oleum.”
These investigators utilised pure gases obtained by the decom-
position of sulphuric acid on hot brick surfaces or by the com-
bustion of sulphur, the sulphur dioxide being subsequently
purified by washing with water under pressure.

The rapid development in the contact process during the
opening years of the present century is chiefly due to the work
of Kneitsch and Krauss,® who carried out a very systematic
investigation on the reaction velocities and the conditions of
equilibrium of the reaction :

280, + 0, == 280,,

which was found by C. Winckler to be a reversible one. It was
shown that the value of the equilibrium constant

P

803

= v
P Poeat P,

where P, P, and P, are the respective partial pres-

1 Ber., 1901, 34, 4069.
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sures of the reacting constituents decreased with rising tem-
peratures, as is observed from the following figures :—

Temperature. K,. Temperature. K.
430° 1980 600° 149
450 187-7 610 10°5
500 72-3 627 55
528 31-3 700 48
553 24-1 727 1-8

By means of the general equation

dlgK, @,
g} 5, S S
assuming that the value of @,, the heat of reaction, which
according to Berthelot and Bodenstein ! is equal to an evolu-
tion of 21,700 calories at the ordinary temperature, does not
change seriously in value over the temperature range, we can
calculate the value of K,, and hence that of K, for any desired
temperature. The value of the integration constant can be
obtained by taking an experimentally found value of K, or
by means of Nernst’s heat theorem.

The fractional conversion, ¢.e. the values of the ratio
SO

SO, =+ S0. +SSO =z could consequently be calculated when the
2 3

magnitude of K, had been determined. It is easy to show
that the percentage conversion 100 2 is equal to

= .44
10 JPO? 1S KpN/Poa ;
From this equation it is a comparatively simple matter to .
calculate the composition of the gas as it comes from the
contact material in which equilibrium has been established,
whilst the calculation of the final composition from an analysis
of the entering gases can be made by means of the following
equation : '

K .
100 2 = 100. iR
K,+ b ';‘6”-‘5“@
100 — 0'5 ax

! Bodenstein and Finck, Zeitsch. physikal. Chem., 1907, 60, 1, 46.
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where a and b are the percentages of sulphur dioxide, and
oxygen in the initial mixture.

From these equations the following interesting facts can be
deduced : first, that the ideal catalyst should be active at
low temperatures, preferably below 500°, where the values of
K, are large; secondly, although an increase in the partial
pressure of oxygen is beneficial in that it tends to raise the value
of z nearer to unity, yet a limit is set to the quantity of air
admitted by the effect of the diluent nitrogen. If we assume
a mere trace of sulphur dioxide to be present in entering gases,
1.e., & is approximately zero and b=20-9 per cent., then

J b —08ax_ b _ usm
100 — 05 ax 100

; 100 100 K,

2.€. xr = Kp + 2‘2.

For large values of K, the yield is practically theoretical, but
at 700° the value of 100 z has sunk to 60 in spite of the very
large quantities of oxygen present, whereas if no nitrogen had
100 K,
K, +1
or 83 at 700°. The optimum results are obtained when the
quantity of excess air admitted to the pyrites burners raises the
oxygen content to the ratio SO, : O, ::2: 3, or three times
the theoretical amount for complete conversion to the trioxide.
Having determined the conditions governing the oxidation
of the sulphur dioxide, Kneitsch and Krauss investigated the
reaction velocity in the presence of different.catalytic materials.
Utilising purified technical converter gas of the following
composition, 7 per cent. SO,, 10 per cent. O,, and 83 per cent.
N,, the speed of conversion was determined when passed over
various catalysts at different speeds and varying temperatures.
In Fig. 8 (curves I and IT) are shown the results of passing
such a gas mixture over platinised asbestos in a porcelain tube
at varying temperatures; it will be noticed that conversion
with this, the most efficient of all the catalysts yet investigated,
commences at 200° with a flow rate of 300 c.c. per minute
(curve I) and at a little under 300° with a flow rate of 20,000 c.c.
per minute (curve II), and as the flow rate increases a higher
G 2

been present at all the value of 100 z approximates to
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reaction velocity is required necessitating a higher temperature
with a corresponding reduetion in the equilibrium concentration
of sulphuric anhydride obtainable. Curve 111 indicates the
loci of the maxima of a set of the curves, utilising identical
catalytic material, platinised asbestos and converter gas of
similar composition but with different rates of passage.

It is evident that if some circulating system were employed,
or alternatively a series of catalytic tubes were so arranged that
the sulphur trioxide formed was removed after each catalytic
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treatment, the maximum econversion per unit of time would
not be obtained with an operating temperature and speed of
passage corresponding with the probable maximum conversion,
but: would entail a very high rate of passage with a relatively
low conversion, the speed and temperature being so adjusted
as to ensure the product, per cent. conversion X flow-rate
being a maximum. Technical difficulties associated with the
removal of the sulphur trioxide from a gas containing relatively
large quantities of the lower oxide appear to have prevented
the realisation of this possible procedure.

Curve IV indicates the results obtained with burnt pyrites
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(CuO,Fe,0;) as contact material with a flow rate of 500 c.c. per
minute, whilst curve V shows the low duty obtained with broken
porcelain as catalytic agent.

We have already referred to the employment of purified
converter gas by several investigators. Squire and Messell
appear to be the first to have realised the significance of
catalyst ‘‘ poisons ” in the ordinary gas, and used, as an alter-
native, sulphur dioxide prepared from some purer source. The
Badische Anilin- & Soda-Fabrik successfully solved the technical
problem of purifying ordinary converter gas from poisons,
notably arsenic, antimony, phosphorus, and lead, by steam
treatment, cooling, and washing. The resulting gas is so puri-
fied as to be optically pure, showing complete freedom from
suspended matter even when subjected to intense illumination.

Since the optimum conversion temperature lies between
400° and 450°, it was evident that for the successful technical
development of the process the entering gases should strike
the catalyst at a temperature approximating as nearly as possi-
ble to this, and should leave the catalyst at sensibly the same
temperature. The reaction, however, is strongly exothermiec,
21,700 calories being evolved per gm. mol. of sulphur dioxide
converted. The Badische converter was accordingly con-
structed of relatively narrow iron reaction tubes, 10 per cent.
platinised asbestos being employed as catalytic material.
The maximum radiation was thus obtainable by this method.
A part of the inflowing gas, passing externally over the tubes in
a counter current direction, was so adjusted as to regulate the
catalyst temperature and at the same time assisted in heating
up the remainder of the entering gases. .

In the Mannheim process developed by Clemm and Hasenbach
a preliminary conversion is effected by passage of the gases
over burnt pyrites at from 500° to 600° where some 45 per cent.
conversion is effected. The gases freed from the sulphuric
anhydride by absorption in strong sulphuric acid are then
passed on to the lower temperature platinum catalyst. A dual
advantage is thus obtained. In spite of the lower duty ob-
tained with the burnt pyrites catalytic material on account
of the somewhat elevated reacting temperature, this catalyst
is not so sensitive to traces of poisons as the platinum and is a
comparatively cheap material to utilise. As a further conse-
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quence, a very pure gas passes on to the platinum converter,
and since nearly half of the sulphur dioxide has already been
removed, the temperature of this catalyst can be easily adjusted
within the prescrlbed limits.

Of the various catalytic materials employed to accelerate
the oxidation of sulphur dioxide to sulphuric anhydride,
platinum is undoubtedly the most active, and much ingenuity
has been displayed in obtaining the maximum yield possible
with the aid of relatively small quantities of this somewhat
expensive material.

In the Badische type of plant where platinised asbestos
is utilised, the platinum is frequently deposited from the
platinic chloride by means of a formate solution according to
the method originally suggested by Loew.!

The Tenteleff process utilises a series of coarse asbestos string
mats some 2 feet by 3 feet in area, impregnated with platinum
black, from twelve to twenty-five being used as the contact
mass ; the quantity of platinum distributed on each mat varies
from 60 to 65 grams.

The Schroder-Grillo contact material? is undoubtedly the
most ingenious of any which are in operation, producing a
very active form of platinum black and at the same time
exposing a large area of catalytic surface.

The heptahydrate of magnesium sulphate is soaked in a
solution of platinum salt and heated up in the presence of sulphur
dioxide, the reduction of the platinum being thus effected.
At the same time, the salt undergoes dehydration and puffs up
in a remarkable manner, the surface becoming covered with a
very thin layer of platinum. From 0-2 to 0-3 per cent. of plati-
num on the magnesium sulphate is sufficient to form an
excellent contact material. With 5 grams of platinum one
ton of ‘‘ oleum ” can be produced per day with a loss of only
20 milligrams of metal.

Of the various other catalytic materials suggested, it seems
that only burnt pyrites has actually been used on an industrial
scale. By reference to the patent literature, the problem of
finding some other non-platinum catalyst more active than burnt
pyrites is still the object of investigation. Amongst the more
important materials suggested may be mentioned the oxides of

Ber., 1890, 23, 289. * J. Soc. Chem. Ind., 1903, 22, 348,



Iv PROCESSES OF OXIDATION 87

copper, vanadium, uranium, chromium, nickel, and cobalt,
frequently incorporated with aluminium, beryllium, zirconium
or zinc oxides, or the rare earths, such as didymia or ceria.
It is of interest to note that oxide of arsenic itself, although
a poison for platinum, is a comparatively good catalyst at
somewhat higher temperatures. More novel is the sugges-
tion to incorporate with the catalytic material some body
which readily absorbs sulphur trioxide at the temperature
employed and disengages it again at a higher temperature.
Various theories have been put forward to explain the
mechanism of the contact process ; it is usually assumed that
the intermediary formation of the platinum oxide, PtO, or the
more transitory and possibly hypothetical dioxide, PtO,,
suggested by Wohler and Engler, plays the important rdle
in this catalytic operation according to the following cycle :—

(i) 2Pt + O, — 2Pt0O + 280, — 2Pt-280,.
(i) Pt + O, — Pt0, + 280, — Pt-2S0,.

Wieland, however, has laid stress on the ‘‘ hydration ”’ theory
of chemical action. Since perfectly dry sulphur dioxide and
oxygen do not combine, he represents the oxidation of the
sulphur dioxide as subsequent to a previous hydroxylation :

SOZ + HzO e HzSO3
HzSOs Ry SOS + Hz
2H, + 0, — 2H,0.

It may be urged in favour of this view that in those cases
where intermediate products of oxidation can be isolated and
analysed—especially in organic reactions where the hydroxyl
groups can be fixed and characterised as soon as they are formed
by the substitution of a suitable non-reactive grouping—the
evidence for hydroxylation as a stage in oxidation is
remarkably strong.

It is extremely probable that adsorption phenomena exert a
by no means inconsiderable influence on the rate of the reaction.
The interesting observation has been made that the activity of
catalytic platinum prepared on the Schréder-Grillo system is
very considerably elevated if subjected to agitation by some
means such as a short oscillation of the containing trays. It is
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suggested that a”more effective removal of the condensed film is
thus obtained by subjecting the surfaces to gas flows continually
altering in direction relative to their face thus ensuring a
higher apparent catalytic activity.

VVlth oxide catalysts such as oxide of iron, it is generally
assumed that the formation of an intermediary sulphate occurs
according to the following cycle :

2F8203 + 6802 + 302 AT 2Fe(SO4)3
ZHG 0y 5 160 <t !

It is evident, however, by reference to the list of oxides sug-
gested as suitable for technical processes that practically only
those elements are included which possess at least two oxides
and, as in many other catalytic processes, we are equally
justified in assuming the catalytic activity to be due to an
oscillation between the two states of oxidation.

Fe,0; + SO, — 2Fe0 + SO,

.k l
+ 0
\l/ 2
L -——Fe,0,.
CeO2 + SO, — CeO + 503
lo
! ‘e
CeO,.

It must also be admitted that the explanation formed on the
“ intermediary sulphate > theory is not very satisfactory in the
light of the researches of Bodenstein and Suzuki,' who showed
that the first products of the distillation of ferric sulphate are
S0, and O,, which then react in the presence of ferric oxide
to produce SO, whereas SO, should be the primary product on
this hypothesis.

Use of catalysts in the Hargreaves process.—Hargreaves
and Robinson in 1870 introduced a method for the manu-
facture of salt cake (Na,SO,) by the interaction of pyrites
burner gas and air on hot salt at 525°.

Above 600° fusion of the salt occurs, thus setting a limit to the

1 Zeitsch. Elektrochem., 1910, 16, 912.
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temperature for the reaction. To accelerate the reaction at
low temperatures, various catalysts have been proposed, notably
ferric oxide! and copper oxide.?

It was suggested that the salt should be moistened with a
solution of the sulphate of the metal so as to obtain an activated
salt containing from 0-1 to 1-0 per cent. of the metal.

The experimental investigation of the influence of copper and
iron salts was reported by Conroy.®> The conclusions reached
are thus summarised. Salt is decomposed by a mixture of
sulphur dioxide and air at a temperature below 600° to yield
sulphate and chlorine. Decomposition in glass vessels is
exceedingly slow. With addition of 0-25 per cent. of copper
in the form of sulphate, reaction begins at 400° and increases
in amount with temperature.

The rate of action at 600° was roughly 50 per cent. greater
than at 450°. Increased concentration of copper increased
the rate of reaction. It was shown that 0-5 per cent. of iron as
sulphate was catalytically equivalent to 0-25 per cent. of
copper. Magnesium and aluminium sulphates were without
action. With suitable gas speed, reaction was quantitative, all
sulphur dioxide being retained. At higher speeds of passage,
both chlorine and sulphur dioxide escaped. The conversion
to sulphate could be carried to completion.

In Conroy’s view, the salts of copper and iron probably act
by inducing the combination of sulphur and oxygen to form
sulphuric anhydride, since, by inserting platinised asbestos
in the inlet end of the reaction tube the ratio of the chemical
equivalents of chlorine to sulphur dioxide and sulphur trioxide
rose from 1:14 to 1 :1. This method of working the process,
viz., by passing a mixture of sulphur dioxide and air through
vessels containing alternately a contact substance to produce
sulphuric anhydride and salt was patented by Deacon in
1871.4

To check fusion, Clemm proposed® to admix clay with the
salt, utilising copper oxide or ferric oxide to aid the reaction.

1 Hargreaves, 1886.

? Kruhing and Dernoncourt, 1897 ; Clemm, 1899; and Hargreaves, 1907.

3 J. Soc. Chem. Ind., 1902, 21, 304. 4 B.P. 1908/1871.
5 B.P. 15152/1899.
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THE OXIDATION OF AMMONIA TO NITRIC ACID

During the period of the war, amongst all the belligerent
Powers, this important catalytic operation necessarily at-
tracted a great deal of attention owing to the world shortage
of nitrates for explosive purposes. After the war the exhaus-
tion of the Chilean nitrate deposits, the increasing demand for
nitric acid for our growing industries in the various branches
of organic chemistry and as nitrates for fertilisers, as well
as the rapid strides recently made in the economic production
of ammonia both as a coal by-product and in the form of
cyanamide and pure ammonia manufactured by the Haber
synthetic process, will all tend to make the technical operation
of an ammonia oxidation plant not merely a war industry
but an integral part of the economic development of the
state.

The pioneer work on this problem was accomplished by
the French industrial chemist, Kuhlmann, in 1839, but until
Ostwald and Brauer published their researches in 1903, no
progress was made in the technical development of the process.

During the last few years several systems have been devel-
oped on an industrial scale, yielding on an average an efficiency
of conversion of from 90 to 95 per cent. Amongst the more
important may be mentioned those of Ostwald and Brauer,
Frank and Caro, and that of Kaiser. Modifications and
improvements of these German processes have been developed
by the Allied Government Research Departments and by
private firms during the period of the war, effecting a combina-
tion of the best features of the respective plants.

The oxidation of ammonia is effected by the passage of an
air-ammonia or oxygen—ammonia mixture over a catalyfic
material maintained at a suitable temperature.

The primary reaction may be represented by the following

equation :—
“4NH, + 50, = 4NO + 6H,0.

Under the conditions of catalytic combustion the oxidation
of ammonia is practically complete as can be calculated from
the Nernst heat theorem, assuming that the above equation
is strictly revers1ble
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The heat liberated in the combustion of 4 molecules of
ammonia under the above conditions is 215,600 calories at
17°. For a homogeneous gas reaction we can calculate from
Nernst’s equation the equilibrium constant :—

4 5
__ P ~xu; X Po,
P pro* X Pry’

Qo 2I'OOp
rT TR
where ¢, and C;, are the heat of reaction and the specific
heats of the reactants at absolute zero, Zv the algebraic sum
of the number of molecules, and ¢ the integration constant
of the vapour pressure formula.

For €y, we can approximate the value 3-5 given by Nernst.
The chemical constants for O,, NH,, NO, H,O are : 28, 3-3,
3-5, and 3-6 respectively and X1t = — 8-4. Correcting the
heat of combustion, viz., 215,000 for a temperature of absolute
zero, taking into account the change in the specific heat of
the gaseous constituents with the temperature, @, will be
found to be equal to 216,300 cal.

For temperatures of oxidation between 500° and 1000°,
the range usually adopted in technical plants, or a mean of
800°, C, = Oy, + 2BT.

=B ;
Log, K, = . log, T + e Svi,

-—3+5
=y pSOO
28 800
216,300 007
Hence log;y K, = 5T — 1751log T +Z~5-7—T — 84,
For log K, we find :
a5 log K,
500° - 108
800 - 71
1000 - 61

It will be observed that even at 1000° the quantity of
ammonia in equilibrium with the nitric oxide under these
conditions is almost vanishingly small and quantitative yields
should always result.

In practice, quantitative yields are never obtained for
the following reasons :

(1) The time of contact of the air or oxygen—ammonia

~
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mixture with the active surface of the catalyst may be too
long. Under these conditions the nitric oxide formed by
combustion with the ammonia will commence to dissociate
and establish equilibrium according to the equation,

2NO = N, + 0,.

This equilibrium is likewise governed by the temperature of
-the gas and is the basis of the arc process of fixing atmospheric
nitrogen.

According to Nernst and Haber, the equilibrium amount
of nitric oxide formed in air at 2000° is only 1-0 per cent.
varying to 10 per cent. at 4140°, but is practically negligible
at the working temperatures of the ammonia oxidation
process (circa 0-001 per cent. NO at 800°). On the other
hand, th> velocity with which equilibrium is established is
greatly increased by a rise in temperature, and the gas con-
taining the high concentration of the nitric oxide produced
by combustion of ammonia must be rapidly cooled to decrease
the velocity of the normal decomposition. It is evident
from this consideration that the catalyst should be maintained
at a low temperature and that the period of contact of the
gases with the catalyst be as short as possible.

(2) Part of . the ammonia may escape contact with the
catalyst. Undecomposed ammonia present in the effluent
gases will react with the nitrous acid formed on the conden-
sation of the nitrogen oxides in water, with the liberation of
nitrogen :

NH; + HNO, = N, + 2H,0.

Twice the amount of nitrogen originally present in the
escaping ammonia will thus be lost.

(3) Absorption of the oxides of nitrogen may not be complete.

Ostwald and Brauer’s process.—This system has been
largely developed in Germany, whilst independent factories
were established by the Nitrogen Products Co. at Vilvorde
in Belgium, Angotléme in France, Dagenham in England
and at Legnano in Italy. As catalytic material, platinum
foil is used in the form of a corrugated roll, about 2 cm. deep ;
50 grams in weight, loosely inserted in the end of a nickel
tube some 2 metres long, and 9 cm. in diameter (solid
drawn nickel is said to be preferable to welded tube). The

L g
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- nickel tube through which the ammonia and air mixture
(circa 5 per cent. NH;) passes is enclosed by an enamelled
iron tube somewhat wider in diameter, the whole system thus
acting as a simple form of heat interchanger. The ammonia—
air mixture is thus heated up to a temperature of 650° before
striking the platinum roll, which is maintained at 650—700°
by the heat of combustion of the ammonia. The eflowing
gases, consisting of nitric oxide, nitrogen and residual oxygen
from the air, which is added in excess, are cooled down, and,
after sufficient time of storage to ensure that the oxidation
of the nitric oxide to nitrogen dioxide is complete, are passed
into the nitric acid absorption towers.

Frank and Caro’s process.—The disadvantages of the
original process, namely, the lack of control of the catalyst
temperature and the relatively large amount of platinum
required to produce a given quantity of nitric acid (50 grams
will only”produce some 30 tons per annum), led Frank and
Caro to construct a form of converter in which a more
economical form of utilisation of the catalyst (in this case
platinum also was used) was attempted.

The converter of rolled aluminium consisted of a rectangular
column containing baffle plates equally spaced and terminated
by a conical hood of the same material. A fine platinum gauze
(80 linear meshes to the inch of wire 0-0026 in. diameter) was
stretched across the converter column and by means of silver
leads could be maintained at a uniform temperature (circa
650°) by the passage of an electric current. With the catalytic
material in this form a somewhat richer air-ammonia mixture
(9-11 per cent.) could be dealt with and the converters con-
structed in considerably larger sizes. Technical units have been
constructed up to 1 square foot in cross section, whilst in
America experiments on still larger units have been carried out.
The output per square foot of catalyst surface is approximately
700 kilograms of nitric acid per 24 hours, whilst the weight of
platinum is less than 40 grams per square foot. The yield is
stated to average 92 per cent.

Kaiser’s process.—From 1911 to 1916 Dr. Kaiser, as a result
of investigations carried out on a technical scale at Spandau,

near Berlin, put forward somewhat startling claims for a process
developed by him.
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In this process the single layer of platinum gauze is replaced
by four separated layers of similar material, the total thickness
not exceeding 0-5 to 0-6 mm. Electrical heating is dispensed
with and the air previous to admixture with the ammonia is
preheated by means of a coke fire to 300-350°. Kaiser’s original
claims of efficiencies, exceeding 100 per cent. owing to the simul-
taneous autoxidation of atmospheric nitrogen, have now been
shown to be fallacious and it appears possible that these
were advanced only to overcome certain difficulties attached
to the patent protection of his process.

The process was installed in a somewhat modified form
by Saposhnikoff at Kharkoff in Russia, where an overall
efficiency of over 92 per cent. has been claimed. Recent experi-
ments have also indicated that higher rates of gas flow and a
consequent greater output per square foot of converter area
are obtainable with multiple gauzes, although the actual output
per gram of platinum is somewhat lower. The average
yield per square foot of converter area with two gauzes per
24 hours is 1-5 to 1-8 metric tons of nitric acid (in all cases calcu-
lated as 100 per cent.).

Small plants using two or more gauzes are already installed
in England for the supply of oxides of nitrogen in vitriol cham-
bers and are giving 90 per cent. yields continuously.

It appears possible that the ultimate form of converter using
a platinum gauze catalyst will embrace the following points :—

(@) At least two gauzes will be employed.

(b) The effluent gases will be used to preheat the whole or
part of the incoming air prior to admixture with the
ammonia vapour, or, alternatively,

(¢) The air-ammonia mixture will be preheated by the
exhaust gases in a non-catalytic metal heat inter-
changer, e.g., aluminium or nickel.

(d) Starting will be accomplished electrically.

Certain of these features are embodied in one form of
technical converter unit shown in the illustration (Fig. 9), and
described by Partington?! as follows: It consists of a top and
bottom cone, with three rectangular body pieces between
them, all in cast aluminium 3} inch thick, the rectangu-

1 J. Soc. Chem. Ind., 1918, 37, 337.
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lar area exposed measuring 4 inches by 6 inches. The pieces
are provided with flanges, § inch wide, to facilitate bolting
together, and three perforated baffles are inserted in all the
junctions except that between the top cone and the top seg-
ment of the body, which is occupied by the catalyst frame.
Though each cone possesses a sight orifice, 1} inches in diameter,
for reasons of standardisation, that in-the top cone alone is
used, and is provided with a mica window for inspection of
the catalyst. Aluminium bends of 2 inches internal bore
provide inlets and outlets for the mixture of air and ammonia
at the bottom, and the oxides of nitrogen at the top, respec-
tively. The overall length of the converter is about 4 feet
and its weight is about 32 lb.

The air supply is obtained from a blower, and it is essential
that the air and ammonia should be well mixed. If ammonia
gas is used, it may be injected into the air stream through a
nozzle, after both gases have been measured. In technical
practice it is more convenient to use purified ammonia liquor
containing 25 per cent. of ammonia, which is now a commercial
article. The air is passed, together with a small amount of
steam, into the base of a coke tower down which this liquor
flows. The mixed gases are cooled in the upper portion of the
tower, where the steam is condensed. The mixture of air
and ammonia should be filtered, either by passage through a
length of coke packing in the upper portion of the tower or
through a filter packed with glass wool, which removes particles
of dust. Oxide of iron particularly must be eliminated, as
this has a deleterious effect on the platinum catalyst.

The most important part of the apparatus is the catalyst,
which is fixed between the upper cone and body segment. It
consists of one or more gauzes made of pure platinum wire,
stretched across the converter at right angles to the gas flow.
The wire used is 0-0025 inch in diameter, and is woven into gauze
with 80 meshes to the inch. The gauzes are mounted in an
aluminium frame. The reaction occurs during the very small
interval of time in which the gases are in contact with the
catalyst. :

The operation of the catalyst must be initiated by heating
the gauze, either by means of a non-luminous gas flame, or by
heating electrically with suitable current conducted through
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leads attached to the opposite ed_es of the gauze. When the
first method is used an orifice is provided in the upper body
segment just below the gauze, which admits of the introduction
of the flame, and is closed when the converter is in operation.
Thé converter figured is provided with leads for electric current.
When the reaction begins, the gauze is maintained at a red heat
by the heat of oxidation, and the conversion proceeds uninter-
ruptedly as long as the supply of air and ammonia is main-
tained. The platinum gauze may be used for about three
months, after which it is desirable to replace it by a new gauze
and to clean and refit. New gauzes are not very active at
first, but acquire their full catalytic activity after a few hours’
running.

THE CATALYSTS EMPLOYED IN THE OXIDATION
OF AMMONIA

Platinum.—It will be noted that all existing technical
ammonia oxidation plants employ platinum ! as a catalyst,
and many interesting observations have been made as to the
catalytic activity of platinum for this purpose. Kuhlmann,
in 1839, first noted that platinum sponge was more efficient
than platinum black for the production of oxides of nitrogen,
but that larger yields of nitrogen were obtained with the latter.
Bright platinum is scarcely active. Ostwald and Brauer 2
continued Kuhlmann’s researches and showed that the optinum
results were obtained when bright platinum was coated with
an almost invisible film of grey or black platinum and that only
a short period of contact was necessary, i.e., 0-01 second.
Schick, in 1907, noted that platinised porcelain, of which the
glaze was slightly fusible, permitting the coalescence of the
platinum into minute droplets, was extremely active, and recent
photomicrographic investigation of platinum gauze also indi-
cates that there is a gradual increase in catalytic activity
associated with the formation of minute craters on the metal,
the lip of each crater being just tinged with ‘ grey ” or “ black ”’
platinum. By the use of such an active net the period of con-

1 Recent information from Germany indicates that the use of non-platinum
catalysts has been largely developed during the last two years.—E. H. R.
2 Chem. Zeit., 1903, 27, 100.
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tact may be reduced to as low a figure as 0-0006 second. The
illustrations (Fig. 10) given show the changes in structure of
a gauze during use.

It seems probable that the black or grey platinum is the
active catalyst, but when present in large quantities it is liable
to cause the formation of nitrogen either in the primary oxid-
ation of the ammonia, or, as seems more probable, due to
secondary decomposition of the nitric oxide.

Several instances of poisoning have been recorded, especially
by sulphur compounds present in gas works ammonia, and by
silica, phosphme and acetylene present in cyanamide ammonia.
The more recent experiments, however, appear to indicate
that such volatile substances as sulphur, phosphorus, and
acetylene are not negatively catalytlc except in relatively large
quantities, but that the more serious poisons or negative cata-

lysts are the non-volatile impurities, e.g., silica, ammonium
- phosphate, dust, oxide of iron, and the like. Probably for
this reason platinum impregnated on pumice or asbestos has a
remarkably low efficiency.

Non-platinum catalysts.—Kuhlmann, in 1839, noted the
catalytic activity of oxides of copper, iron, and nickel for this
purpose, whilst Du Motay! propdsed the use of alkaline
manganates, permanganates, bichromates, and plumbites.

Ostwald and Brauer, in the series of researches previously
alluded to, indicated the activity of the oxides of manganese,
lead, silver, copper, chromium, nickel, cobalt, vanadium, and
molybdenum, but stated that they were all inferior to platinum
in catalytic activity. Frank and Caro? proposed the use of
ceria and thoria, whilst Wendriner suggested the black oxide
of uranium, U,0,.

During the period of the war, research in the utilisation of
non-platinum catalysts has been extremely active especially
in America and Germany, where the dearth of platinum was
somewhat acute. Although no non-platinum catalytic process
has been assured of technical development,® nevertheless the
results obtained on a small scale are sufficiently encouraging
to justify their continuance.

Jones and Morton in the United States have reinvestigated
Du Motay’s alkaline plumbites, especially those of magnesium,
1 B.P. 491/1871. t D.R.P. 234329. 3 See ante.

i

*
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zine, cadmium, and aluminium, with success. Their reactivity
towards metals and all forms of glass and silica at high tempera-
tures is the chief objection to their use.

In England, Maxted! has investigated the use of oxides of
iron admixed with certain promoters such as copper oxide,
lime, or bismuth oxide. He has shown that the conversion
of ammonia—oxygen mixtures can be accomplished in heated
tubes, specially ‘“ activated ” on the inside, with more than a
90 per cent. efficiency. The short life of the catalyst under
these conditions is the chief drawback to his process. The use
of oxygen instead of air is obviously only permissible in conjunc-
tion with a synthetic ammonia plant in which the oxygen
fraction from the liquid air plant used in the preparation of the
nitrogen would be available.

The Badische firm in Germany have investigated the effect
of a great number of promoters on active or feebly active
catalysts, such as tellurium and lead oxides on platinum, bis-
muth, chromium and cerium oxides on iron oxide.

It will be at once evident that ‘‘ oxygen carriers ”’ appear to
be the sine qud non for ammonia oxidation, and the enhanced
activity of binary and ternary mixtures of the oxides of those
elements which possess atdeast two or more well-defined oxides
indicates some relationship in this case between the catalytic
activity and the presence of an oscillating higher and lower oxide
functioning as an oxygen carrier. The presence of a number ot
oxides evidently increases the temperature range of catalytic
activity by affecting the stability of the oxides.

It is interesting to note that chromium oxide ex chromium
salts is practically inert, but the oxide obtained by the ignition
of ammonium bichromate exerts a very marked catalytic
activity. :

The observation of Ostwald and Brauer, namely, that the
period of contact with non-platinum catalysts must consider-
ably exceed that necessary for platinum, has been repeatedly
confirmed. The practical difficulties associated with the
uniform heating and at the same time ensuring a uniform stream
line flow through a shallow bed of small briquettes or powders
of such materials also presents grave technical disadvantages.

1 J. Soc. Chem. Ind., 19117, 36, 777.
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THE OXIDATION OF HYDROCHLORIC ACID

For the manufacture of bleaching powder, by the absorption
of chlorine gas in slaked lime, large quantities of chlorine are
annually consumed, and consequently the economical produc-
tion of chlorine becomes one of the serious problems confronting
the alkali industry in its course of development.

In 1823 the Leblanc soda process was introduced into
England by Muspratt. At first the hydrochloric acid resulting
from the salt-cake process was turned into the air, but, owing
to the pressure of the Alkali Acts of 1863 and 1874, as well
as the serious competition of the Solvay ammonia soda process
introduced in 1866, the utilisation of hydrochloric acid in
the most profitable manner became necessary to ensure the
financial stability of the older Leblanc process. With the
increasing extension of electrolytic methods for the production
of soda from salt and the displacement of bleaching powder
by liquid chlorine in the industries, it appears possible
that the final development of these processes has now been
reached.

The Deacon process.—The possibilities inherent in the
oxidation of hydrochloric acid by means of atmospheric
oxygen attracted the attention of inventors at a very early
date, notably Oxland in 1840, Vogel and Thibierge in 1855
and Binks in 1860. It was not, however, until 1868 that
H. Deacon and F. Hurter established the process as a satis-
factory technical industry. :

In its earliest form the hydrochloric acid from the salt-
cake pans was mixed with four volumes of air and passed
through iron superheaters to the contact chambers. The
contact chambers or decomposing towers were iron cylinders
about 12 feet wide filled with broken clay brick impregnated
with cuprous chloride (Fig. 11) (the brick containing from 0-6 to
0-7 per cent. of metallic copper) maintained at 500° by the waste
heat from the superheaters. About two-thirds of the hydro-
chloric acid was found to be oxidised according to the equation :

4HCI + 02= 2H20 + 2012.
H 2
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Condensation of the steam and unchanged hydrochloric
acid was effected by earthenware pipes, whilst the
residual 5 per cent. to 10 per cent. of chlorine gas
was dried in sulphuric acid prior to absorption in slaked
lime.

Several technical difficulties were inherent in the earlier
plants, notably the loss of most of the ‘“‘pan acid ” and all

the “roaster acid ”
sy from the Leblanc pro-
i i % E cess, the impossibility

of obtaining a continu-
ous supply of gas, the
rapid poisoning of the
catalyst, and the very
indifferent. yields ob-
tained.

Hasenclever, in 1883,
introduced the method
of purifying the hydro-
chloric acid by absorp-
tion in water and blow-
ing the purified gas out
again by air in. the
presence of sulphuric
acid. A sulphuric acid
drier for the gases prior
to passage through the

. . superheater was simul-

N . \
PN ,4\,"—‘3' . ta,neoqsly introduced.
b z@g%@&gg& By this method a con-
3 tinuous supply of pure
gases free from poisons
such as sulphuric acid,
Tosals 0k TFeCl,,S0,,As,0;, and
carbon dioxide was
thus obtained. The life of the catalyst was extended to
from ten to twelve weeks and more than 12 tons of bleach-
ing powder could be prepared with the loss of only 1 ton
of impregnated clay. Subsequent improvements in the
yield were made as a result of the investigations of J. H.
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Harker,! Lunge and Marmier,? G. N. Lewis,® and Vogel v.
Falckenstein.

It was evident that the process involved the partition of
hydrogen between oxygen and chlorine, the reaction

4HCl 4 0, = 201, + 2H,0

being strictly reversible. Also the function of the cuprous
chloride was shown to be purely catalytic in establishing
the equilibrium at the temperature of operation. ~

e
The values of the equilibrium constant K = »CFL.CCC’—]’—
HCI V0,
at different temperatures were investigated, using the dynar;)fic
method by von Falckenstein, who passed different gas mix-
tures of the four constituents over cupric chloride and platinic
chloride catalysts, maintained at suitable temperatures in
an electric furnace. G. N. Lewis utilised the static method,
obtaining equilibrium when commencing with mixtures of
hydrochloric acid and oxygen.

The following results were obtained :—

Temperature. log K.
352° 243
356 1-90
419 152
450 1-40
600 0
650 —04

If the heat of reaction @ (13,800 calories) be assumed to
be independent of the temperature, Lewis showed that the
values of K at various temperatures could be calculated from
the following equation : :

6036
logyg K =~ — T244.

The reaction may, of course, be considered as the combina-

tion of two simpler reactions :

2H,0 = 2H, + O,

2HCl 2 H, + Cl,
1 Zeitsch. physikal. Chem., 1892, 9, 673.
2 Zeitsch, angew. Chem., 1897, 108.

3 J. Amer. Chem. Soc., 1906, 28, 1380.
4 Zeitsch. physikal. Chem., 1909, 65, 371.
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if Kl = szz'.pOg and Kz v pgip(‘lz,
Py PHa

then log;, K == 2 log,, K, — log,, K,

Adopting Nernst and Wartenberg’s figures for the dissociation
of water vapour at high temperatures,

25050
logo Ky = =75~ + 176 logyy T' + 0°00028 7' — 0°2,

and employing for K, the value from the corresponding
investigations of Dolezalek and Lowenstein on the dissocia-
tion of hydrochloric acid :

; 9626
logyy K = — T 0°8,
it follows that
log,, K = 5—77?0 — 175 log ' — 0-00028 7' — 1°4.

Either of the above equations gives values of K which approxi-
mate very closely to the observed values. Nernst! gives
the following calculated values, in close agreement with the
determinations of v. Falckenstein :

Temperature. log T'.
450° 1:50
600 —0009
650 — 0430

The fractional conversion of hydrochloric acid in dry air
into chlorine can be calculated in a similar manner to that
detailed in the oxidation of sulphur dioxide by the contact
process. If z be the percentage of the hydrochloric acid
it is easily seen that :

VK 051120"0%12 €

B CHCI.C%)z S 21 —x)Cf)z
Excess of oxygen is thus beneficial to the yield of chlorine,
but the conversion is not appreciably affected by slight
alterations in the air supply owing to the dependence of the
equilibrium on the fourth root of the oxygen pressure only.
The increase in the values of K with decrease in temperature

1 ¢ Application of Thermodynamics to Chemistry,” 89.
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pomted to the neceSSIty of finding suitable catalytic material
for increasing the reaction velocity at low temperatures. No
catalyst has as yet been found superior or even equal to
Hurter and Deacon’s cuprous chloride. With pumice impreg-
nated with cuprous chloride Lunge and Marmier found that
catalysis was already commencing at 310°, but the reac-
tion velocity was still very slow below 400°. At 450—460°
the reaction velocity is sufficiently rapid to give a satisfactory
yield under technical working conditions.

Hurter suggested the use of cuprous chloride from a survey
of the heats of formation of the chlorides and oxides of the
various elements, showing that no other element except
copper formed oxides and chlorides in which the combination
was of so loose a character.! The mechanism of the reaction
according to Deacon is based on the following cycle :

2CuCl, = Cu,Cl, + Cl,
Cu,(l, + O = CuO-Cu(l,
Cu,Cl,0 4 2HCI = 2CuCl,+H,0
Levi and Bettoni as the result of a series of experiments ‘with
various catalysts,? such as CuCl,, CuSO,, MnCl,, MgCl, and
hot pumice, arrived at the conclusion that the extraction
of water was the chief function of the catalyst, and that tem-
porary hydrate formation played an important réle in the
process :
CuSO, + 2HCI + 0, = CuSO,,H,0 + Cl,
CulS0,,H,0 = CuSO, + H,0.
Subsequently, the oxychloride, CuO-CuCl,, was isolated and
the original views of Deacon and Hurter received further
support in the discovery that most substances capable of
forming oxychlorides were catalytically active.

V. Falckenstein drew attention to the necessity of carefully
drying the gases before catalysis, and he showed that if the
effluent gases were dried by sulphuric acid and again passed
through the catalyst the conversion would rise from 825
to 85 per cent. and on, a further passage to 88 per cent., owing

to the shifting of the equilibrium ratio, %?, by the abstraction
2

of the water formed during the reaction;
1 J. Soc. Chem. Ind., 1883, 2, 106. * Qazzeita, 1905, 351, 320,
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The two technical difficulties associated with the use of
cuprous chloride as a catalyst are its sensitiveness to poisons
and its volatility at the lowest working temperature, 450°.

Hasenclever’s method of purification of the hydrochloric
acid effects a very considerable improvement in the purity
of the gas, but sulphur dioxide, as well as sulphuric acid spray,
are not entirely eliminated. Xolb, in 1891, suggested the
further purification by passage over hot salt maintained at
450°, whereby sodium sulphate was formed, and a small
additional quantity of hydrochloric acid would pass on with
the main gas stream.

Less volatile but more inefficient catalysts than cuprous
chloride have been . proposed from time to time, but owing
to the bad yields resulting from the higher temperatures
employed they have not found technical application.

Amongst the more important may be mentioned : ferric
chloride, suggested by Thibierge in 1855, and platinised
asbestos, by Weldon 1871. Hargreaves and Robinson (1872)
suggested chromic oxide, De Wilde and Reychler,! mixtures
of manganese and magnesium chlorides, in which a complex
oxide was assumed to be an intermediary in the cycle of
reactions :

3MgCl, + 3MnCl, -+ 40, = Mn,Mg,0, + 6Cl,
MnMg,0; + 16HCl = 3MgCl, -+ 3MnCl, + 8H,0 + 2Cl,.

Ditz and Margosches, in 1904, employed the chlorides of the
rare earths, whilst Dieffenbach, in 1908, suggested the double
chlorides of copper and other elements.

Mond? put forward a somewhat ingenious scheme to obtain
more coacentrated chlorine gas than that obtained in the
usual Deacon process. If air and hydrochloric acid be passed
alternately over heated nickel oxide deposited on pumice,
the oxidation of the hydrochloric acid can be made a two-
stage process through the intermediary formation of nickel
chloride, which is reconverted into the oxide by the air.
The idea does not seem to have been developed.

The Weldon process.—In 1869, W. Weldon introduced, at
St. Helens, a process for the oxidation of hydrochloric acid in
solution. At one time the process had a very considerable

1 B.P. 17272/1889. : B.P. 8308/1886,
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industrial importance, but is now being supplanted by modi-
fications of the Deacon process already described.

Weldon’s process suffers from the disadvantage that nearly
60 per cent. of the original hydrochloric acid is lost in the
form of calcium chloride, in addition to 3 per cent. by weight,
on the chlorine obtained, of the catalyst, manganese dioxide
(pyrolusite) ; but, its development was doubtless due to the
great advantage it possessed over the Deacon process, in
that the chlorine gas evolved was very concentrated. The
method of technical operation is as follows: hydrochloric
acid, approximately 30 per cent. strength, is first oxidised
by means of manganese dioxide :

MnO, + 4HCl = MnCl, + Cl, + 2H,0.

The spent manganese chloride solution is then -carefully
neutralised with limestone, and after removal of any ferric
hydroxide by precipitation is made alkaline by the addition
of milk of lime, 30 per cent. in excess of that required to precipi-
tate all the manganous hydroxide being added :

MnCl, + Ca(OH), = Mn(OH), + CaCl,.

The Weldon “mud ” is now aerated at 50—60° for several
hours, calcium manganate being finally precipitated :

2Mn(OH), + O, + Ca(OH), = Ca0-2MnO, + 3H,0.

On the addition of more manganous chloride and lime during
the process of aeration, a further oxidation ensues :

2Ca0-MnO, + 2Ca(OH), + 2MnCl, 4 O, =
2(Ca0-2Mn0,) + 2CaCl, + 2H,0.

It will be noted that when the regenerated manganese dioxide
is used for the oxidation of a fresh quantity of hydrochloric .
acid a very considerable quantity of free base has first to be
neutralised, thus again lowermg the conversion efficiency
of the process.

The mechanism of the process depends essentially on the
use of the manganese salt as an oxygen carrier. Although
we can show from the previous considerations in the Deacon



106 CATALYSIS IN THEORY AND PRACTICE cuar.

process that atmospheric oxygen should be able to displace
the chlorine from even weak solutions of hydrochloric acid,
no active catalyst for this reaction has yet been found. If
we extrapolate from v. Falckenstein’s figures, the probable
value of K = LH,OICL] at 0°, we obtain a value of K =107

[HCIJZO0,2 * G
The solubility of chlorine gas under 1 atmosphere is about
1 gram per litre, and of oxygen under two-fifths of an atmo-

sphere 0-007 gram per litre, or ]]1/2 in a liquid saturated with

1
0-005

[0
both gases at the respective pressures =

[H,0]
[HC1]?

approximately.

Hence

= 107 x 0°085 = Ca 108,

That is to say, the dilution below which atmospheric oxygen
would be inoperative in displacing chlorine from hydrochloric
acid is remarkably small.

Weldon relied upon the preparation of a more active oxi-
dising agent than atmospheric oxygen, so that the oxidation
of the acid might proceed at reasonable velocities. The
method by which the oxidising power or oxidising potential-
of atmospheric oxygen is raised above its normal value at
the expense of the energy lost in the combination of the acid
with the free alkali is an interesting one.

We may write the oxidation reaction as follows :

MnO, + 2H,0 = Mn(OH), + 2(0H) + 2 ®=
Mn- + 2(0H) + 2(0HY + 2@ .

The potential difference between an (MnQO,) electrode immersed
in the Weldon mud and the solution itself is given by the
equation :

RT [MnOz][HzO]2 R H i

A = ey 77

since [MnO,] and [H,0] can be assumed to be constant.

If this electrode be coupled up with an auxiliary oxygen
electrode in a neutral solution, neglecting the P.D. at the
boundary of the Weldon mud and the electrolyte surrounding

-4
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the oxygen electrode, the E.M.F. of the cell thus set up is
obtainable from the following relationship :

PtO, | Mn(OH), ‘ MnO,Pt
El E;Z
RT o RT  H*

g o e B log e
e T N 0 " 2¢ %8 Mn

The value of F, is approximately 1-22 volts, taking p as
1 atmosphere and a neutral electrolyte.

The value for B/, can be obtained from the investigations
of Tower,! Inglis? and Haehnel,® and may be taken as equal
to the value E'y= 1'35 volts.

Hence :

4\

RT :
B, — B, =122 — 135 +— (logH2 logMn__)

RT_  Mn- RT 1
=—0'13 4 5—log 75 =— 013 + 5—log Mn"(OH’)2-?

where c¢ is the value of the product Cgy Cop=Cg? in pure
water.

In a neutral solution, the solubility coefficient Mn‘:(OH')2
=4 %1014 approximately.

Hence :

4 x 10714
EI—E =—0'13 +002910g(O—5XT14)

=—0°13 - 045 = 0°32 volt.

In a similar manner, we can calculate the P.D. of the cell
in normal hydrion concentration and with a normal Mn-'
concentration.

7 T

R R
V=—013+ &S log Mn"* — 9 X 2log H =—0-13.

For a normal Mn'** concentration the P.D. would obviously
be much greater.
Thus in acid solutions the oxidising potential of the MnO,
electrode exceeds that of atmospheric oxygen and necessarily
1 Zeitsch. physikal. Chem., 1895, 18, 17, 18.

2 Zeitsch. Elektrochem., 1903, 99, 226,
3 Ibid., 1909, 15, 834.
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that of chlorine, since in n-hydrion concentration the cell,
Pt0, | Cl, | Pt, has an E.M.F.

RT Po” P,
Vi=Vot 2€>10g N Doz (Per)®
indicating that the manganese “mud” has an oxidising
potential at least 0-27 volt higher than the liberated chlorine,
thus giving a measure of the energy available for oxidation of
the hydrochloric acid. In neutral solutions the manganese
“mud ” possesses an oxidising potential inferior to that of
oxygen or of chlorine.

In actual practice, more alkali has to be added than is
necessary to ensure the oxidation of the manganous salt.
In the early experiments of Weldon, red solutions were
occasionally obtained during the process of oxidation, and it
was found that the quantity of manganese dioxide formed
during aeration was very small. It was finally shown that
the red colour was due to the formation of manganous manganic
oxide,owing to a deficiency of base according to the interaction:

MnO, + 1H,0 = {Mn,0, + OH’ + &,

—1493 — 135 = 0-14 volt.

where
. i RT (MnOz)(HzO)f
B=Fo 7108 (3, 0,)50H))

or
F e E _‘l" - 1() O .
? . € g Mn- 3

Manganous manganic oxide is not easily decomposed by the
addition of more alkali and subsequent aeration, so that in
practice the red or ‘““foxy ” batches are passed straight to
the stills to recover as much acid as possible before starting
de novo. :

Other processes for the oxidation of hydrochloric acid.—
Owing to the inefficiency of the Weldon process from the
yield point of view, the inventor and Péchiney experimented
for many years on the production of chlorine by the aid of
the following cyelic process :

4 MgCl, + 2H,0 + 0, = 4MgO + 4HCI + 2C1,
MgO + 2HCI = MgCl, + H,0.
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A pure magnesium chloride was not utilised, but the crude
liquor after evaporation was mixed with the required amount
of powdered magnesia to form the oxychloride, MgO-MgCl,,
prior to drying at 300°. The chlorine and hydrochloric acid
together with some steam were removed by an air blast at
1000°.

Another ingenious process which has been the subject
matter of various patents involves the following cyclic process
in which oxides of nitrogen play the part of catalysts, as in
the sulphuric acid lead chamber process.

3HCI + HNO, = Cl, + NOCI + 2H,0

HNO, + NOCl = N,0, + H(l

N,0, + 2HCl = N,0, + H,0+Cl,
N,0, -+ 0, + H,0 = 2HNO,.

This idea, developed by Dunlop in 1849, together with the
Weldon-Péchiney process outlined above, does not appear to
have received any considerable technical development.

THE FRACTIONAL COMBUSTION OF HYDROGEN
SULPHIDE

We have already indicated the technical significance of
the catalytic processes employed for the oxidation of sulphur
dioxide to sulphuric anhydride. A great part of the dioxide
utilised for this purpose is derived from the combustion of
natural sulphides, especially pyrites and blende, or from
artificial sulphides such as gas-works spent oxide, yet a
certain quantity is always obtained from the combustion
of elementary sulphur. In 1882, Claus introduced a method
for the fractional combustion of hydrogen sulphide into
sulphur and water, thus preparing sulphuric acid by a three-
stage process.

(1) 2H,S + 0, = 2H,0 + 28
(2) 28 + 20, = 280,
(3) 280, + O, + H,0 = H,S0,.
It has been suggested that the combustion of hydrogen sul-

phide to sulphur dioxide could be accomphshed in one stage
which, in the presence of excess of air, could be used directly
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for the preparation of sulphuric acid. This idea does not
gseem to have received any technical development, chiefly
on account of the very large quantities of diluent nitrogen
present in the resulting sulphur dioxide gas mixture.

The Claus process, however, in the hands of A. M. Chance,
has been developed, and at the present time is the most
satisfactory method of dealing with the alkali waste of the
Leblanc soda process.

Alkali waste contains some 40 per cent. of calcium sulphide,
20 per cent. of calcium carbonate, and 10 per cent. of
lime, the residue consisting chiefly of silicates with small
quantities of sodium carbonate and iron sulphide. Chance
modified Gossage’s (1838) process for the production of a
gas rich in sulphuretted hydrogen by decomposition with
carbon dioxide. Carbon dioxide from lime-kilns is passed
through a set of carbonating towers through which a suspension
of alkali waste flows in the counter-current direction. In
the first tower sulphuretted hydrogen is evolved according
to the equation :

CaS + H,0 + €0, = CaC0, + H,S.

The hydrogen sulphide diluted with the nitrogen in the original
kiln gas passes to the second tower, in which the hydrogen
sulphide is absorbed, with the formation of calcium hydro-
sulphide :

CaS + H,S = H,CaS,.

On carbonating this solution a gas containing twice as much
hydrogen sulphide as was obtained from the first tower is
evolved and collected in gas-holders over water covered with
a layer of oil.

The sulphuretted hydrogen thus obtained, of about 38 per
cent. purity, is mixed with air in the proportion of 5 volumes
of gas to 4 volumes of air and passed into the Claus kiln for
fractional combustion into sulphur and water vapour.

The Claus kiln consists essentially of a fire-brick cylinder
containing a grating on which the catalytic material, usually
bog iron ore (hydrated ferric oxide ignited at a low tempera-
ture), is deposited. The combustion is started by throwing
a little red-hot coal into the furnace and is maintained by



v PROCESSES OF OXIDATION 111

the heat of the reaction itself. The temperature of the
eflowing gases, one foot from the kiln, should not exceed
300°, otherwise a loss of sulphur occurs. The hot gases are
subsequently passed into a series of condensing chambers,
where part of the sulphur condenses to the liquid state and the
rest is recovered as flowers of sulphur in the condensed steam.

In order to minimise the loss of sulphur compounds (H,S or
S0,) in the effluent gases, the exact theoretical ratio, H,S : O,,
required for combustion in the entering gases must be main-
tained. The temperature of the catalyst is mainly determined
by the speed of passage of the gas.!

Various other catalytic materials for this combustion
process have been utilised, such as broken fire-brick, bauxite,
and dried Weldon mud. There are, however, two distinct
advantages in making use of an active catalyst which will
operate at low temperatures. First, the life of the kiln and
the condensing chambers is considerably shortened by high
temperature operation, and, secondly, above 200° an inter-
esting reverse reaction between the sulphur and the steam
formed begins to take place with appreciable velocity :

2H,0 + 3S = 2H,S + SO,.

It is extremely probable that the flowers of sulphur recovered
in the condensed water do not originate in the original con-
densate of sulphur vapour from the combustion process, but
result from the interaction in solution of the sulphur dioxide
and hydrogen sulphide formed in the lower parts of the kiln
and in those condensers which are above 100° to 200°,

The catalytic activity of oxides of iron and manganese in
the Claus process is usually attributed to the property these
elements have of forming more than one oxide, thus permitting
the assumption of an oscillating oxide acting as oxygen carrier

F6203 ~— 02 - O3Fez

Lo, !
HzS — F6202 § T HzS-
Some experiments by the writers, however, indicate that
iron sulphide is an intermediary compound in the process of

1 See, however, Carpenter and Linder, J. Soc. Chem. Ind., 1903, 22, 457 ;
1904, 23, 557. =
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oxidation, and that the mechanism of oxidation can be more
truly represented on the following lines, making the Claus
process simply an extension of the ordinary gas-works process
of spent oxide revivification (see p. 113).

Fe,0, + 3H,S = 2FeS + 3H,0 + S
4FeS + 30, = 2Fe0 + 4S.

CATALYSIS IN THE PURIFICATION OF ILLUMINATING
GAS AND GASEOUS FUELS

As is well known, illuminating gas after leaving the scrubbers
contains various quantities of substances which are deleterious
in the uses to which the gas is subsequently put. Thus, in
addition to substances like carbon dioxide, which lower the
illuminating power and calorific value of the product, the
scrubbed gas may contain anything from 0-5 to 2-0 per cent.
of sulphuretted hydrogen as well as organically combined
sulphur compounds, such as carbon disulphide, thiophene,
and mercaptans, to the extent of 10 to 80 grains of sulphur
per 100 cubic feet of gas. Such sulphur compounds, since,
on combustion, they yield sulphur dioxide, are disagreeable
constituents of the final product. Their removal is conse-
quently desirable. Indeed, the removal of free sulphuretted
hydrogen is required by statutory regulation. Formerly,
also, the removal of the combined sulphur to a certain degree
was also required by statute, but this is no longer required.

In practide it is the custom to free illuminating and other
gases from sulphuretted hydrogen by passing them through
various suitably moistened absorbent materials, among which
the more commonly employed are lime, oxide of iron, and
manganese dioxide in the form of Weldon mud. The former
removes both carbon dioxide and the sulphuretted hydrogen,
together with a fraction of the carbon disulphide present.
Its use, however, is becoming more and more restricted,
especially to small undertakings having a local market for
the product, since the disposal of the spent lime, containing
both carbonate and a sludge of calcium sulphide, is both
difficult and disagreeable, owing to the obnoxious odour
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which the material possesses. The oxides of iron and man-
ganese are increasingly used and in a manner which involves
their functioning as catalysts.

The elimination of sulphuretted hydrogen by means of
oxide of iron is carried out in huge boxes carrying the ab-
sorbent material. This is -generally employed in the form
of bog iron ore which, from its content of organic matter,
is porous and thus favours ready transformation to sulphide.
If the precipitated hydroxide be employed, the material is
generally lightened by admixture with organic matter in
the form of sawdust. The material is at all times kept suit-
ably moist. Absorption of the sulphuretted hydrogen involves
a change of the absorbent from the brownish hydrated oxide
to the blackish-green sulphide. Ferric sulphide and ferrous
sulphide and sulphur are the products of the transformation,
which may be symbolised by the equations :

Fe,0; + H,0 + 3H,S = Fe,S, + 4H,0
Fe,0, + H,0 + 3H,S — 2FeS + S + 4H,0.

After absorption ceases, the sulphides, by exposure to air,
may be transformed into the original material with the
simultaneous production of sulphur, which change may be
rep esented by the equations : :

2Fe,S; -+ 30, = 2Fe,0, + 6S
4FeS -+ 30, = 2Fe,0,; + 4S.

Thus, by alternation of the process of absorption and of
exposure to air, or revivification, the original oxide of iron
may effect the catalytic conversion of the sulphuretted
hydrogen to sulphur and thereby the removal of the sulphux
from the gas. As much as 50 per cent. of sulphur may thus be
accumulated in the oxide by alternation of the two stages, and
the resultant material is then a convenient source of sulphur
for sulphuric acid manufacture.

In actual operation under working conditions, illuminating
gas generally contains small amounts of oxygen entering the
gas through leakages in the system. This oxygen effects,
to a certain degree, in the boxes, the process of revivification
attained otherwise by exposure to air. The observation of
this action of oxygen has led to a development of modern

T
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gas purification in which the oxygen content of the gas at
the entrance to the oxide purification system is controlled,
and, if necessary, air is added to the gas to be purified to facili-
tate the process of revivification én situ. Thus, the process
of purification becomes in essence the catalytic conversion,
by means of oxide of iron acting as catalyst, of sulphuretted
hydrogen and oxygen to sulphur and water according to the
equation :

2H,S + 0, = 2H,0 + 28 + 110,000 cal.

The advantage to be obtained from the admission of air to
the purification system is that the purifiers can be worked
for much longer periods without recharging. In modern
gas-works practice this period may amount to as much as six
months per box with a system of purification employing four
boxes in series. The amount of oxygen added is restricted by
two factors, the diluent effect on the gas of the nitrogen
simultaneously added and the fact that the heat effect of the
reaction may be so great locally as to cause combustion of
the material in the purifiers with consequent introduction
of sulphur dioxide into the gas and disorganisation of the
purification system. The care requisite in this regard will
readily be appreciated by the gas engineer who has knowledge
of the strongly exothermic nature of the reaction, which, as
given in the equation above, amounts to 110,000 cal.

Precipitated oxide of iron, an artificially prepared material,
has come into considerable use as the catalytic material,
since its action is found to be more vigorous than the natural
bog iron ore. For similar reasons, the manganese dioxide
of Weldon mud is also employed, its reactivity with sulphur-
etted hydrogen being computed to be five times that of the
bog ore. All the materials are employed until so far loaded
with sulphur that they are available as an economical source
of sulphur.

It is to be pointed out that all the fuel gases of industry
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