NOTE TO USERS

This reproduction is the best copy available.






UNIVERSITY OF CINCINNATI

Q,.W V4 193 %
J

I hereby recommend that the thesis prepared under my
supervision by 7%(&/0 oL A akhler,

entltled%m%_éw

be accepted as fulfilling this part of the requirements for the

degree of Kook, Wi kL %

Approved by:

Form €(8—@G. S. and Ed.—1M—7-31

o
mle







A STUDY OF HEREROGENEOUS CATALYSIS
IN LIQUID AMMONIA SOLUTION

A dissertation submitted to the

Graduate School

of the University of Cincinnati

in partial fulfillment of the

requirements for the degree of

DOCTOR OF PHILOSOPHY

1934

by

Harry L. Kahler, Jr.
¢
B.S. Franklin and liarshall College

M.A. University of Cincinnati

1929
1931



UMI Number: DP15840

INFORMATION TO USERS

The quality of this reproduction is dependent upon the quality of the copy
submitted. Broken or indistinct print, colored or poor quality illustrations and
photographs, print bleed-through, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

@ !

UMI

UMI Microform DP15840 . '
Copyright2009 by ProQuest LLC
All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, MI 48106-1346



TABLE OF CONTENTS

Page
I. ACKNOWLEDGMENT = = = = = = = = = = = = = = = = = = = = 1
II. INTRODUCTION = = = = = = = = = = = = = = = = = = = = 2
A. General Discussion of Heterogeneous Catalysis - - 2
B. Nature of the Metal - Liquid Ammonia Solution - - 19
C. Object of the Investigation - = = = = = = = = = = 23
III. APPARATUS, EXPERIMENQAL PROCEDURE, MATERIALS, AND
CATALYSTS = = = = = = = = = = = = = = = = = = = = = 24
A, Apparatus = - = - = = = = = = = = = = = = = - - - 24
B. Manipulation = = = = = = = = = = = = = = = = = = 31
C. Materials and Catalysts = = = = = = = = = = = - -~ 38
IV. EXPERIMENTAL RESULTS = = = = = = = = = = = = = = - = 43
A. P:eliminary Results = = = = = = = = = = = = = = = 43
| (1) Nature of éolution before, during, and
after a Tun - - = = = = = = = = = = = - - - 44
(2) Collection of hydrogen from the reaction - 45
(3) Behavior of catalysts with respect to
constancy and inconstancy of catalytic
POWET = = = = = = = = = = = = = = = = = ~ - 47
(4¢) Effect of the products of reaction - - - - 56

(5) Effect of stirring on time of the reaction- 58
B. Determination of the Relative Catalytic Powers

of a Series of Catalysts =« = = = = = = = = = - - 62

1703

I



Page
C. Effect of Concentration of Alkali lMetal on

Time of Reaction = = = = = = = = = = = = = = - = 65

D. Relative Reactivities of Potassium, Sodium, and

Calcium = = = = = = = = = = = = = = & = = = = = = 68

E. Order of Reaction = = = = = = = = = = = = = = =~ = 78

(1) Procedure for this determineation - - - - - 78

(2) Experimentel results and discussion - - - - 79

F. liechanism of Reaction - = = = = = = = = = = = - - 87

V. CONCLUSION = = = = = = = = = = = = = = = = =~ = = - = - o1
A, SumEry - = = = = = = - - - = = - = - - - - - - - 91

B. Suggestions for future researches on the

extension of this work = = = = = = = = = = = =« « 94

VI. BIBLIOGRAPHY = = = = = = = = = = = = = = = = = = = = 95

i



I ACKNOWLEDGEMENT

To Dr. Waylend M. Burgess, director of this
research, my sincere appreciation of his unfailing co-

operation, foresight and wise counsel.

Herry L. Kahler, Jr.



IT INTRODUCTION

The introduction of this thesis will present dis-

cussions on heterogeneous catalysis, the nature of the
system in which this work was done, viz., alkali metal -

liquid ammonia solution, and the object of the investigation.

A. Discussion of Heterogeneous Catalysis

This general discussion will include the following
topics in the order named: A brief history of heterogeneous

catalysis,l a concept of adsorption and the seat of catalytic

2 3 4

activity, discussion of order of reaction in hetero-

geneous systems, and a few of the important theories of hetero-

geneous catalysis.

Centuries ago,l agents were used to facilitate
various reactions, such as the conversion of alcoholic liquor
to vinegar. The Arabians were familiar with the preparation
of ether and the part that dehydrating acids played. From
these early times, up to the present time, we learn that in-
vestigators were continually finding these phenomena, which
are now commonly known as catalyzed reactions. Scheele, in
1792, studied the effects of acids and bases on esterification
and saponification. Clement and Desormes discovered the role
of nitrogen in the Chamber Process of sulphurip acid. 1In

1913, Thenard studied the decomposition of ammonia in the



presence of metals. Davy, in 1817, observed that certain
combustible gas mixtures were oxidized in the presence of
heated platinum wire. Berzelius was of the opinion that all
these curious reactions involved a new chemical force and to
him is’given credit for suggesting that the phenomenon be
called "Catalysis" from the Greek, meaning wholly ioose.
Ostwald, in 1888, broadly defined a catalyst as a "substance
which, without appearing in the final product, influences the
speed of a chemical reaction." At this time, contact catal-
ysis was coming into industrial prominence through the epic
work of Sebatier, on the hydrogenation and dehydrogenation
of organic compounds. From Sabatier's time up to the present
time, utilization of catalysis as an industrial tool increased
at a rapid pace. In addition, the theoretical aspects of the
problem began more and more to focus the attention of many of
our illustrious scientists, among whom cen be included Lang-
muir, Taylor, Hinshelwood, Sabatier, and Lewis. The labor of
these men and many others has given to us a deeper insight
into the intricacies of heterogeneous catalysis and its many
interesting manifestations.

It is universally accepted that the process of ad-
sorption takes place before the process of catalysis,z There-
fore, it is necessary to have & clear conception of adsorption
prior to the presentation of the mode of action of hetero-

geneous catalysis itself. The following representation, purely



diagrammatic, gives a picture of the process involved when a
substance becomes attached to a solid.3 The diagram also
serves to illustrate the nature of the solid surface of the
catalyst and the seat of catalytic activity; a discussion of
these follows the one on adsorption. The example which is
chosen for this illustration is taken from the liquid ammonia

system in which this work was done.

higuid ) — —
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The upper portion of the diagram indicates the liquid phase,
which constitutes a solution of potassium in liquid ammonia.
The lower portion of the diagram pictures the solid phase, in
this case, a platinum catalyst. The valences of the interior
atoms of the platinum are represented as being saturated by
neighboring platinum atoms. In the surface layer, complete
saturation is‘not‘obtained, due to a lack of a layer of

platinum atoms, above and contiguous with this surface layer.



The dotted lines,protruding intb'fhe liquid phaée represent
the freé valences of the platinum atoms on the surface. It
is by these free valences that the constituents in the liquid
phase, ammonia and pqtassium, become attached, i.e., ad-
sorbed to the platinum. These surface atoms of the platinum,
because of unsaturation, exert a force towards the platinum.
A discussion of the nature of this force is beyond the

scope of this thesis and is not presented; it is sufficient
for the present means just to call it a force.

To be more explicit concerning the process of ad-
sorption, let us examine this case. A molecule of ammonia
(x) and an atom of potassium (z) are in close proximity to
one of the catalyét atoms (Yy on the surface of the catalyst.
This atom (Y), because of its force, reaches out, so to
speak, and comes in contact with the particles (x) and (z)
and, in order to éatisfy this proclivity, draws these two
particles toward the solid, where théyeare held. It can be
pointed out here that there are many views concerning whether
one solid atom has the power of adsorbing only one particle
or whether its power is such as to allow more than one to be
held. Langﬁui:5 is the advocate of the theory that one
particle of adsorbed material is held by one atom of the
solid. Taylor4 advocates that more than one particle can be
held. I, personally, favor Taylor's views and, therefore, use

- his idea in this work, giving the platinum atom in the surface



layer, for saeke of illustration, two unsaturated valences.
Thus the pletinum atom (y) is now completely saturated by
the two particles it has adsorbed. It must be understood
that in the case just presented the atom (y) has a special
attraction for these particles (x) and (z). Adsorption is a
specific phenomenon, each solid possessing a definite ad-
sorptive value for each substance under definite conditions.
This specificity is only recognized here and not discussed.
With this rough idea of the process of adsorption in mind, it
is now the purpose to present a brief discussion on the

seat of catalytic activity.

The study of heterogeneous catalytic reactions is
always concerned with the process occurring at the interface
between at least two phases. In the diagram, the seat of
catalytic activity is, therefore, lodged within the confines
of the dotted lines above the surface of the solid. Any catalyz-
éd reaction outside these confines exemplifies homogeneous
catalysis and not heterogeneous catalysis. The lines of
force are represented as protruding an appréciable distance
into the liquid phase; in reality, this distance is so small
that it can be said, for all practical purposes, that the
adsorbed materials are on the surface of the catalyst proper.
The reaction between potassium and ammohia takes place
directly on the surface of the catalyst. Immediately after

adsorption, the particles (x) and (z) react, due to the effect



of the platinum atom (y). The mechanism of how the catalyst
can effect this change is reserved for a later discussion.

The products of the reaction are now considered. When potas-
sium and ammonia react, hydrogen and potassium amide are formed.
This catalyst, platinum, under consideration, has no strong
attraction for these products and they are released immedi-
ately after formation and esceape into the liquid phase.

As soon as the products are eliminated, adsorption of more re-
actants again takes place and the reaction repeats, thus
allowing a continuous operation. If it is assumed, for the
seke of illustrating the effect of the products of reaction,
that the products are strongly attracted by the platinum, they
are retained and vary the succeeding operations. If the
escape of the products is slow, eventually they will be elim-
inated, after which adsorption and reaction occur asgain. If
they are permanently held, all catalytic activity is shut off.
In this discussion, one atom of the catalyst was chosen as a
base for the reaction. This was done for simplicity of pre-
sentation. The solid catalyst, platinum, is composed of an
innumérabie number of thesé atoms, so}thét catalytic activity
is dispersed ovéf}the entire surface. An innumerable number
of reactions similar to the one on (y) 1s, therefore, teking
place. The discussion has now progressed to the point where
order of reaction in heterogeneous catalytic systems may be

presented.



After the discovery of the Law of Mass Action and
its kinetic interpretation, it was taken for granted that the
same principle would apply, unaltered, to heterogeneous
catalytic reactions, that is, it was assumed that the reaction
velocity, in contact with a solid, would be proportional to
the concentration of one or more of the reactants.5 Experi-
mentally, it was found that there was af least one more factor
to be considered, the removal of products. In any hetero-
geneous catalytic réaction, these two factors, the rate of the
chemical reaction, determined by the concentrations of the
reactants, and the rate of diffusion of the products of re-
action away from the catalyst, are always occurring concur-
rently. The net velocity of reaction will then be determined
by the rate of the chemical reaction, if the diffusion process
is faster than this, or by the rate of diffusion if the
chemical reaction is faster; in other words, the slower of
these two reactions is always the determining factor in the
final velocity. The effect of the concentration of the re-
actants is now discussed. Three cases and discussions are
bresented.

1) If the concentration of the reactant relative to the sur-
face 1s sufficiently great, it is to be expected that the

whole of the active surface of the catalyst will be steadily
and continuously saturated with the reactant, the concentration

of which at the surface will, therefore, be constant. Under



such conditions, the amount of reaction change per unit of

time will be constant, in other words

gf =‘4% which is known as a zero order.

2) If the relation between the concentration of the reactant
in the liquid and the contact surface is such that the amount
of the surface covered by the reactant is proportional to a
fractional power of the concentration of the latter in the
liquid phase, the reaction velocity obtained will be repre-
sented by

_C{-__ﬁ:__% (a_,QA, whére N is any number between 0O

a+ and 1.
3) If the relation between the concentration of the reactant
in the liquid and the contact surface is such that the amount
of the surface covered by the reactant is proportional to the*,
concentration of the latter in the liquid phase, then the ré-‘
action velocity obtained will be that of an "apparent" unimo-

" lecular order as given by

dx . A (e

This case is also obtained if more than one reactant is present
‘and if all but one are present in higher concentration. The
general equation is | P

%-;x = /%éb""i - Xa-%) b,c and d being other re-
B actants of high concentra-

or %:" - ,&'(af)_c); /&'=/;eébd.)tion.
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For reactions involving two or more reactants, at approximately
the same concentration, interacting at a surface, the complexi-
ties are naturally so much the greater. Not only are the
concentration ratios between surface and solution, in the cases
of the individual reactants, of determining import, but the
relative ratios of the two or more reactants on the surface are,
likewise, fundamental. No large body of experimental evidence
is available which enables a quantitative presentation of such

relationships to be made.
Theories of Heterogeneous Catalysis

At the close of the eighteenth century, men had al-
ready begun to;attempt to visualize just what was occurring in
a heterogeneous catalytic reaction and the mechanism by which
such reactions took place. Many indefinite theories in these
early times were propoﬁnded and discarded. As time progressed,
two major theories that received attention and and support were
" the Intermediate Compound Theory and the Adsorption Theory.
These theories still command attention today, although the
original postulates have been greatly altered and extended.

In addition to these, many other theories have been put forward
with more or less success. A few of the chief ones are briefly
presented, among which are the Intermediate Compound Theory,

the Adsorption Theory and the Theory of Reduction of Activation

Energy. They are presented in the order given.
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Intermediate Compound Theory

The main premises of this theory are that at least
one of the reactants of a reaction unites with the catalyst
to form a definite chemical compound which is very reactive
and this, in turn, unites with the other reactant, liberating

the catalyst. Let us examine the well-known hydrogen peroxide

reaction N
”,03 —'a._7 ’J)_o + —;:0;:_

The hydrogen peroxide reacts with the mercury catalyst, form-

ing the mercuric peroxide and liberating two atoms of hydrogen.
Nao o+ g —> H{;Loz +2 H
The mercuric peroxide then reacts with the nascent hydrogen,

forming mercury, water and oxygen.
Ng0s+ 2H —> Moo +1g + =0,

The mercuric peroxide is the intermediate compount in this re-
action. Definite formatioh of it can be detected by the naked
eye - the film of mercuric peroxide intermittently forming

and breaking down. One of the requisites of this theory is the
pitting of the solid catalyst, that is, when the catalyst com-
bines with one of the reactants the surface of the catalyst

is eroded because of the removal from the surface of the cata-

lyst of some of the surface atoms to form the intermediate

compound.

The Adsorption Theory

In the latter part of the nineteenth century,



Fusinera was the first to see the correlation between adsorp-
tion and heterogeneous catalysis. His views and those of
many investigators following him were vague and untenable.
Around this period of time many theories were propounded and
discarded. Among the many theories trying to correlate ad-
sorption with heterogeneous catalysis, the two that have
weathered the storm of scientific opinion are yhose of Taylor
and Langmuir. The following is a presentation of Taylor's8
views.

It is experimentally known that a catalyst shows a
varying capacity both as to the gas adsorbed and the promotion
of the cataljtic change. In additioﬁ, catalysts are sensitive
to heat and poisons, the reduction of catalytic power being
more pronounced than the reduction of adsorptive power. X-
ray examination of metallic catalysts show that they possess,
even when they are prepared by low temperature reduction, a
definite lattice structure of crystalline material. A granule
of the catalyst must, therefore, possess in part the ordered
afrangement of atoms found in crystals of the metal. The
sénsitivity of the product, even to moderate heat, whereby
marked sintering occurs, suggests that this ordered arrangement
of atoms.has not been attained and that here and there on the
surfaé;'of-a 6rystaliine grqﬁule are groups of atoms in which
crystallization is not complete. The félléwing representation,

purely diagrammatic, of a cross section of a minute portion of
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a granule of nickel is an example.

Gas Phase

|
. I
Wi wi- — N/~ -Ni—
/

! | 1 I ] I ] I I !
I - M - N —/l/i—A/"—4//'—/1/1'—,4//'—///—/4//—/1/; - M -
l [ 1 ! 1 | 1 I l 1 ]
Z - M = W N M Wi =N =W = NP =M = M - M —
Solid Phase
" The atoms in the second layer (1l) of the granule proposed

- are surrounded on six sides in three dimensions by other

nickel atoms. The atoms in the first layer (1) are surrounded

by neighboring nickel atoms in all directions except towards

the gas phase. The nickel atoms in the planes above (1) are

the atoms not yet crystallized in'avdefinité lattice pattern,
and exfend out into space. The degree of Saturation, imposed

on this orderly arrangement, becomes less and less as we pro-

ceed outward from the granule proper. Further, we note thet

the atoms on the edge of a granule have one less degree of

saturation than those on the surface proper. Atoms at a corner

have two less degrees of saturation than those of the surface

proper and one less degree of saturation than those at an edge.



Thus, a surface of a granule might be regarded as composed
of atoms in various degrees of saturation by neighboring
metal atoms, varying from those one degree less saturated
than interior atoms to those which are held to the solid sur-
face by only one bond, thus possessing multiple unsaturation.
Accordingly, Taylor gives a picture of a surface which pos-
sesses, in spots, inhomogeneously scattered on that surface,
certain metal atoms of éreat chemichal activity. The posses-
sion of this activity is the key to adsorption, for by these
unsaturated metal atoms gases are easily adsorbed and are mark-
edly changéd in their physical and chemical properties.
Taylor's theory allows a metal atom to adsorb more than one
atom or melecule of gas, depending on the free valences
which that metal possésses. For example, if‘%wo gases, A and
B, are adsorbed on a very unsaturated metal atom, the metal
atom provides a base for the interaction of A and B. Taylor's
theory, however, goes no further and fails to provide a
mechanism by which A and B are activated and ultimately re-
act. He 1is justly accused of having a Theory of Solid Surface
and not of Heterogeneous Catalysis. Langm.uir's9 theory on
heterogeneous cataiysis is presented in the following discus-
sion,

Langmuir holds that a gas adsorbed on a solid surface
is held chemically by the unsaturated atoms at the surfece.

The atoms in the plane surface of any face of a crystal, for

/4
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instance, a Face-Centered Cubic lattice of nickel, are
practically saturated by neighboring atoms in three dimen-
sions with the exception that there is a certain degree of un-
saturation towards the gas phase. In a sufficiently large
plane surface of this type, each atom is identical in prop-
erties with the majority of the atoms in the surface. There
is a certain variability in the surface fields of attraction
with variations in the exposed face. The fields are weakest
in the closely packed faces, i.e., the 111l planes, stronger
in the 100 planes and strongest in the 110 planes. Atoms

at the edges of such a crystal are one degree less saturated
than the atoms on the surface by reason of the fact that

they are to a less degree surrounded by nickel atoms. For
this reason they posses stronger attractive forces for im-
pinging gaseous atoms. In an incompletely ordered crystal,
the attractive force progressively increases as the degree of
saturation by neighboring nickel atoms becomes less and less
until, finally, in atoms which are only held to the granule

by an attachment, nickel-nickel, the unsaturation of the metal
atoms and the attractive force for the impinging gaseous sub-
stances are at a maximum. This conception of "extra lattice"
atoms is somewhat similar to -Taylor's idea but much more vague.
Unlike faylor, he also postulates that only one gaSeous'atom
or molecule is adsorbed by one metal atom. He emphasizes

that the distribution of the catalyst atoms varies the distances



between adjacent adsorbed molecules or atoms over a wide
‘'range and some of these distances are exactly right for the
reaction to occur at the highest possible speed. Langmuir's
theory can be justly accused of also being a theory of Solid
Surface and not a theory of Heterogeneous Catalysis.

The Theory of Reduction of Activation Energy

This theory presents views that heterogeneous cataly-
tic reactions can take place more easily than non-catalyzed
reactions, because the energy relationships required in the
catalytic reactions are more easily met than in the non-cataly-
tic reactions.7 10 Before a chemical reaction can take place,
the réadting substances must possess sufficient energy to re-
act; if they do not possess this energy of their own accord,
it must be supplied. The theory does not pbstulate thét the
energy required is supplied by the catalyst but that the
catalyst has the power to change the channel of reaction by
inducing a different order of reaction, thus altering the
energy relations to the extent that the catalyzed reaction pos-
sesses a higher velocity than the non-catalyzed reaction. This
-eneigy mentionedvig-called thg_cr;tical incréﬁent, E, which is
the amount of énergy that<mustvbé'added‘per gram mol of re-
acting substance in excess of the average energy these sub-
stances carry ordinarily, in order to bring these substances
into a position to react. ZExperimental evidence exists that

proves that the higher the critical increment of a substance,
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the lower its reactivity and the rate which it exhibits

in a reaction; conversely, ﬁhe lower the critical increment,
the higher its reactivity. Hence, this theory postulates
that the catalyst has the power to lower the critical incre-
ment of the substances in a reaction and, therefore, increase
the velocity of that reaction. A typicel example is the

decomposition of nitrous oxide. Homogeneously, this gas is

decomposed thus:

AN, 0 —> aN, +0, + 555 calories

[}

The order of the reaction has been determined as a bimolecular
one, depending on the collision of 2 molecules of N20. Hetero-

geneously, this gas is decomposed thus:

2/140 _?_t_? ;‘),(/2-/- 01 + 32,500 cdlorg.ga

The order of reaction has been determined as unimolecular.

The role of the platinum is, therefore, to change the order

from second to first, thereby ldwering the energy required for
this reaction to proceed and, consequently, due to this de-
crease in critical increment, the reaction proceeds more rapidly.
This theory shows promiée but, unfortunately, the advocates

have not as yet advanced any plausible mechanism as to how

the catalyst is able to change the order and therefore, be

the agent by which the energy change is facilitated.
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As is evident from this discussion, these various
theories, vhile interesting, are very difficult to definitely
prove or disprove, with the data available at present. Ilost
of the reactions studied to date have been carried out in the
gas phase. Less data have been obtained concerning hetero-
geneous reactions in the solution phase. The present inves-
tigation deals with this latter type, being a study of het-
erogeneous .catalysis in liquid ammonia solution, the specific
reaction involving the alkali and alkaline earth metals and
ammonia. It is most essential that a clear insight into the

nature of this liquid ammonia system be obtained.
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B. The Nature of the Metal - Liquid Ammoniea Solution

The alkali and alkaline earth metals dissolve in
liquid ammonia, forming deep blue solutions, considered by
some to be solutions of the metals, by other, solutions of
the compounds of the metals and ammonia. Seeleyll vas the
first to favor the former view, basing his conclusion upon a
consideration of the optical properties and general behavior
of these solutions. Joannislz carefully'investigated these
systems and decided that a compound between the metal and am-
monia was formed, and called these compounds "metal emmoniums",
MNHB. Krausls, however, proved beyond doubt that these "metal
ammoniums" did not exist and that true solutions of the
metals were formed. This view has been established through
a study'of the variation of vapdripressure with'composition

. e 14
in the cases of solutions of lithium, sodium , and potassium}s

Kraus 15 16 also developed the theory of the nature of these
solutions that is most generelly accepted today. A brief
description of this theory will be next presented.

The metal, M, is assumed to ionize according to

the following equation

= M sre"

The cation is identical with the cation resulting from a
soluble salt of the metal. The anion is a new species of ion

and is identical with the negative electron of radioactive



2

transformations. It is solvated to a more or less degree, thus:

e + x M, = € Wh3),

The value of x increases with dilution. It is to this anion
that these solutions owe their charactdristic properties. Thus
they have an abnormally high conductence, the equivalent con-
ductance of sodium, in concentrated solutions, reaching a
value of 80,000 mhos. In dilute solutions,.the value is as
low as 500 mhos. The values of the conductance increases as
the degree of solvation of the electron decreases. The signif-
icance of the values for a concentrated solution is fealized
when it is noted that its specific conductance at OOC. is
approximately one-half that of mercury at the same temperature.
Another important property of these solutions is their strong
reducing power. This again is attributed to the presence of
the free electron. The color and appearance of the metal
solutions resemble each other. In concentrated solutions,
:they possess metallic lustre and a bronze color. Dilute solu-
fionekdo not show metallic lustre but have a characteristic
deep blue color, which persists fo extreme dilution. Thus it
is distinct at a dilution of .000025 N. To Whet constituent
of the selution this color is due is not known. Since none of
the metal, the metal ion nor the solvated electroﬁs‘are known
to be colored, the color may be attributed to some comeination.
Perhaps it should be ascribed more to the solvated electron,

s1nce the blue, as far as it 1s possible to determine, is the



same, irrespective of the metel used to produce it. Whatever
the explanation, the sensitiveness of this blue color is of
the utmost importance in determining the presence or disap-
pearance of free metal in liquid ammonie solutions.

While liquid ammonia solutions of metals appear
stable for a considerable length of time, nevertheless, a
slow reaction takes place, forming metal amides and hydrogen.
This reaction requires the dissociation of ammonia into
hydrogen and amide ions, a dissociation which is so small
that no accurate determination of the specific conductance of
pure liquid ammonia has been carried out. Yet, the early

17
workers in this field, Joannis , Franklin and StraffordlB,

prepared the amides of sodium and potassium in this way, waiting,

insome cases, for days and even months for the reaction to go

to completion. The reaction may be formulated thus:
am = 2mM" + re”
+

+

RINNZ== 2NH, + 247
v

2MNN, N,

That the rate of the reaction between metals and liquid am-
monia could be appreciably speeded up by the presence of other
substances was first observed by Franklinlg. He noticed that
in certain tubes containing bits of asbestos fiber(from
filters introduced into the tubes) the time of preparation of
KNH, was markedly shortened. This suggested the use of other

catalyzing agents to accelerate the reaction and spongy

al
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platinum and oxides of ironzo’zl were found to be of value.
Franklinl9 stated that a few milligrams of spongy platinum
so greatly increased the reaction thet as much as a gram of
potassium was converted into KNHZ in the course of 15 minutes.
It is still customary to prepare NaNHz and KNH2 from the
metals and ammonia, using oxides of ifon as a catalyst. 1In
other instances, particularly in the work on conductance and
electromotive force measurements, ceatalysis and resulting
formation of amide and hydrogen were reported. In the na jor-
ity of these instances, electrodes of platinum or gold served
as the catalytic agent. In these cases, catalysis was not
complete but was appreciable enough to introduce errors in
the experimental values.

If the theory of these solutions proposed by Kraus

is correct, it would seem that the real reaction, in all

cases, is the following:

Re”™ + ANN; —> N, + 24 W,

On this basis, little difference wﬁould be observed with various
metals. Definite information on how the rate of this reaction
varies with the metal, as well as with the catalyst employed,

would be of value in the interpretation of these reactions
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C. Object of Investigation

The object of this investigation was to study,
quantitatively, the catalyzed reaction between alkali and al-
kaline earth metals and liquid ammonia, using various metallic
catalysts. The work carried out in pursuance of this problem
is presented in the following discussion, in order as it is
discussed in this thesis.

The research was started by the measurement of the
hydrogen obtaihed from the reaqtion and the‘determination of
the variable factors which were of imporpénce fbi future
determinations. These factors were the behavior of the
catalysts with respect to constant activity, the effects of
the products of the reaction, hydrogen and metal amide and
the effect of the rate of}stirring. The next main body of
work effected was accomplished on the relative catalytic
powers of a series of catalysts. Under this section also the
variability of the catalysts under certain conditions and the
procedure of elimination of this variability were determined.
Following this, the effect of the concentration of the alkali
metal on the time of reaction was measured, in addition to
the relative reactivities of potassium, sodium and calcium
and the effects of their products of reaction. The final step
in the completion of the work embodied the determination of

‘order of reaction.



IIT APPARATUS AND EXPERIMENTAL PROCEDURE

A. Apparatus

In studying reactions in liquid emmonia, there are
three general methods of procedure: first, to work at low
temperature, second, to work at room temperature and, third,
to work at high temperz ture. The first method requires
working at éﬁéemperature near the boiling point of ammonia,.
-3300. and one atmosphere pressure. The~second involves room
temperaturé\énd préssures that approximate ten atmospheres,
thereby requiring a sealed apparatus capable of withstanding
these pressures. The third requires high temperature around
‘the critical point and pressure which necessitate apparatus

capable of withstanding‘extreme ranges of these two condi-

tions. The first method is more adaptable to studying the prog-

ress of this reaction and was adopted for this work. A
thesis for a Master's degree at the University of Cincinnati
in 1931 was done on the reaction between potassium and sodium
and liquid esmmonia in the presence of powdered catalysts.
This apparatus proved satisfactory in carrying out the re-
actions in all the determinations performed, such as gas col-
lection, time of reaction, effect of concentration of alkali
metal, et‘cetera. This same apparatus was teken for use in
this work with the following alterations: a better method of
stirring, addition to the absorption train of bottles and

better equipment for the determination of order of reaction.
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Facsimiles of the apparatus, Figures 1, 2, and 3, are now pre-

sented with an appropriate discussion on each.

- Legend of Figure 1

Figure 1 represents the reaction and condensation

systems and embodies the following parts:

A.

AN

DeWar flask. This flask served to carry the reaction tube,

and provided a cooling bath of impure liquid ammonia for

‘the system. The stopper in this flask carried the ther-

mometef'tb measure the femperaﬁure of reaction and the
inlet.énd outlet tubes of air which were used to control
the temperature of the bath.

Air inlet tube. Dried air entered this tube from a com-
pressed air supply, was conducted through the liquid
ammonia and conducted out at the exit (C).

Air outlet tube. This tube was an exit for the air admit-
ted by inlet tube (B).

Reaction tube. Vessel in which the reaction between
alkali metal and liquid ammonia took place. The upper
right hand section of this tube had a side arm which was
used for the introduction of samples of alkali metal and
also for the admittancé of gaseous ammonia which was used
in producing the liquid ammonia for the reaction and for
sweeping out the hydrogen which was formed by the reaction.
The mouth of the reactioh tube had a two-hole stopper

which carried the stirrer (F) and the outlet tube (N) for

RS
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the ammonia and hydrogen.

Sweeping-out tube. This tube was connected to the inside
extension of the ammonia entrance (Q) and extended to
within 3 inches of the top of the liquid ammonia. It was
made of rubber so as to facilitate easy introduction in
each experiment. 'The gaseous ammonia was admitted to the
reaction tube at the bottom of the tube and swept the
hydrogen upwards and ultimately out through (N). In the
side arm section, this tube was fitted for sweeping out
the hydrogen in this "pocket".

Stirrer shaft. From the motor (T), a steel shaft ex-
tended down through: the mercury seal (P) into the re-
action tube, culmina%ing at a point about 15 centimeters
above the surface of the liquid ammonia. The shaft was
of steel and could not be used in the reaction fluid for
attaching the catalyst (I).

Glass tube for catalyst attachment. This tube was
fastened to thé stirrer shaft (F) and extended into the
liquid amﬁonia. Near its bottom in the reaction fluid,
it had two series of ferrules for the attachment of fhe
catalyst (I).

Ammonia exit. This tube served as the outlet for ammonia
from the condensation system. After the ammonia passed
through this exit, it was absorbed in a water reservoir
(reservoir not shown).

Catelyst. The catalyst was attached to the glass tubing
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in the following manner: at each end of the catalyst,
wires, size 20 and approximately 3 inch long, were
fastened and these, in turn, were wound around the ferrules
on the glass.tubing (G).

Thermometer. This thermometer was used to measure the
temperature of the bath. Both a pentane and an alcohol
thermometer were employed.

Leveling pear. This pear was reservoir of the mercury
used in the condensation system and was connected to part
(U) of that system by rubber pressure tubing.

Condensation system. This system was composed of parts(U)
and (L) and carried a column of mercury which opposed the
flow of ammonia from the reaction tube.

Liquid ammonia. This was the pure liquid ammonia distil-
led from a di;pte sodium solution. The volume in all re-
actions was 50 ce. This‘volume:was convénient to handle

N

and covered the catalyst by 2 centimeters.
Reaction tube exit. This exit led from the mouth of the
reection tube to the condensation system, when that system

was being used, and to bottles (C) in Figures 2 and 3 when

“they, respectively, were being used.

Hole in sweeping-out tube. This hole was in the part of
the sweeping-out system that was confined in the side arm
of the reaction tube. Its aperature was such that approx-
imateiy 1/5 of the ammonia entering (Q) was emitted here

at (0).
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Mercury seal stirrer. In order for the reaction tube to
be gas tight end, at the same time, provide stirring
facilities, the usual type of mercury seal stirrer was used,
carrying approximately 2 inches of mercury. This seal
prevented the escape of any gas that might enter the seal
through (X).

Ammonia entrance. This tube provided for the entrance of
gaseous ammonia into the reaction tube for both condensa-
tion and sweeping purposes. It had its source in a small
5-1b. tank of ammonia (not shown), in which several grams
of sodium were placed to insure absolute dryness.

Speed ad justment on motor. The adjustment had sufficient
sensitivity to provide easy duplication and ad justment of
speeds. |
Commercial liquid ammonia. This ammonia was used in the
DeWar flask as a cooling bath for the reaction system.
Motor. The motor was of the 1/8 H.P. type, operating on
110 AC and 30 Amp. It furnished consistent performance
in long runs, varying around 5 RPM. at a speed of 250RPi.
The speed was determined by the use of a.revolution counter
applied at the top of the speed adjuster (R).

Part of the condensation system. With tube (L), it com-

posed the condensation system.

2f
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Legend of Figure 2

Figure 2 represents the adsorption train and the gas

collection system and is connected to the reaction system by

bottle (C) of this Figure and tube (N) of Figure 1. The

Figure contains the following parts:

A.

Gas reservoir. This reservoir was filled with water and
carried tube (B).

Sampling tube. This tube allowed the withdrawal of a
sample of hydrogén from the total volume in (A), for the
determination of purity of hydrogen.

Safety bottle. The bottle, when this system was in use,
was attaohed to (N) of Figure 1. The bottle was dry and
carried 1/2 inch of mercury. The special purpose of it was
for use in a reaction when a poor catalyst was in use and
it performed the duty of allowing no water vapor to dif-

fuse back into the reaction system.

| Safety and adsorption bottle. This bottle was filled with

1/2 inch of mercury and a-dilute solution of hydrochloric
acid. The mercury served as a safety column in’case the
reaction sucked back. The dilute acid was used to adsorb .
the ammonie from the reaction, allowing the hydrogen to pass
into the collection tube (4). |

Dish of watef supply. This porcelaln dish - supported tube

(A) and furnished the water for this tube.
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Legend of Figure 3

This Figure represents the gas collection apparatus

used in the determination of order of reaction. Vhen in use,

tubing from bottle (C) is connected to (N) of Figure 1. The

Figure includes the following parts:

A.

Water trough. Vater was used as thé collecting medium for
hydrogen and this trough served as a supply.

Safety and adsorption bottle. The bottle was filled with
1/2 inch of mercury and a dilute solution of hydrochloric
acid. The mercury served as a safety column in case the
reaction sucked back. The dilute acid absorbed the am-
monia from the reaction, allowing only hydrogen to pass
into the gas collection tubes.

Safety bottle. This bottle was anhydrous and carried 1/2
inch of mercury. The special purpose of it was for use.in
reactions where poor catalysts were used and it performed
the duty of allowing no water vapor to diffuse back into
the resction system.

Support.for test tube colony. The test tube colony was
composed of a group of test tubes which were fasteqed on
the outer edge of a wooden circular disc, the entire
system being held up by this support. The support allowed
rbtation so that different tubes could be put in position
to receive hydrogen from bottle (B).

Test tubes. These tubes were of large size (90 cc.) and

were used in collecting the hydrogen.
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B. Manipulation

In order that a clear idea concerning the use of the
apparatus be obtained, the steps involved in a complete run
or experiment will be presented. This discussion of a general
run will involve the collection of hydrogen for the determina-
tion of the total gas from a complete run. Following this
description will be presented the procedure of gas collection
~employed in the determination of order of reaction. The topic
will be concluded by a discussion of the procedure of evacua-
tion of the catalyst.

The reaction tube (D), (unless otherwise noted, these
letters represent parts included in Figure 1), was placed
in DeWar flask (4A), containing impure liquid ammonia (s),
which served as a cooling bath. Air line (B) was connec-
ted to air supply and exit tube (C) to a water reservoir
(not shown) where the ammonia, vaporized in a DeVar flask,
was adsorbed by the water reservoir. The temperature of the
cooling bath was controlled by varying the rate at which air
bubbled through the DeWar flask. Prior to its introduction,
the reaction tube was cleaned with cleaning solution, rinsed
with alcohol and ether and dried by anhydrous nitrogen and
finally by geseous ammonia (distilled from sodium solution)
to insure its being strictly anhydrous. Next, the catalyst
(1) was attached to the stirring rod (G) and placed in the

reaction tube. The reaction tube was then attached to the
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mercury column(L) by tube (N). With this connection complete,
gaseous ammonia was passed through the system until all air
that perchance entered the reaction tube during the intro-
duction of the catalyst was swept out. The system was then
ready for condensing the ammonia for the reaction.

The ammonia used for this purpose was distilled

0 Soditm

from a dilute solution,to insure high‘quality. The tempera-
ture of the bath was_loweréd by a stream of air through (B)
and the meréury in thé column(L) iﬁcréased slightly. The
increase>of pressure and the decrease of temperature caused
the ammonia to condense in the reaction tube. Condensation
was carried out until the arbitrarily adopted level of 50 cc.
was reached. The outlet (M) was then changed from the mercury
column (L) to the safety bottle (C) in Figure 2, to which was
attached an ammonia adsorption bottle (D), Figure 2. The
stirrer (F) was then set at the desired speed. Following the stir-
ring adjustment, the system was ready for the introduction of
the alkali metal.

A digression here from the main procedure will be
made in order to give the necessary information concerning
the handling of the alkali metal prior to its introduction.
The alkali metal was prepared for the reaction by cutting the
proper size under petroleum ether in a suitable dish. The

best efficiency was obtained in cutting by the use of a small

pair of tweezers to hold the metal and a razor blade to cut it.
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After the proper size had been cut, a weighing bottle of
dimensions 2 x 6 centimeters was filled with dried nitrogen
gas, the metal quickly inserted in the bottle and the bottle
again swept out. Evaporation of the adhering petroleum ether
cooled the bottle and sufficient time had to be alloted for
it to regain room temperature, after which it was quickly
weighed. It was then ready for introduction.

Returning aé}n to the description of the main pro-
cedure, the weighed metel was introduced into the reaction
tube by the removal of the stopper in the side arm. The intro-
duction was éffectéd by*long tweezers which were capable of
reachihg the metal on the bottom of the weighing tube and, in
addition, so constructed as to allow speedy entry through
side arm, where metal was dropped to the liquid below. From
the time the stopper was removed, until replaced, ammonia was
swept into the reaction tube. This prevented air from enter-
ing and introducing water vapor found to be injurious to the
reaction. As soon as the metal entered the liquid ammonia,
the stirrer was switched on, the stop watch was snapped and
contact with gas collection apparatus (C), Figure 2, was estab-
lished.

As the reaction progressed, the temperature was reg-
ulated to suit the catalyst employed. There were two classes

of catalysts of this work, fast and slow. The former required



a bath temperature of -35.5°C., and the latter, a tempera-
ture of -3400. The nature of the reaction necessitated

these two different temperatures. The fast catalysts gave a
vigorous reaction, liberating hydrogen at a relatively high
rate, accompanied by evaporation of solvent and the splashing
of solution up the sides of the tube. It was found that this
temperature and the proper rate of entry of ammonia kept the
sides clear of solution and the volume constant. The slow
catalysts exhibited the same type of reaction but it was far
less intense. Very little splashing and loss of solvent ac-
companied the réaction. The temperature was, therefore,
higher so that the rate of ammonia introduced did not in-
crease the volume of the solvent above the usual level.

At the finish of the run, the blue color was gone,
as all potassium had reacted. " The Stop viatch Was‘snappéd and
the time of reaction;recorded}‘_Ammonia was swept through the
reaction tﬁbe and all hydrogen collected in the collection
system. The operation involved in sweeping out the bydrogen
required 10 minutes. The reaction solution containing
amide was discarded. This completes the procedure involved
in a typical run, which included the gas collection for a
complete run. The gas collection procedure followed in order
of reaction is now presented.

The method used in the foregoing presentation for

the collection of gas was employed when fotal gas for a desired
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reaction was to be estimated. The method, when order of re-
action was determined, was afforded by the use of the same
procedure as already described, with the exception that the
method of gas collection was different. The procedure em-
ployed was that of collecting gas for certain intervals of
time from which data for order computations could be drawn.
This collection per interval was accomplished by connecting
one tube of the test tube colony presented in Figure 3 to the
reaction tube for the desired interval, at the end of which
time the tube was detached and the next one connected, et
cetera. TFor each interval, all the hydrogen liberated from
the reaction had to be swept out of the system into the gas
collecting tube. This was accomplished by issuing a rapid
current of ammonia through reaction tube by way of rubber
tubing (E). This sweeping-out period was usually started 2
minutes before the finish of the interval and stopped when
the interval was reached. The gas in all cases was analyzed
by use of the Hempel Explosion Method. This concludes the
discussion on gas collection for order of reaction determina-
tion and will be followed by procedure for evacuating cata-
lysts.

The procedure by which the catalysts were evacuated
was as follows::the catalyst was enclosed in an evacuating

tube of this construction

—_—

)

(&

35



26

The catalysts, all except platinized platinum and rusted
iron, were wet cleaned with bon ami, polished with No. 3
carborundum powder, dried and inserted in the tube. The
tube was sealed off at (b) while under an atmosphere of
nitrogen, which entered at (a). This procedure eliminated
any possibility of moist air being admitted and effecting
the catalysts. In order that the catalysts be subjected to
as little heat treatment as possible, the evacuating tube
was at least a foot long and, during the sealing-off process,
the catalyst was placed near (a) end of tube. Upon comple-
tion of sealing-off, part (a) was sealed onto an evacuating
system, equipped with an oil pump and a McCleod guage. The
time required for evacuation of .02 mm. of mercury was us-
ually 10 minutes, after which the evacuation tube was sealed-
off at (a). Thus, with the evacuation tube sealed off at
both (a) and (b), the catalyst was in a closed system under
.02 mm. of mercury pressure. |

When the catalyst was needed, it was removed in
this manner. A rubbez tube, leading from an ammonia supply,
was attached to the closed end of (a). The seal was broken
and the ammonia admitted to the tube. The rubber tubing was
replaced by a plug to keep the ammonia from escaping. The
tube was then cut off at (b) end, the catalyst removed, at-
tached to the stirrer and introduced into the reaction tube,

after which the customary procedure of the run was followed.
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In that the removal of the catalyst from the evacuation tube
to the reaction tube necessitated contact with air, this
operation was done as rapidly as possible, usually requiring
less than 15 seconds. In that most of our measurements were
relative, and all catalysts were subjected to this error,
most of its injurious effects were cancelled. All foils, ex-
cept of platinized platinum, were evacuated at .02 mm. of
mercury and allowed to stand one-half hour. The platinized
platinum catalyst was evacuated at some indefinite pressure
around 1 mm., the evacuation being accomplished by using a
desiccator as an evacuating vessel, an oil pump and a mercury

manometer. The deposite on the catalyst necessitated this

special treatment.
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, C; Materials and Catalysts

The important materials used in this work are enumer-
ated now, each material being discussed as to use, source and
purity. After the discussion on materials, catalysts will be
given.

Liquid Ammonia. This impure product was used as a source of
pure ammonia for the reaction by distillation from a dilute
sodium solution of it and as a bath for the reaction. It
was obtained from Mathieson Alkaeli Company, Inc. The
product was clear and of feir purity.

Potassium. This metal was employed in the liquid ammonia re-
action. It was a Merck product. Purity analysis by
Francis Holden of this laboratory. Weight of potassium
sample .0770, .0674. VWeight of potassium chloroplatinate
;4776,.4189. ‘Calculafed for potassium 99.75% and 99.95%.
Chloroplatinate method. Treadwell and Hall ¥Volume 11,
7th ed., pageSQ..

Calcium. This metal was employed@ in the liquid ammonia reac-
tion. XKalbaum product. Purity analysis by Francis Holden
of this laboratory. Weight of calcium sample .2412, .3419.
Weight of calcium oxide .3344, .4740. Calculated for
calcium 99.05%, 99.07%. Oxalate method used.

Sodium. This'metél was employed in the liquid ammonia reac-

)
tion. Kalbaum product. Listed as containing only slight

trace of any impurity.



This completes the list of materials used in this work. The
next topic presented will be on catalysts.

The -catalysts employed in the pursuance of this
work are presented with a discussion of purity on each.
Silver. Bell and Coleﬁéh product. Purity 100%.

Smooth Platinum. Purity 100%

Platinized Platinum. This catalyst was a smooth platinum
foil, carrying a deposite oﬁ}inely divided platinum.
Gray Platinum. This was obtained by subjecting the platin-

ized platinum to red heat.
Nickel. Purity unknown. Believed to be high, however.
Iron. Obtained from the American Rolling Mill Company.
Purity 99.80%.
Rusted Iron. This cetalyst was obtained by allowing a pure
iron foil to rust in moist air.
Zinc. Purity unknown. Believed to be high, however.
Tantalum. Purity 99.90%, established by Metallography De-
partment of the University of Cincinnati.
Columbium. Purity 99.90%, established by Metallography De-
partment of the University of Cincinnati. '
This completes the list of the catalysts and their respective
purities and a presentation of the preparation of catalysts
will be given at this point. '
One of the main objects of this work was to find

out the relative catalytic powers of a series of catalysts.
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To do this, the prime requisite was to have catalysts of cor-
responding size. Therefore, an arbitrary surface areé of

5.5 x 2.55 centimeters was adopted and adhered to. It is de-
sired to make clear that these 13.01 square centimeters are
plane surface area and not real surface exposure. Thus, for
the metals, nickel, pure iron, silver, smooth platinum, zinc,
tantalum, and columbium, a true comparison was possible.

This was not true of platinized platinum, gray platinum and
rusted iron, for here is, in addition to plane surface area,
a surface exposure, due to the very nature of the deposité,
a.surface many times that of the plane surface; so, in this
sense, a true comparison has not been attained for these
catalysts. The thickness of these foils varied from .01l to
.15 centimeter. Even though this presented a variation in
surface exposure, it was of minor importance.

Catalysts that needed no special preparation, other
than size definition, were silver, smooth platinum, nickel,
pure iron, zinc, tentalum, and columbium. Catalysts that re-
quired special preparation were platinized platinum, gray
platinum and rusted iron foils, and are now discussed.
‘Preparation of platinized platinum. The smooth platinum was

subjected to hot cleaning solution to eliminate grease,
et cetera. The platinizing solution employed was of
unknown strength, approximately 3% platinic chloride.

No lead acetate wss used to insure an adhering coat.
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Three to four volts and low amperage were employed in the
electropiatihg. Thg electroplating apparatus was so con-
structed that the foilhwas sandwiched betweeﬁ two large
electrodes of platinum which served as fathodes and were
conveniently arranged so that the electrodes did not have
to be moved to insure proper deposition. It was found
that reversing the current at regular intervals was of

no particular advantage. The time of electrolysis de-
pended on the strength of the plating solution. On the
average, the foil was plated until a coat, black and rich-

looking, was obtained. No more precautions were taken

than this, in that it was not desired to keep the exposed
area of the'deposite constant, except within rough limits;
Immediately following the platinizing, the foil was sub-
jected to a second electrolyzing, in dilute sulphuric acid
for ten minutes, at the same voltage and amperage, cur-
rent being reversed every minute. All authorities on
platinized platinum recommend this as an excellent way

to clean the foil of the majority of gaseous impurities.
The foil was then rinsed with distilled water and pre-
served in this solvent until used.

Gray Platinum. The gray variety of platinum was prepared by
subjecting the platinized platinum to a dull red heat for
a few minutes. The catalyst was preserved in a phosphor-
ous pentoxide disiccator until used.

Rusted Iron Foil. The pure iron was wetted and allowed to
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remain in contact with air. Length of exposure to air
depended on what amount of rust was desired. It was
found advantageous to use a film of rust that was dis-
tributed over the surfece in small patches, because these
small patches had greater stability to high-speed stir-
ring. Following the preparation, the foil was preserved
in a phosphorus pentoxide desiccator.

This ends the discussion on this section of the thesis and is

followed immediately by presentation of experimental results.



IV EXPERIMENTAL RESULTS

The total experimental work accomplished in pur-
suance of this work is presented under this heading. The
results of the work are presented in fiﬁe divisions, A, the
preliminafy results including meny determinations which Wefe
necessary for future work, B, the determination of the rel-
ative catalytic powers of a series of catalysts, C, the ef-
fect of concentration of alkali metalé on the time of the
reaction, D, the relative reactivities of potassium, sodium,
and célcium,'and E, the determination of order of reaction.
Eéch of these topics will be properly introduced by a dis-
éussion of the manner inwhich each determination was carried
out, followed by the presentetion of the experimental results
obtained and concluded by a discussion of results. The first
of‘these divisions will now be presented.

A. Preliminary Results.

Several preliminary measurements were of fundamen-
tal importance in the pursuance of this~work, for without
them the majority of the succeeding work would have been im-
possible. These initial determinations included the standard-
izing of the apparatus with respect to the hydrogen collected,
and such variables as the constancy of the catalyst, the ef-
fect of the products of reaction and the rate of stirring.
Before considefing these topics, however, certain qualitative

observations on the nature of the solution necessary for ir-

terpretation of the work will be presented.

-
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(1) Nature of the solution before, during, and after a

Tun. |
When the apparatus was completely assembled and

ready for a run, the liquid ammonia was examined to see that
it was perfectly clear of foreign particles. As soon as the
sample of alkali metal was introduced into the liquid ammonia,
a deep blue color was formed which was totally opaque above
a concentration of .000l normal.‘ If the concentration was
above approximatély e5 normél, the solution presented a cop-
pery lustre. In very dilute solutions, in the region of
.00005 normal, the solution was translucent. As soon as the
alkali metal was in solution, a reaction~between the metal
and the liquid ammonia occurred as evidenced by the evolu-

tion of hydrogen and a gradual lessening of the blue color.

The reaction is:

K +NN3—> KV + 2 H,
In vigorous reactions, obtained with a high concentration of
alkali metal and a repid cetalyst, a spray of solution was
shot up as high as 4 inches in the tube, depositing the al-
kali metal and amide on the sides of the reaction tube.
These were washed down into solution by liquid ammonia pro-
duced by the condensation of a stream of gaseous ammonia.
As the reaction neared the finish, the evolution of hydrogen
diminished, the blue color became translucent and finally
the evolution of hydrogen stopped and the blue color entirely

disappeared. The resulting'liquid ammonia solution possessed



its normal color, except when high concentrations of potas-
sium were employed, in this case, the resulting solution was
yellow due to the presence of soluble potassium amide. The
difficultly soluble amides of sodium and calcium were white
and did not color the solution, being left deposited as crys-
talline solids.

In the beginning of this work, difficulty was exper-
ienced in obtaining an anhydrous medium. Many of the initial
runs resulted in the production of a white gelatinous pre-
cipitate, which was though to be either the hydroxide or ox-
ide of the alkali metal. This faulty procedure was elimin-
ated by taking special precautions in making every member of
the system absolutely dry. As a result of this care, only
occas%ionaily was the work interrppted by the formation of
precipitates and these few occurrences were due to mistakes
in the drying process. Most of these precipitates were due
to humid conditions of the atmosphere, as many of the parts
of the system before use were exposed to air and were of such
construction that permitted only mechanical drying. The re-
sults of the experiments that had precipitates of this type
in them are not included in this presentation.

(2) Collection of hydrogen from the reaction.

When the alkali metal reacted with liquid ammonia,
hydrogen and the amide of the metal were formed according to
the eqﬁation presented in (1). The determination of the hyd-

rogen lent itself to four very important uses: The check on

-
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the empirical equation itself as presented in (1), the stan-
dardization of the apparatus and gas collection system as
applicable for good gas collection, & good criterion of
whether the catalysts were adsorbing any hydrogen and the de-
tection of any side reactions. The hydrogen determination
was carried out using various size samples of alkali metal,
the hydrogen being swept into and preserved for analytical
te;ts in the gas reservoir, Figure 2. The gas was analysed
by the Hempel explosion method. The results of a small per-

centege of the total work accomplished are embodied in Table I.

Table I
Hydrogen obtained from Reaction

No. Potassium Ho in cc. H2 in cc. Atomic Ratio

of in N.T.P. N.T.P. of
run grems Theory collected K:H2
221 1016 29.1 27.5 1l:.958
305 .3563 102.1 102.0 l:1
310 .5578 159.8 156.8 1:.993
601 3260 93.2 93.4 L:1
312 .5318 152.4 150.3 1:.973

314 « 5301 151.8 151.0 1:.995

, In-fhis table, the first column presents the number
of the experiment, the secbnd-the amouﬁf of potassium in
grams in the reaction, the third the volume of hydrogen cal-
culated from the potassium-ammonia equation in cc. at N{T.P.,
the fourth the volume of hydrogen collected in cc. at W.T.P.,

and the fifth the relation between the gremsatoms of hydrogén

and potassium.
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The good agreement between the amount of hydrogen
in relation to the potassium used showed decisively that one
atom of potassium interacted with one molecule of ammonia,
thus supporting the empirical equation advanced in (1). It
showed, in addition, that the apparatus was applicable for
the use for which it was intended with respect to gas col-
lection; it showed that if any hydrogen was adsorbed by the
catalysts, the volumes Werelvery small and could be considered
negligible. Lastly, it showed the absence of those side re-
actions which would use the hydrogen in diverse ways and

prohibit its recovery.

’

(3) Behevior of catalysts with respect to constancy or
inconstancy of catalytic power.

This discussion on the behavior of the catalyst
will have two parts, the first dealing with the results showing
theconstancy of the catalysts, and the second showing the in-
constancy. These vitally different behaviors were obtained
by different treatment of the catalysts. The treatment that
effected constancy will now be presented.

The treatment that brought about constancy in the
catalysts was the evacuation of these catalysts. With rusted
iron an additional treatment was necessary and will be explained
in the second portion of this section. The procedure that
was employed has already been advanced. The four catalysts
on which this work was done were nickel, rusted iron, smooth

platinum, and platinized platinum, the former three being
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evacuated to .02 mm. of mercury and ellowed to stand in this
degree of evacuation for one-half hour and the latter one
being evacuated to 1 mm. of mercury and allowed to-stand this
same length of time. The constancy of aﬁylone catalyst was
established in this manner. Successive identical- samples of
the alkali metal were introduced into the solution and their
times of reaction were recorded. A comparison of these times
was a direct measure of the constancy of the catalyst. These
successive samples were added to the same set up of apparatus,
one sample being introduced immediately after completion of
the previous one. In this table to be presented, and in all
tables in this thesis, these samples will be indicated thus:
the run of the initial sample will be represented by a num—‘
ber, the first successive sample by the next higher number
followed by & small (&), the second successive sample by the
next higher number followed by a small (b), et cetera. The

results of these determinations are presented in Table II.



Table IT

Constancy of Catalysts

Number Catalyst Potassium Time of
of : grams Reaction
run Minutes
628 Platinized 01141 9.5
629a Platinum «1164 9.3
630Db .1151 9.1
538 Nickel .0054 22.2
539a . 0059 21l.1
558 Nickel .0058 21.0
5591 .0058 20.9
507a Smooth .0057 65.0
508b Platinum .0059 65.0
511 Smooth .0061 69.0
51l2a Platinum . 0057 66.0
570b Rusted Iron « 0307 5.5
5797f .0304 5.8
646b Rusted Iron « 2332 1l2.6
647c : «2300 12.2

This table is divided into four sections, one being
reserved for each of the foure catalysts. Each section has
four columns, the first giving the number of the run, the

‘second the'cataiyst, the third the potassium in grams,used

in the reaction, and the fourth the time in minutes required
for the potassium to react. The temperature of reactions
with platinized platinum and rusted iron was -35% .5°C.;that
for nickel and smooth platinum being -34% ,5%. All reactions
were stirred at 250% 5 RPM.

The results in the table show that each catalyst

was constant under the conditions imposed on it. Only four



catalysts were used here but many more examples of this con-
stancy have been obtained'among them being those presented

later in Table X.

The preceeding presentation showed that when cata-
lysts are evacuated they exhibit constant behavior which was
reproducible. It is advantageous now to show briefly that
without the imposition of this evacuation the catalytic
power of the catalyst was not constant and not of reproduc-
ible power.

The results of nickel and smooth platinum will
first be presented and discussed after which separate dis-
cussions of platinized platinum and rusted iron will be
given. The variability of the former two was detected by
the employment of the same size sample of alkali metal on
different days of work with the same catalyst. Their times
of reaction were used as measures of their variability.

The measurements made on nickel and smooth platinum are pre-

sented in Table III.

Table III
Variability of Nickel and Smooth Platinum

Nickel : Smooth Platinum
Number Potassium Time of Number Potassium Time of

of grams Reaction of grams Reaction
run Minutes run Minutes
322 4120 135 231 |

g .0065

. 500 485
276 0059 11.8 - 0056 169

46la .0051 © 20.1

Y/
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This table embodies the experimental data obtained with two
catalysts, nickel and smooth platinum. The columns of the
table are identical with Table II. Temperature and stirring
were held constant.

An examination of the table will show that the be-
havior of each catalyst was different. Thus for example,
smooth platinum_on one day converted .0055 gram of potas-
sium in 29 minutes and on another day in 169 minutes. With
nickel for the same size sample the variaebility was not as
great, times of 11.8 and 20.1 minutes being recorded. In
higher concentrations with the same catalyst, extreme var-
iability was obtained, one run in particular never finishing
at all after hours of running. This presentation will suf-
fice to show that without evacuation these two cataiysfs
were not of constant activity. The variability of platin-
ized pletinum will now be given.,

This catalyst showed the same type of irreproduc-
ibility as given above for nickel and smooth platinum, one
day being a rapid catalyst and on another day‘a slow one.
Instead of presenting results on this work, a more inter-
esting variability will be given. This variability manifes-
ted itself on the first run following the preparation of the
catalyst, and was aobserved by a comparison of the reaction -
times for successive identical samples of alkali metal. An
illustration of one series of these successive runs is pre-

sented in Table IV.'



‘ Table IV
Variability of Platinized Platinum

Number Potassium Time of
of grams Reaction
run : minutes
393 . 0531 48.1
394a .0508 19.8
395b . 0533 15.0
396¢ . 0540 12.2
3974 : . 0537 10.5
398e .0527 10.1

The columns of this table are identical to those presented
in Table II.

The results of this series of runs show that the
‘catalyst gradually increased in power as the samples of
alkali metal were added, ultimately reaching a constant
value. In all the experiments of this type, where the cat-
alyst was used after a fresh deposit had been placéd on it,
the catalyst showed a great tendency to increase in power.
This increase in activity was not observed when the cata-
lyst was evacuated. This same proclivity to increase in
power was also shown by rusted iron catalyst. Its method
of detection was slightly different, a discussion of which

follows the table of results which are now given.

52
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Table V
Variability of Rusted Iron

Number Potassium Time of
of grams Reaction
run minutes
259 .0072 5.8
260a .0225 7.5
261b .1033 8.4
262¢ «4109 8.1
2651 .0232 4.6
266g .0075 3.4

This table presents the data showing the increase of activity
of rusted iron when successive samples were added. The table
is composed of the same column material as Table IV.

With this catalyst, the successive samples were
not always identical in weight. However, there are several
samplés of the same weight and a comparison of their times
of reaction will show that the catalyst was not constant,
showing a tendency to increase in power. Thus the first sample
of .0072 gram of potassium took 5.8 minutes while the las?t
one of the same weight only required 3.4 minutes. A com-
parison of 261b and 262c¢ will also show clearly that the cata-
lyst in the latter sample required less time to convert more
than three times as much potassium as the catalyst in the
former sample, thus indicating that the catalyst increased
greatly in power. This type of variability described here
was due to a change in the deposite on the catalyst and not
to lack of evacuation. Evacuation of this catalyst prior
to use did not correct for the behavior brought about by the

change of deposite.
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The behavior of the catalysts, nickel, smooth
platinum, and platinized platinum will be discussed together
as their variabilities were of the same type. The explana-
tion of rusted iron will follow this discussion. Because
evacuation of the catalysts obtained constancy, it was »nos-
tulated that a film of air was the cause of the variablility
of the catalysts. It was supposed that this air covered up
the active spots on the catalyst and thus provided not only
a depressing catalytic effect but a variable one in that on
different days of work the amount of air on the catalyst was
not constant. Burk‘?'9 says "A rather disheartening point
arises in catalytic work in that the real catalysts may not
be what we think they are. Most of them have small amounts
of adsorbed gases on them, the removal of whidh varies the
value of the catalyst. Thus we are on dangerous ground in
dealing with these catalysts for we do not know when a cata-
lytic reaction takes place on.fhéAfilm or on the catalyst."
Bancroft 80 says "One of the most étriking things about cat-
alysis by solids is the way in which the catalytic actions
of the solids may be reduced by the presence of relatively
small amounts of substances now universally termed 'poisons'."
' In conjunction with this work on nickel, the inves-
tigator would like to state that some limited work done in-
dicated that a long time of evacuation was not a factor in
the obtaining of constancy, ten minutes being as effective as
three hours. The degree of evacuation did however enter in, the

higher the evacuation the better the catalyst. It was also
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found that separate exposures of this evacuated catalyst to
oxygen and nitrogen showed that both of these constituents

of air were instrumental in depressing the activity of the

catalyst, and bringing about variability.

The variability of the rusted iron catalyst was
attributed to two causes, the first of which was a film of
adsorbed gas as explained above and second of which was due
to a chemical reaction occurring on the surface of the cata-
lyst during the course of the reaction. The increase of
power shown in the results, Table V, was credited to the
latter oause.‘ The catalyst before use was red in color, while
after the reaction the foil was black. It was postulated
that during the course of the reaction the red deposite,
which undoubtably was mainly ferric oxide, was changed to a
black deposite, which was though to be composed of ferrous
oxide. Additional support was given this premise by the ex-
perimental data obtained in the Master's work of 1931 by the
same investigator at this University. In this work it was
found that ferrous oxide wes a better catalyst than ferric
oxide. The fact that the black deposite on the catalyst was
a better catalyst than the red agreed with this work of 1931.
No mechanism will be offered as to how the ferric oxide was
changed to ferrous in the presence of alkali metal. However,
it is suggested that in such an excellent reducing medium
where the free electron and nascent hydrogen abound, this

reduction should present no difficulties.



(4) Effect of the products of reaction.

In heterogeneous catalytic reactions it is common
occurrence that the products of these reactions are able to
exert influence on the course the reaction takes and the
time for the reaction to go to completion. Because of this,
it was advisable to determine the effects of the hydrogen
and the metal amide in the reaction between potassium and
ammonia. The effect of one of these products, hydrogen, can
not be stated as no evidence was obtained which would justify
any statement. The effect of this other product, the metal
amide, was determined in this wey. A sample of the metal
.was introduced, allowed to react and the time for reaction
recorded. Successive samples of potassium in larger amounts
were added to increase the amide content in solution. A
sample, identical to the initial sample, was then introduced
and time for reaction obtained. This initial end final
sample, being of equal size allowed a comparison to be made
of their times of reaction. The results with two catalysts,
platinized platinum and rusted iron will be respectively

presented in Table VI.

5¢
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Table VI
Effect of Potassium Amide on the Reaction

Number Catalyst Potassium Potassium Time of
of grams Amide Reaction
run grams minutes
3370 Platinized .0354 0] 5.7
342g Platinum . 0364 .6088 5.8
187 Platinized .0523 0 6.9
193f Platinum .0521 2.0817 7.1
571c Rusted Iron . 0057 0 3.0
576h .0057 .5942 2.9
599h Rusted Iron . 0057 0 3.1
602k ' .0057 4124 3.1

The table is divided into four sections, each exemplifying
one series of runs in which the effect of the amide was de-
termined. The first three columns need no further discussion.
The fourth gives the amount of potassium amide in grams
present at the beginning of each run. The fifth column gives
the times of reaction obtained from each experiment. All
variables such as the behavior of the catalyst, speed of
stirring and the temperature of reaction were held constant
during ell the runs.

The results of this séction of work prove that the
potassium amide formed in the solution frdm the reactions
was no determining factor in the reaction within the range
of these concentrations, as the times of the initial runs
when no considerable amide was present, were the same as the
times of the final runs which took place in a solution where

considerable amide was present.



(5) Effect of stirring on the time of reaction.

In this reaction between alkeli metal and liquid
ammonia, little reaction is known to take place without the
presence of a catalyst. Practically all the reaction there-
fore occurs on the surface of the catalyst. Because of this,
the rate of supplying the reactants to the surface is a
dominating factor in the reaction and this rate of supply
is entirely depéndent on the speed of stirring. The effect
of stirring on the time of reaction was determined by making
a séries of successive runs in which the same weight of
alkali metal was used, varying the speed of stirring for
different samples and recording their times. These times
of reaction furnished the basis for determining the effect
of stirring. This effect with two catalysts, platinized

platinum and rusted iron, is presented in Tables VIII and IX.



Table VIII
Effect of Stirring

Number Potassium Time of Rate of
of grams Reaction Stirring
run minutes:seconds RPM.
288a .0201 12:38 104
289b .0203 12:29 104
290c¢c .0203 10:34 196
291d .0208 10:22 196
292e .0204 9:41 250
2937f .0198 9:46 246
294g .0199 9:25 300
295h .0205 9:23 384
2961 .0208 9:20 440
297] .0207 12:33 104
298k .0202 , 28:20 0
408 . 0556 6:32 256
409a .0552 6:10 254
410b .0538 - 8:14 112
4l1c .0548 7:20 146
4124 .0541 6:46 196
413e .0544 6:6 304
414°¢ «0543 6:2 356
415g .0540 32:0 0
Teble IX

Effect of Stirring

Number Potassium Time of Rate of
of grams Reaction Stirring

. run minutes:seconds RPM.
S573e . 0647 6:23 252
5771 .0653 6:55 120
5787 .. . 0647 . 6131 200
579k .0658 .6:8 320
5801 .0660 ° - 15:3 0
6031 .1527 11:10 120
604m .1510 8:25 320
605n .1502 19:46 0
xX* 1500 8:36 250

*The material for this run was obtained from another section
of this work. o



Tables VIII and IX are identical in column material and so
they can be discussed as one. Columns one and two respec-
tively present the number of the run and the amount of potas-
sium used in the reaction in grams. The third column gives
the times required for each sample of potassium to react,

in minutes and seconds. The lest column embodies the rate
of stirring in revolutions per minute. All other variables
that could effect this work, such as behavior of the cataiyst
and temperature of reaction, were maintained constant. It
must be made clear that the velues obtained when stirring
was listed as zero represented zero mechanical stirring by
the motor. There was another type of stirring inherently
present in the system, however, --that/of the evolution of
gas. This, of course, was small in reletion to the stirring
by motor but its effect never-the-less wes presenf. Thié
effect becomes evident when run 415g in Table VIII is com-
pared to 5801 of Table IX. In the former, platinized pleti-
num was used with .0540 grams of potassium and gave a time
of 32.0 minutes, while in the latter, rusted iron was used
with .0660 gram of potassium and gave a ﬁime of bnly 15.3
minutes. The reason for this appreciable difference in

time was due to the fact that the reaction with rusted iron
was more vigorous and the evolution of hydrpgen, therefore,
more effective, shortening the time. The stirring effect

of this gas evolution decreased in its intensitj as mechani-
cal stirring increased, the effect of it being negligible

in the region of 250 RPM.



The results of this work with both catalysts are
embodied in curves 1, 2, 3, and 4. In all cases, they showed
that an increase of stirring decreased time of reaction until
a minimum of time for a maximum of stirring was reached. The
slope of the curves shows that above approximately 250 RPM.,
an increase of stirring had no effect. This rate of stirring

Was; thereﬁore, adopted for use in all of the other determi-

nations

6/
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B. Determination of the Relative Catalytic Powers of a Series

of Catalysts

‘One of the prominent characteristics of a catalyst
is its- specificity, i.e., each catalyst possesses a certain
definite catalytic value towards a chemical reaction under
constant conditions. It was the desire of this investigation
to see just how a group of catalysts lined up in order of
activity in relation to this reaction. To do this an arbi-
trary set of conditions was selected and adhered to for each
catalyst, so that true comparisons of their relative cata-
lytic activities could be obtained. These conditions were:
Speed of stirring 250% 5 RPM., température of reaction
-3411.5°C., evacuation of the catalyst for one-half hour at‘
.02%.005 m. of mercury, and a sample of potassium of
.0055 % ,0005 gram. These conditions were followed in all
cases where it was possible to employ them. The results

obtained with all catalysts are presented in Table X.
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Table X
Relative Catalytic Powers of Catalysts

Number Catalyst Potassium Time of

of grams Reaction

run minutes
631c™ Platinized .0057 2.6

Platinum

576h Rusted Iron . 0057 2.9
602k .0054 3.1

558a Nickel .0058 21.0
676 . 0053 22.0
621 Pure Iron . 0050 44

622 .0051 44

507a* Smooth .0057 65

511 Platinum .0061 69

623 Zinc .0058 86

624 .0059 71

565 Silver .0054 252

567 .0059 245

555 Gray Platinum .0058 556

634 Tantalum .0056 >1000
. 642 Columbium .0058 »1000
620 No Catalyst .0051 $>1500

*The evacuation of platinized platinum and smooth platinum
was at 1 mm. and not at .02 mm. of mercury. For the former
of these two catalysts, it was necessary due to the del-
icacy of the deposite, to handle it with exceeding care.
This evacuation, therefore, could not take place in the
customary manner and was effected by the use of a desiccator
as an evacuating vessel, the pressure being read on a closed
manometer. The work on smooth platinum was accomplished
before this more drastic evacuation was employed.

All the columns presented in this table have occurred in

6ther tables and need no further discussion.
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In this table platinized platinum was given pre-
ference over rusted iron. The results show that the times
were so close that rusted iron may just as well have been
chosen to head the list as platinized platinum. Tantalum
and Columbium also were determined to have about the same
catalytic power and thus were listed together. The other
catalysts were more diversified in their activities and pre-
sented no difficglty in representing their relative powers.
The entire series of catalysts investigated can be lined up
in order of decreasing catalytic activity as follows:

(1) Platinized Platinum
(2) Rusted Iron
(3) Nickel
(4) Pure Iron
(5) Smooth Platinum
(6) Zinc
(7) silver
(8) Gray Platinum
(9) & (10) Tantelum and Columbium



C. Effect of Concentration of Alkali Metal on the Time of

Reaction

Previous work, presented in this paper, has already
indicated that with any one particular catalyst the amount
of time required to convert a given sample of alkali metal
increased as the weight of the sample increased. It is the
desire of this section to show just how the time of reaction
did vary with the concentration of the metal. This was done
in the following manner. Successive samples of increasing
weight were added and the corresponding times of reaction
obtained, froﬁ which it was possible to determine how the
time varied with weight of sample. It will be noticed that
welight of sample and concentration of sample are used to
denote one and the same thing; this is true because the
volume of liquid ammonia was the same in all this work, so
that a comparison of concentrations of metals is realy the
same as a comparison of weights of samples. The results of
three experiments using three catalysts are présented in

Table XI.

a?



Table XTI
Effect of Concentration of Alkali Metal

on the Time of Reaction

Platinized Platinum Nickel Rusted Iron
Run K Time Run K Time Run K Time
351 .0170 5.3 518 .0050 36 5954 .0304 6.0
352b ,0151 4,8 519a .0052 39 596e ,.,1910 9.6
353¢c .,0443 6.5 520b .0136 76 597f .0304 5.8
354d .0734 7.6 52lc .0330 133 598g .0057 3.1
355e ,1596 1l0.1 6001 ,0807 7.0
356f .,3261 13.7 601 .3260 10.8
357g .0299 6.0
344a .0212 4,9 523 . 0054 43 4724 .1328 9.2
345b .0416 6.0 524a .0055 44 472e .0860 7.8
346¢ .0587 7.0 525b .0138 75 473f .,2591 10.7
3474 .0942 7.9 526c .0420 155 475h ,0081 4,1
348e .1704 9.5
349f .,3000 11.7
350g .0388 5.7
359a .,0241 5.3 570b .,0301 5.5
360b .0448 6.5 571lec .,0057 3.0
36lc .0858 8.0 5724 .0163 4.2
3624 .1635 1l0.2 573e QB4R 6.4
36%e .3019 12.7 574f 1160 7.2

575g .3972 8.9
576h ,0057 2.9

This table has three sections, each representing the material
obtained with one catalyst. The first column in each series
presents the number of the run, tﬁe second the weight of
potassium in grams used in the reaction and the third the
time of reaction in minutes.

The material that the table sets forth shows that
as the size of the alkali metal sample increased, the time
of reaction increased. The curves, 6,7,8,9,10,11, and 12

which follow this discussion show that the rate of increase
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in the time for an increase in weight of sample was gradual,
each series of points representing a smooth curve. The one
curve presented using nickel as a catalyst is really two
curves superimposed upon each other. This is additional
support that at different times of work, evacuation made the
catalyst reproduciple. The curves using platinized platinum
and rusted iron do not show this constancy for in all these
runs as the catalysts had different deposites on them. How-
ever, the curves for both of these catalysts are very close
in the region of lowiconcentration, appreciable variation
only making its appearance in the region of high concentra-
tion. It ﬁill be noticed that the curves for platinized
platinum and rusted iron are similar in type, while both

of them differ from the type exhibited by those curves for
nickel. This is attributed to different orders of reaction,

the discussion of which appears later in this presentation.



AN DO ¥3ISST 8 1344n3A

e

Fpmbsyy 4 > ¥219 .1 ...0\10”
Pt

rof‘.\v.@wk %..a u:.;s\s
0rs

,,,,,,,

e
-~

N

~

(0]

giney

s - %h

SE#

2

>

~

e
@ e
g} For

I LY
o ~ o

se #
ok O K

9l
il

an
“oan

e
:_Q

.u"‘?}ta'."' y"ﬂtg !/ ‘3poC®

Sa

\ac /™

...,v\e‘. .‘4«.-3‘

{
A Qé-ai..«x.m vy

v !u\:wﬂ.ﬂakﬂ

ivk,!. u

+%4

.Sen\.édﬁ&,.

vxo,U B!

*uocf\\v

12430 11vp1d {.‘p Varf wip MU0



AN 00¥3SSI B3N PREMW ar 3 Yooy | [ 9(e0d wor4293) Wo OSRP
(2% 25" (2% i 09

L 1 1 22 ) 488 45 60 08 0 A H1H-HA i ! e

Ty

=g

C A T e R EERREERESRRRRSRERCRARH , ERSREIRE NRRER Rt senanaRey: wuEEARE

]

retop sy e £

o1y 1 3P

o«

; anm! muv. ; ,oi»a..ma T z
R e
| tehiosey 1ogoy . b
n- A4 Q ‘n\.\ﬂ\ \\&W\n, w.nmt...\\w{* b C .\QV - rww_.ﬁ.u& um.a. dx§

f""'\‘ w22 wo'D

v ns.

-~

S
~

5 ""°'l€010' {’ r’



AN 00 MISSH 1IN dfwkigy | = *\viﬂ /

44

o)

AL

vorpaesy o ami)
o7

{

OQV’

..........

S
-~
~

] , \\\\
‘

O1fPAYMID U
o fien

.

.a

>
o~

[ B3y 191

_______ : ol
L
ol »
1 o
H
o
A
y
e
X ¥9%s -gocs #H# T1 344my ac.,..
W YSth- Pk B 11 daampy n.m
© ﬂ%\ﬁ ..T.wmh # o1 :_.\30 . W
Em\ﬁ&.,.@ Prsmy ,
Sy (83 17 £ i i.\.,;u wa amiy




23

\

D. The Relative Reactivities of Potassium, Sodium and Calcium

In the introduction of this thesis, it was suggested
that should the products of reaction of these alkali and al-
kaline earth metals be of no influence on the reaction that
the times of reaction of these metals in equivalent amounts
should be the same. On the other hand, should the products
exert influence, the times of reaction for equivalent amounts
would be different. It is the purpose of this topic to show,
first that under certain conditions imposed upon the system
the three metals reacted identically and, second that without
these conditions that they reacted differently.

(1) Identical relative reactivities of potassium, sodiﬁm
and calcium.

The condition which was imposed on the reacting
system in order to prove that the relative reactivities of
these three metals were identical ngwthe use of an agent
which offset theﬂinjuriousreffectsrgf the amides of sodium
 and calcium, - This ageanwas potassiﬁm amidé;a The.oomparison
between these metals was carried out‘in this way. The scheme
entailed the conversion of'é relatively large amount of
potassium to potassium emide. With this in solution the -
sampleof potassium to which equivalent amounts of sodigm_
and calcium were to be compared was then intiqdﬁced7andip .
fimes of reaction determined. Succéséivé éepafate'sémpies
of sodium and calcium were then’addéd and times determined.

In this manner, the time of reaction to be used as definite



evidence whether the three metals in equivalent amounts were

reacting identically.

The table embodying the results obtained with the
use of two catalysts, platinized platinum and rusted iron is

now givens.

Table XII
Series Run Catalyst KNH2 X Na Ca Time
1 434c Platinized 2.67 16 1.9
4354 Platinum .16 , l.8
2 439¢ Platinized 2.01 .14 2.3
4404 Platinum <14 2.3
44]1e .14 2.5
3 701 Platinized 2.20 >30
702a Platinum .. 2.05 »>30
703b 15.6 42
704c 2.36 14.0
7044 18.1 2.20 13.9
705e 2.19 18.3
4 659b Platinized 3.85 10.1
660c Platinum 3.90 9.9
661d ' 15.4 3.90 13.0
662e 385 ; 13.6
6634 3.92 el 14.2
664e 3.90 13.8
5 616e Rusted Iron 1l6.4 .13 2.7
617t .12 2.8
6 648¢ Rusted Iron 16.7 ol4 346
650e 13 3.6
651t .46 5.4
652¢g 44 5.9
653h 44 5.2
6541 2.53 9.0
655 2.43 15.4
656k 2.52 ' 8.9
7 668c Rusted Iron 11.4 2.14 7.6
669d 2.19 9.5
670e 2.13 7.8
671f 2.12 7.3
672g 2.15 7.4
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The first column in Table XII presents the series number.

The second and third columns present respectively fhe run
number and the catalyst used. The fourth presents the amount
.of potassium amide in millimols present in solution. This
?alue is placed Oppoéite to the run in which it was present
at the start. The fifth, sixth snd seventh columns present
respectively the amouﬁtsrof potassium, sodium and calcium in
milliequivalents used in fhe reaétion. ’fhe last coluﬁn gives
the time of reaction in minutes. All variables, such as the
behavior of the catalyst, temperature of the reaction and
speed of stirring were maintained constant.

In Taeble XII several series of runs using each
catalyst are given. These individual series will be given
separate discussions, In the first series, samples of potas-
sium and sodium were introduced into a liquid ammonia solution
containing 2.67 millimols of potassium emide. These metals
gave the same times of reaction. The second series was al-
most identical to fhe first series énd established that these
metals Teacted in the same}time. The third series employed
a different preliminary procedure. Instead ofbhaving an ex-
cess of potassium amiderin solution prior to the comparison
of metals, a calcium sample was initially introduced. This
proved to be a slow reaction and never finished. Samples of
potassiun, equivalent to 18.10 millimols of potassium amide
were then added to this unfinished reaction. The table
*Shows that all this potassium4plus.what remained of the cal-

cium reacted in 42 minutes. Comparison samples of potassium
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and calcium were then successively added and required the

same time to react. An additional calcium sample took approx-
imately 5 minutes longer than the previous calcium sample.

The reason for this time difference and an explanation of

the whole run will be presented in a discussion following

the presentation and discussion of different relative reac-
tivities of potassium, sodium and calcium. In series four,
the normal procedure of having an excess of potassiuqhamide
present was again used. The first two runs established the
time required for approximately 3.9 milliequivalents of potas-
sium to be 10 minutes. An equivaAlent sodium sample was then
added and a time of 13 minutes was recorded. Successive
equivalent samples of potassium and calcium also gave time
values varying from 13 to 14 minutes. It will be noticed

here that the samples of potassium and calcium following the
sample of sodium check the time of that sample but that the
potassium values are 3 to 4 minutes higher than the two ini-
tial equivalent samples of potassium. These discrepancies
will be discussed later.

In the fifth, sixth and seventh series of this
table, similar work on the reactivities of potassium, sodium
and calcium were cerried out using rusted iron as a catalyst.
The procedure presented under potessium was employed in ob-
taining this data. 1In series five, the resﬁlts clearly show
- in this solution containing 16.4 millimols of potassium amide,
that equivelent amounts of potassium and sodium reacted ident-

ically. In the first portion of series six, the same thing
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is true. In the latter portion, it will be noticed that the
sodium sample in 655 reduired more time than its comparison
samples of potassium. This will be discussed later in this
section, elong with an example of the same type that took
place in series seven. The lasf runs of each of these two
series were made to check on the behavior of the catalyst
and to determine whether the potassium samples were reacting
normally. The data shows that times of both of these were
identical to previous values. All other values in this series
strongly support the contention that the relative reactivities
of the metals are the same.

(2) Different relative reactivities of potassium, sodium
and calcium

Having just presented evidence that equivalent

amounts of these metals react in the seme time in the presence
of excess potassium amide, it is the purpose now to show that
these metals in solutions of only their own emides possessed
different relative reactivities. The procedure for doing
this is illustrated in the following description. In compar-
ing these metals, it was necessary to adopt an arbitrary
size of sample for‘each comparison. Because of the slowness
with which sodium and calcium reacted, it was advisable to
use small samples. For each catalyst, each one of these
semples was uéed in an individuai‘reaction and their times
of reaction were taken as'a criterion of their relative reac-

tivities. Table XIII illustrates the results obtained.



Table XIII
Different Relative Reactivities

of Potassium, Sodium and Calcium

Number Catalyst Potassium Sodium Calcium Time of
of milli- milli- milli- Reaction
run equivalents equivalents equivalents minutes
632 Platinized 2.45 10.3
695 Platinum 2.55 14.0
701 2.21 >100
573e Rusted Iron 1.65 6.4
678 2.35 56
686 2.29 >100
538 Nickel .15 - 22
528 o1l 360

The third, fourth and fifth columns of this table contain
respectively samples of potassium, sodium and calcium in
milliequivalents used in the reactions. All other columns
are familiar to the reader, as the headings in them haﬁe
been presented many times previously.

With each catalyst except>nickel in Table XIII the
reactivities of potassium, sodium and calcium have been de-
termined; with nickel, only the first two metals were used.
The results of the metals are grouped for each catalyst so
that a comparison can easily be obtained. It is concluded
from thié work that the relative reéctivities'of equivalent
amounts of the metals, in éolutions.of tﬁeirvrespective amides
are différent for each catalyst and stand thus in order of

decreasing reactivity, potassium, sodium and calcium. With

rusted iron, there is a greater difference between potassium

73



74

and sodium than with platinized platinum. With nickel, these
same metals gave decisively different times of reaction. The
calcium runs for platinized platinum and rusted iron do not
lend themselves to any comparison of this kink, és Eoth were
so slow that‘they did not finish in 100 minutes. The author
would like to point out that the differences between potassium
and sodium in runs 632 and 695 is misleading as it might sug-
gest that the reactivity of sodium closely approximates thet
of potassium. Successive samples of sodium (not shown here)
following run 695 showed that the reaction slowed up gradually,
‘the first successive sample of the same weight requiring
135 minutes and the second never finished at all, thus indi-
cating that whatever was causing the depressing effect on
the catalyst was increasing as the amount of sodium added to
the solution was increased. This was attributed to be sodium
emide. It is now advisable to axamine the reasons why the
reactions of sodium eand celcium were depressed by their amides
and why excess of potassium amide allowed normal activity
of catalysts and the same relative reactivity of the metals.
It is postulated that the differently soluble amides
of sodium and calcium depresse& their respective reactions
due to their forming a coating on the éatalySt thereby shutting
- 'off catalytic action. As these reactions progressed, the in-
fluence of the amides gradually incfeased as borne out by the
sodium run cited in the previous paragraph. If this concep- |

~tion of the depressing effect of these amides is correct, the



~ removal of them from the surface of the catalyst should allow
normal activity. This has direct experimental support in the
calciﬁm runs 701 to 705e in Table XII. To bring out this
point, a few of the main features of these runs will be re-
peated. The first sample of calcium produoéd enough Ca(NHp)so
to shut off a portion of the catalytic power of the catélyst
as shown by the failure of this run to finish. In runs

702a and 703b, sufficient potassium equivalent to 18.10
millimols of KNHZ were added and nullified the effect of the
Ca(NHz)z. The comparison samples of‘potassium and calcium
next added gave identical times. Thus, in this run, it can

be thought that the Ca(NH was coated on the catalyst and

2)2
the activity of the latter depressed. The KNHz then removed
the Ca(NHg)g, by a process which will now be presented.

The manner in which the KNH2 is though to offset
the deleterious effects of the amides is by combining with
these two differently soluble compounds in forming more sol-
uble complexes. Frankl:in:31 has shown that a mixture of potas-
sium amide and sodium emide, in liquid ammonia, forms a com-
plex more §oluble than the sodium amide, which after crystal-
lizetion conforms to the formula NaNH292KNH2. He also has
found that analogously Ca(NH2)2 forms with KNH, the compound
Ca(NH2)2°KNH2. Definite solubilities of these compounds are

not known; qualitatively they are said to be more‘soluble

than the amides from which they are formed. (n the basis of

these facts, it is postulated that the sodium and calcium
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amides were removed from coating the catalyst by the inter-
action mentioned above and allowed the catalyst to function
normelly. The author would like to point out here that all
solutions in which these relative reactivities of potassiumn,
sodium and calcium were determined, had variable amounts of
these complex amides which were not in solution, depending
on the amounts of the various metals used.

As mentioned in the previous paragraphs, some of
the results gave discrepancie§ in time wvalues. It is the
purpose now to show that some of these results can be ex-
plained on the basis of the theories presented while others
do not lend themselves to plausible explanation and do not
support the theories advanced. For instance, the runs 704d
and 705e of Table XII indicated that as the Ca(NH,)s, in-
creased, due to these‘two fairly large samples of calcium
successively added, the difference in time was approximately
5 minutes. It appears that as the Ca(NH2)2 increased in
amount, the efficiency of the catalyst was reduced. In runs
655] and 669d in the same table, this appears true of the
sodium runs. This behavior was not always the same however,
for in 655j the sodium run was long while the successive
chéck by potassium was normal. This was true also of runs
670e to 672g. These two cases were different from the one
in 661d and 662c where the potassium and calcium samples, in-
stead of returning to check the normal value, maintained the
same value that sodium gave. In these cases where values

obtained were longer than normel times, the author can only



say that the efficiency was somehow reduced by the presence
of large amounts of sodium or calcium amide. In run 695,
TablelXIII, it will be noted that the time values for sodium
approximate that oprotassium, while in 678 Wiﬁh‘another
catalyst, the times fof potassium and sodium under the same
concentrations. The author is unable to account for this
variance in behavior. It is altogether possible that the
catalyst enters here in some manner not kndwn. It cannot be
explained on basis of solubility for under the conditions in
673, the same résult was not obtained. It has already been
mentioned that the successive sodium values(not shown) that
followed 695 required progressively appreciably longer times,
the second taking 135 minutes and the third, never finishing
at all. It is also pertinent to note that the addition of

very large samples of potassium were never able to speed up

the reaction.
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E. Order of Reéction

The importance of order of reaction in heterogen-
eous catalytic work was alluded to in the introduction. Sup-
lementing this, it can be said that this importance lies in
the fact that a knowledge of an order of reaction is not
only essential for determining the rate of reaction but it
is helpful in adopting & mechanism by which a reaction takes
plase. It was for these purposes that the order of reaction,
for various catalysts employeq in this reaction, was measured.

(1) Procedure employed in the determination of order of
reaction.

The general procéedure employed in this work was
one involving the collection of one of the products of reac-
tion, hydrogen. From this, by combutation, a measure of how
far the reaction had progressed at a certain time interval,
could be ascertained. The two methods used for this gas col-
lection are given below.

() One method employed was to collect the hydrogen from one
sample of potassium at definite intervels of time, the gas
correspbnding to each interval being collected in one of the
collection tubes in Figure 3. Gas analysis, by the Hempel
explosion method was performed separately on each of these
samples. Knowing the initial amount of the alkali metal and
being able to calculate the amount of this metal, from the
gas analysis, at various stages of the reaction, it was pos-

sible to determine, by substitution of the values of time
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and weight"of metal in the various order equations such as
zero, first, second, et cetera, a series of reaction constants
for a complete run. The equation which the data fitted thus
gave the order of reaction for this reacfion.
(b) The second method used included the work of two succes-
sive runs. In the first run, a small sample of alkali metal
was introduced and the hydrogen collected for a definite
time interval. In the second run, a successive sample of
larger size was used and the hydrogen collected for the same
time interval. Experimental data of this type was of use
in determining order because it has already been established
that in a'zero order, the rate of reaction is consfant over
a period of time, that in a first order reaction the time
taken for a given fraction to react is independent of the
initial concentration, that in a bimolecular reaction the
time teken for a given fraction to react is inversely pro-
portional to the initial concentration, that in a termolecular
reaction the time faken for a given fraction is inversely
proportional to the square of fhe'ihitial‘condéntration, et
cetera. |
(2) Experimenfal results

Order of reaction, for this reaction between potas-
sium and ammonia, were determined with four catalysﬁs, plati-
nized platinum, rusted iron, nickel and smooth platinum by
the methods prescribed. The results of each will be presen-

ted separately in the order given.



Table XIV
Order of Reaction Using Platinized Platinum

Run K -~ Time Hp H K Fr. K Const,
Total Int. Theory Coil. Reacted Reacted x 10

3544 .0734 6.0 21.0 19.2 ,0670 .913 38.3
355¢  .1596 . ‘45,7  41.2  .1438 .901 38.5

118.8  17.6 L0616  .934  40.6

0
405e  .0659 5.5
5 50.9 29.2 .1018 .945 52.8
0
0

6
5
406 1077 5
4
4

29,1 22.1 .0780 «759 36.5
79.5 54.7 <1937 .688 30.0

221 .1016

2228 2775
Table XIV presents in the first column the number of the run,
in the secdnd column total potassium in grams used in the re-
action, in the third the time interval in minutes in which
hydrogen was collected, in the fourth the theoretical hydro-
gen for the completed reaction, in the fifth the volume of
hydrogen in cc. at N.T.P., which was collected in the time
interval, in the sixth the potassium in grams reacted in the
time interval equivalent to the hydrogen collected, in the
seventh the fraction of potassium which had reacted during
thé time interval (fraction is equal to weight of metal re-
acted divided by semple weight), &nd in the ninth the constant
of the reaction obtained by substitutiné the necessary experi-
mental values.in the first order equation. All Variable,
other than concentration of alkali métal, were held éonstant.

With all of these experiments, it can be clearly

- seen that regardless of the size of the sample, approximately

Pl

14

the same fraction of it was converted in the same time, thus
determining,with the aid of laws presented, the order to be

first. With these same runs, the data was substituted in the
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first order reaction equation
A= Ll
where k is the reaction constant, t is the time of reaction
in minutes, a the initial amount of potassium in grams and
x the amount of potassium in grams used up in time t. The
constants show very good agreement and lend support to the
statement that the reaction proceeds as a first order. It
will be noted that constants for the firsgrgeries of runs were
different. This can be attributed to the fact that these
catalysts had different deposites on them. It was also
true that the deposite for the third series of runs was not
the same as for the others but coincidentally was of about
equal power to the first. This concludes the work on plati-
nized platinum and will be followed by similar work on
rusted iron, in which identical procedure wor this determi-

nation were employed. The experimental material is presen-

ted in Table XV.

Table XV
Order of Reaction Using Rusted Iron

Run K  Time H H K  Fr. K Const.
Total Int. TheBry Cofl. Reacted Reacted x 1072

24.6 22.1 .0773 .898 45.8
74.2 66.7 « 2330 .899 45,9

472e 0860
473 2591

0

0

0 41.9 40.8  .1422 .972  59.2
615d 3216 0 92.1 87.6 .3060 .954  50.4
0 22.8 21.9 .0774 .960  63.9
0

6001  ogo7
93.4 82.4 .2875 .882 42.8

5
5
6ldc 1464 6
6
. 5
601 3260 5
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The column material presented in this table is identical
in type with the previous table. The computations arrived
at in completing. this table are the same as were used in
the platinized platinum work.

Anelogously the results showed that the reaction
between potassium and liquid ammonies was first order. As
with platinized platinum, the constants show dissimilarities
when different series are compared and, like this catalyst,
the dissimilarities were due to different deposites. In the
third series of this table, run 601j, it will be noticed
that the second constant was appreciably lower than the first.
This is easily explained in that all the gas for that five
minute interval vould not be swept out due to the rapidity
with which it was forming at the end of that interval, hence
less hydrogen was collected than should have been. The re-
action constant for the second run of this third series is
therefore low. An examination of the equation will show that
the less hydrogen collected the larger is the denominator of
the fraction and hence the lower the constant.

Before the additional experimental results are
presented on order of reaction with other catalysts, the-
writer deems it advisable to present a general discussion
supplementary to the conclusions drawn from the work on
platinized platinum and rusted iron. In the reaction between:
liquid ammonia and potassium, there are two reactants which

are changing concentration, potassium and ammonia. However,
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only potassium changes appreciably, as the mols of ammonia
present are at least some twenty times more than the mols

of potessium. Hence it can be said that the ammonia, for all
practical purposes, is constant and offers no influence on
the reaction. Another factor which also must be considered
in this respect is the presence of the catalyst. This, too,
was constant in all cases. If all these variables such as
time, potassium, ammonia and catalyst were considered, how-

ever, the proper equation of first order is
, ‘  a

:/k, = ZZ/: ’&M;x
- All parts of this equation have been presented éxcept b and
¢ which respectively represent the concentration of ammonisa
and catalyst. However since b and ¢ were constant in this
work, the equation suitable for use here is best used with
these terms concerned about relative constants of reaction
than it was about absolute values and k gave these as well
as k'. |

The results of order of reaction determinations
with nickel fere obtained by the employment of both methods
as described in the beginning of this section. Table XVI
presents the results obtained by the use of method (a). One
experiment using method (b) will be presented following the

discussion of the results included in the table.
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' Table XVI
Determination of Order of Reaction with Nickel
Number Potassium Hg collected for interval Hy
of grams of 30 minutes in cc. N.T.P. Theory
ran @000 memeemmeeeeeeeeeeeece—c——eo- cc. N.T.P.
1 2 3
5224 .6104 8.9 8.0 7.6 174.9
5274 .6012 7.5 7.7 7.3 1l72.2

The central portion of this table rébresents the volumes of
hydrogen coliegted;fqr tﬁg %ime intervals stated. The cata-
lyst in both cases was evacuafed and allowed.to sfand one-
half hour at 1 mm. of mercury. Stirring and temperature
were the same for all experiments.

The limited work done on this catalyst was indica-
tive of the fact that the reaction between potassium and
ammonia with nickel catalyst was of zero order. This indi-
cation is drawn ffom the gas collection which showed that
approximately the seame volume of hydrogen came off the reac-
tion for each interval of time. The additional determination
made with nickel is now presented. This involved the use
of method (b). In run 529, .1303 gram of potassium was
used and 16.1 cc. hydrogen at N.T.P. were collected while
in run 530, 1.0483 gramé of potassium were used, 25.6 cc. of
hydrogen at N.T.P. being collected. This work showed that
éhe first order of reactioh was not in operation for this
order would have given 129.5 cc. of hydrogen at N.T.P. for

the second sample. This work also showed that the zero



order was not strictly in operation either, as the same vol-
ume of gas would have been obtained in both cases. The re-
sults indicafe, however, that the order more closely approxi-
mated zero order than it did the first, and in addition in-
dicate that some order between zero and first could have
been in operation. In respect to these different orders,
the following cases can be visualizeq. If the concentration
is high enough, in relation to the active portion of the
catalyst, the latter will be completely and continuously
saturated and the rate of reaction will be constant, i.e. a
zero order. If, however, the concentration is low enough so
that the rate is proportional to the concentration, the or-
der will be first. If the concentration is moderate, the
rate of reaction will be proportional to some fractional
power of the concentration and a fractional-power order will
be obtained. The order determination for smooth platinum

will now be presented in Table XVII.

Table XVII
Determination of Order of Reaction

with Smooth Platinum

Number Potassium H, collected for interval Ho
of grams of 60 minutes in cec. N.T.P. Theory
run 0000 memeem e e cc. N.T.P.
1 2 3
641 .8630 4.4 4.9 4.4 247.0

This table is constructed in the same way as Table XVI with

one exception--60 minute intervals were used instead of 30.
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The few intervals over which gas was collected in-
dicated a zero order in this reaction. However, due to the
limited work accomplished, this result is only indicative

and not conclusive.
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F. Mechanism of Reaction

In the introduction of this thesis, an example was
_advanced to show how the-reaction between potassium and am-
monia was brought about on the surface of a catalyst. In it
one atom of potassium was conceived to react with one mole-
cule of ammonia, forming one molecule of potassium amide and
one atom of hydrogen. This was only an illustration and as
such it served its purpose. The author has no experimental
evidence to show that the reaction proceeded by such a mecha-
nism.

The order of reaction measurements with the rapid
catalysts, platinized platinum and rusted iron, showed that
potassium and ammonia proceeded as a first order reaction.
With these same catalysts, it was also shown that potassium,
sodium and calcium reacted identically in a system where the
depressing effects of the amides of the two latter metals
were rectified. It can be inferred, then, that in such a
system sodium and calcium also would exhibit first order re-
actions with ammonia. Such being the case, it seems apparent
that the individual characteriétics of these metals were not
determining factors in the reaction. Something, therefore,

common to all these reactions was the determining factor.

Kraus has already postulated that the free electron is that
factor and presents the following equation which is set up
to illustrate the mechanism by which the reaction proceeds.

€™+ My —> NH, + + M,
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where the free electron €~ comes from the metai in the fol-
lowing manner | |

. ﬂ4;i/M++6-
This mechanism can be postulated for the reaction only on
the assumption or on the proof that the ammonia, amide ion
and hydrogen relationships with the catalyst are of no con-
sequence. The potassium amide and the amides of sodium and
calcium under the proper conditions have been shown to have
no influence by this work. From this it seems logical to
state that the metal ions and the amide ions had no influence.
A;What parts the ammonia and hydrogen played are not known.
Thé author, however, believes that the adsorption of ammoniea
(if it is adsorbed) or its decomposition into ions,

VM, = VA~ + 8T |

could not be determining factors as it is inconnéivable that
either of these two processes would proéeed as fifst order
reactions, and to be dominating‘féctors in this reaction they
“wonid have had tp‘go by this process. Analogously, it is
believed that the.rate of desorption of hydrogen from the
catalyst did not proceed as a first order reaction for if
it did, then ifvin itself was not the determining factor as
its rate would be proportional to its concentration and this
very concentration of hydrogen would be proportional to the
amount‘of the alkali metal present, so the metal and not
hydrogen would be the determining factor. The exemination
of all these views and facts leads tné author to state that

the mechanism could be either that postulated by Kraus,



given in (1) or by the author in (2).
(1) e~ +A/N3 —> W1, 2 N,
(2) e + N+ —5 LM,
The free electron ¢~ in both equations comes from the metal
= M’ re~
The hydrogen ion in (2) comes from the ammonia equilibrium
/I//Js":_“ Wil,” + 17

There is no evidence at hand for the author to state which
of these two mechenisms is in operation and therefore he
presents both as possibilities. The author prefers the equa-
tion presented in (2) as it is believed that the ammonia de-
composes into amide and hydrogen ions before reacting. These
mechanisms were mainly derived by the use of the experimental
evidence obtained with the fast catalysts. It is believed,
however, that they apply to the slow ones also, even though
these catalysts exhibited something approximating a zero
order. It is postulated that whichever reactant in the above
mechanisms is the determining.factor, this factor s6 complete-
ly saturates the active portions of these slow catalysts that
an approximate zero order is exhibited. So far the discus-
sion presented has given no prominent place as to what part
the catalyst played in this mechanism. A brief discussion
of this is now given.

It has been definitely established in heterogeneous
catalysis that at least one of the reactants of a reaction
must be adsorbed on the catalyst. In each of the two mech-~

anisms advanced, two reactants are involved. Along with not

£7
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being able to postulate which is the true mechanism due to
lack of experimental evidence, the author is also unable to
postulate which one of the two reactants is adsorbed. It is

not inconceivable that both are adsorbed.
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v CONCLUSION

A. Summary

The following general conclusions, drawn in this

work, are grouped under apparatus, catalysts and the reaction.
(1) Apparatus

The apparatus employed was found to be applicable
for the pursuance of this work, as it could be operated as
a strictly anhydrous system, it allowed gas collection very
closely approi;mating the theoretical and in general was
amenable to thé discharge of fhe functions for which it was
constructed.

(2) Catalysts

(a) The catalysts, under proper treatment of evac-
uation were of constant activity and of reproducible behavior.
Without treatment they varied widely in their activities

(1*) Explanations were advanced to explain the
variability due to lack of evacuation and the consténcy
due to it.

(b) The catalytic powers of a series of catalysts
were investigated and their activities, in relation to this
reaction, evaluated. They possessed this order of decreasing
activity:

Platinized Platinum
Rusted Iron

Nickel

Pure Iron

Smooth Platinum
Zinc

Silver

Gray Platinum
Tantalum and Columbium
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(3) The Reaction | ) |

(a) The ﬁydrogen from the rééction proved that the
reaction went to compietion. In addition, it showed that
the catalysts adsorbed no appreciable amounts of this gas
and thaﬁ the main reaction was unaccompanied by side reactipns.

(b) The products of reaction had the following in-
fluences:

Potassium Amide; no effect

Sodium Amide; slowed up reaction

Calcium Amide; slowed up reaction

Hydrogen; effect undetermined
A procedure was used that eliminated the effects of the sodium
and calcium amides involving the use of potassium amide. Ex-
planations were also advanced to show why the sodium and cal-
cium amides produced their effécts and why potassium amide
eliminated these effects.

(¢c) The time of reaction was effected by the rate
of stirring, and increase of stirring decreasing time of
reaction. ‘Timé of reaction--rate of stirring curves are
presented to show this influence.

(d) The time of reaction was effected by the con-
centration of the alkali metal, an increase of concentration
increasing time of reaction. Time of reaction--concentration
of'metal curves are presented.

(e) The relative reactivities of potassium, sodium

and calcium were determined. For platinized platinum and

- rusted iron, these metals in equivalent amounts in a solution



of excess potassium amide gave identical times of reaction.
These metals when tested in solutions containing only their
respective amides gave different times of reaction. With
nickel and smooth platinum determinations, similar to the
ones in the preceding sentence, were carried out with the
results that all the metals géve decidedly different times

of reaction. No work with the latter group of catalysts

was accomplished in the presence of excess potassium amide

to see if, under such conditions, the reactivities would be
the same. Where the three metals reacted differently, the
order of decreasing activity was potassium, sodium and cal-
cium for all catalysts. An explanation why the excess potas-
sium amide allowed the reactions to procede in the same times
is advanced.

(f) The order of reaction was determined in the
presence of platinized platinum, rusted iron, nickel and
smooth platinum. The reaction for the former two catalysts
proceeded as a first order reaction, while the same reaction
with the latter two indicated a zero order.

(g) Two mechanisms were advanced for the reaction
of the alkali and alkaline earth metals with ammonia in the

presence of catalysts. They are:
(1) e~ + 'VN3 —> MW, o+ = N,

(2) e + NT — AN
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B. Suggestions of some Future Problems in the extension of

this work

1.
2.
Se
4.
S.
6.

The sintering effect of temperature on these catalysts.
Poisons for these catalysts.

Adsorption measurements on these catalysts.

Effect of temperature on the reaction.

Effect of more intense evecuation.

Extension of work on order of reaction using smooth

platinum and nickel.



1.
2.
3.

6.
7.

8.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
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