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GENERAL INTRODUCTION.

The actual mechanlism by which chemical change occurs
presents one of the most fundamental problems in chemistry.
As a typical and simple illustration, the union of hydrogen
and oxygen to form water may be considered. It 1s known
that these gases, in the free state, consist normally of
diatomic molecules, which may react to form water. At
ordinary temperatures the two gases react very slowly
indeed, and may be kept together indefinitely without any
measurable amount of reaction. At high temperatures
reaction is very rapid, while slow fofmation of water can
go on at intermediate temperature ranges. It might be
supposed that reaction occurs when two molecules of
hydrogen come into contact with one molecule of oxygen and
produce a certain energy of impart. There exists,
however, a very similar gaseous reaction, that between
nitric oxide and oxygen to form nitrogen peroxide; the
speed of this reaction is very great in temperature ranges
in which the union of hydrogen and oxygen is immeasurably
" slow. This suggests that the occurrence of normal
molecular encounters is by no means the only condition which
has to be fulfilled, but that these encounters must be
between molecules in an energised or active form. Active
molecules may .be brought into being by an increase in the

- total energy of the molecule, or by a re-arrangement of
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the existing energy. This latter change is brought
about most readily by the introduction into the gaseous
system of a.solid or liquid surface.

It has long been the fashion to class as “Surface
Reactions  a very large number of chemical actions which
proceed at the interface between two phases. The great
me jority of catalytically influenced reactions are of this
type, and their mechanism remains very obscure, despite
the large amount of work which has been done on the

problem. It 1s common practice to write such equations as
Ni ar 200'C

CO,+ bk, = CH, + 21,0

wlthout any consideration of the actual reaction mechanism
involved. Taking the equation above at its face value,
1t will be seen that a simultaneous reaction between five
molecules 1s suggested. This is unlikely, and it 1s usual
to suppose that the equation above merely represents the
end stages of a series of simple bimolecular reactions,

in which the carbon dioxide'is reduced first to carbon
monoxide, then to formaldehyde, and so on. Such step
reactions are possible under the conditions of experiment,
but no experimental evidence of their occurrence is to be
found. If it is desired to produce measurable quantities
of such intermediate products as carbon monoxide, then

different catalysts and/or conditions must be chosen.
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Were the reaction of a type which is taking place
in an homogeneous medium, it would be easisr to determine
the order, and hence suggest the mechanism of the reaction.
Where a second ﬁhase is present, evidence of the order of
reaction will be distorted by several causes, to be
discussed later. Other physical constants of reaction,
such as the Heat of Activation, may also be affected by
the introduction of a surface, and so rendered useless as
a gulde to reaction mechanism.

There is no doubt that the surface on which a reaction
occurs exercises a profound influence over the course of
the change. It appears that the active surface prepares the
molecule in some specific way for reaction, either by an
increase in energy, or by some particular orientation which
facilitates specific chemical change. If it were possible
to measure this molecular change in some way, a guide to
reaction mechanism might be obtalned. The measurement
of adsorption at an active surface has always seemed to be
of particular interest in this connection, but until
recently has been restricted to comparatively low
temperatures, far removed from actual reaction ranges,
and the results have been of little vslue. With the
recognition of the so-c2lled Activated Adsorption occurring

at much higher temperatures, the rance of these
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measurements has been considerably widened, and work on these
lines will be described in the following pages.

Whatever the mechanism by which the molecules are
activated by the surface, or the manner in which they are
held in its proximity, it is certain that reaction is
determined by the nature of the adsorption layer.
Conceptions of the nature and thickness of the adsorption
layer have been changing, followlng the work of Langmuir
and others. In the present work attempts will be made
to‘correlate experimentél results with these various
hypotheses.

It appears, then, from this brief review, that
information as to the mechanism of a surface reaction may
be gained from consideration of the order of the reaction,
its physical constants, and the phenomenon of adsorption.
It must be remembered that all these factors can vary very
widely in heterogeneous systems, and for this reason
experimental‘conditionsvshould be varied as widely as
possible. The writer has for some fime been interested
In the mechanism of reduction of the ox¥ss of carbon,
and the work with which this thesis is concerned deals

with this reduction, as it occurs at catalytic surfaces.



THEORETICAL DISCUSSION.

When considering the mechanism of any chemical
change, it 1s necessary to classify it, if possible,
as a simple or as a composite reaction. Composite
reactions are those which may be resolved 1nto simpler
steps, representing intermediate stages in the complete
reaction. The formation of ether from alcohol by means
of sulphuric acid may be taken as an example. The

chemical change represented by the equatlon
2 C,_H_;OH QCCsz)ZO +H,0

may be written as the two successive simple reactions
C.HOR+R, 50, >, 1, 1{SO +HR,0
C.H;HSO,+C,H,0R1 — (¢, H,), 0+H, 80,
These simple reactions have been shown to meke up the
first composite reaction.

Those reactions which cannot be resolved into
simpler components are simple or elementary reactions.
They are generally of a bimolecular order, and are
either additions or substitutions. These simple
reactions are not so numerous as has been supposed in

the past. For instance, the reaction between hydrogen

and chlorine, being almost entirely inhiblted by



6.

intensive drying, is probably not a slmple substitution.
This concluslon would hold even if the doubts cast upon
the mechanlsm of the inhibition by Bernreuther (Sitz.
Ber. Preuss. Akad. Wiss. 1933. VI) are justified.

Thls worker has suggested that traces of volatlle drying
agents were actlng as inhibltors. These could only be
attached to certaln energlsed molecules, which must have
abnormal properties.

It 1s probable that all reactions require some
definlite state of energy in the molecules undergolng
change, and that no reaction can occur until a definite
energy level is reached. On this basis, 1t may be
argued that no simple reaction e occur, and that even

the simplest reaction is of the type
A+A>5> AL AL+B=3 AB+A: A+A2 A

and so on, certaln gquanta of energy belng handed on in
chain fashion. If, in the reactlon above, the energlsed
molecule is taken up by an 1nhiblting molecule, then no
reactlion will occur. The problem 1s not slmplified by
the fact that many reactions can occur in two or more
ways. As an example, the union of hydrogen and 1odine,
or its reverse, the decomposition of hydrogen lodlde, can

both be simple reactions. Bodenstein (Zeit. Phys. Chem.
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1899. 29. 295), as far back as 1899, showed that
both were simple bimolecular types under the experimental
conditions employed. Later, however, Taylor (J. Phys.
Chem. 1924. 28. 984) investigated the course oflthe
reaction over a wider range of conditions, and found
abundant proof that interaction could occur on a surface,
and in these circumstances did not exhlbit the character-
istics of a bimolecular reaction.

Consider the ordinary uni-molecular reaction.
Let Q be the concentration of the reactant at the
beginning of the reaction, and let (Q—~7{)be the concentra-

tion after a time ¥ .

Then %% =k(Q—X) whence kt:loa-a%;.

For a bi-molecular reactlon, with equivalent quantitles
of both reactants inithlly present
ax 2 . ==
- k(q —x) , whence kt-o a(a_x) .
If the time of half chmnge is l s then for the unl-

molecular reaction FT—— Kk loa 2 , and for the bi-molecular
type FTd~ .

Thus, for the first type, thevtime of half change 1s
independent of the initial concentration, while for the
Second type, the time of half change 1s inversely éroportion-

81 to this concentration. In general it may be shown that,

In a reaction of the order N, the time of half change 1s



inversely pr0portional © the I‘Q—\th power of the
initial concentration. For example, the thermal
décomposition of nitrous oxide is bi-molecular, while
that of phosphine follows the uni-molecular law, as

will be seen from the following figures (Hinshelwood,

p. 42).

- Decomposition of Nitrous Oxide.

Initial Pressure.(m.m.) Half Change Time.(secs.)

296 255
139 470
53 860

-Decomposition of Phosphine..

Initlial Pressure. (m.m.) HalfVChange Time. (secs.)

707 | 84
79 84
38 o | 83

It will be realised from the above considerations that

Investigation of the rate of change at any one particular
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temperature may iead to a éorrect formulation of the
mode of reaction. The velocity of chemical change,
however, changes very markedly with temperature.

It has been found empirically that the variation of

veloeclity with temperature can be expressed by the

dllogR)_ _E_
dT RT*
If now, for any reaction, the logarithm of the veloclty

equation or, integrating 109 K= C"—R—E}:
constant, which may be taken as proportional to the time
of half change, is plotted against the reciprocal of the
tamperature of reaction, 2 straight line should be
obtalned. The slope of this line glves a measure of
the value of Ef » the Activation Energy, which can be
measured in calories per gram molecule if‘F( Is given
its correSponding'value of 1.98 caloriles.

This equation has been interpreted as indicating
an equilibrium between normal and activated molecules.
Only the latter can enter into reaction, and the rapid
increase in velocity wlth temperature 1s due to a
shift in this equilibrium. As the veloclty constant
k( is proportional to the number of active molecules,
then the equation above will formulate this shift, and
Ez bécomes a measure of the heat required to activate
a normal molecule. No suggestion need be made that

this activation involvestautomeric change in the molecule.
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It is clear that, the lower the heat of activation,

o oe Lo waits
the greater will be the temperature soeffioient—of
increase in velocity.

In the case of a simple reaction, in which E: is
fixed, a straight line will be obtained by plotting
log.l< against the reciprocal of the abso;ute
temperature, even tboﬁgh the reaction 1s occurring on
a sﬁrface. This 1s illustrated by Figures 1 and 2.
The second case is of particular interest, in that E
is a function of the catalytical surface as well as
of the reaction between the molecules. Nevertheless,
the straight line indicative of a simple reaction
is obtained. |

If, for any reactlon, a markedly broken or curved
line is obtained for the greph of the function above,
then this‘indicates that the reactlon 1s a composite
one, made up of two or more simple reactions differently
influenced by temperature. It should be noted that
for any arbltrary tempereture range, one or other of
these reactions may Séﬁ;i;ﬁominate rate that the slope
of the curve will conform to the wvalue of E for the
dominant reactlon. At a further temperature range,
another portion of the composite reaction will dominate

In the same way. Figure 3 shows the type of curve
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which will then be obtained. An interesting

example of this delineation between reactions was

investigated by Norrish and Rideal (J. Chem. Soc.

1923 123 696). They showed that ﬁydrogen and

sulphur dould react elther in an homogeneous gas phase,

or at the interface between gas and liquid sulphur.

The two reactlons had widely different temperature

coefficlents, and the curve obtalned by plotting log.
b( agalinst '%= closely resembled Figure 3.

This gives, then, another method whéreby a reaction
may be iﬁ%estigated and a composil te form detected.
Instead of graphing, as suggested above, it may be
found simpler, in practice, to determine E from
the change in K between different temperatures, -
and to note whether E?f:remains constant over a further
range. This is the method which has been employed
later in this thesis.

These considerations of the nature of a reaction
will hold whether the change takes place at a surface
or not, but the surface may substantially modlify both
reaction order and activating energy. In fact the
introduction of an active surface seems primarily to

effect a change in the activation energy of a glven

reaction. This must be due to the way in which the
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reacting molecule assoclates 1itself with the surface.
Many years ago it was suggested by Faraday that the
films of reactant understood to be adsorbed by surfaces
were the seat of chemicél change, and that 1lncreased
concentration in the condensed film brought about
increased velocity of reaction by a simple mass effect.
Thls theory is now felt to be quite inadequate to
explain the highly specific actlion of different suffaces,
and mere increase in the number of moleculéé impacts
Qannbt be the determining factor. As an example.of
this specific action, even with similar reactants,
consider the reduction of carbon monoxide to methane
over nickel, and to methyl alcohol over zinc-chromium
oxlide mixtures.

Thesé specific Influences have been attributed to
the formation of intermediate<compounds or unstable
complex assoclations between the catalytic surface amnd
the reactants. It is now generally supposed that these
assoclations are in the form of molecules held at the
surface by ordinary valency forces, probably of a.non-'
polar type. The atoms of the surface remaln firmly.
associaﬁed with each other, but form compounds of a
definite structure.wdtkltge reactants. It 1s quite

clear that this association ecannot be differentiated
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from adsorption, but the theory demands an adsorption
layer which is limited in thilckness, probably to one
molecule. Langmuir (J.Am.Chem.Soc. 1918, 40, 1361),
who first propounded the unimolecular theory, based
his concluslons upon adsorption measurements at very
low pressures. Paneth (Zeit. Phys. Chem. 1922, 101,
445) measured a surface accurately by a radioactive
method and then adsorbed dyestuffs upon it, his results
"~ confirming those of Langmuir. Rupp (Zeit. Electro.
Chem. 1929, 35, 586) showed by adsorption spectra that
a nickel catalyst~adsorbed hydrogen to form a lattice
gspaced evenly between the nickel atoms of the surface.
At the same time, Palmer (Proc. Roy. Soec. 1926,A. 110,
138) and others have publiéhed results which are not
in éccord with this unimolecular layer theory.

It must be recognised that measurement of adsofption

is complicated by the following factors:-

(a) Actual solution of the adsorbed material in the

solid can occur.

(b) The adsorbing surface may not be homogeneous.
| In fact, this is always the casé, excgpt with
perfect crystalline surfaces. It has been

suggested by Taylor (Proc. Roy. Soc. 1925 A,

108, 105) and others that catalyst activity is
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partially due to a marked 1rregularity of
surface, rangling from a perfect crystal face
down to thé-system presented by a single atom
aﬁtached at one point only. Adsorption at
such a surface would vary widely from poinﬁ

to point.

There may be more than one type of adsbrption.

A dlstinctl on can clearly be drawn between
vapours condensing on such inert materiéls as
éharcoal, and gases being adsorbed on metals.

In the first case, the amount of adsorption
appears to depend mainly upon the ease with which

the vapour may be liquefied. This suggests

adsorption of a more purely physical kind than

in the second case, and may well be due entirely
to the action of capillary condensation, although
some selectlve actlion may occur. The adsorption

of benzene and water vapour on active charcoal

'illustrates this point.  Although both are

adsorbed, the benzene is taken up to a much
greater degree and will actually displace
previously adsorbed water. Silica gel, another
industrial adsorbent, glves exactly the reverse

action, water displacing benzene. The adsorption
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of gases of a more permanent nature by active
surféces is highly specific, and no relation to
ease of liquefaction can be traced. While this
second adsorption is more intimately bound up with
catalytic activity than the first, measurement of
its extent . will be complicated by the first type
of adsorption,.should such occur. It 1s also
recognised that even the specific adsorption of
the second type can occur in more than one way,
according to the temperature range at which the

phenomenon is observad. .

Were these disturbing features to be absent, it
would be easier to establish, or to disprove, the
theory of the monomolecular layer. Assuming the
theory to be correct at a fixed temperature there should
' be a definite saturation limit to adsorption.  If not,

then as concentration in the gaseous phase of the ‘
.‘adsorbate increases, there will be a steady increase
' 1n the amount adsorbed, éccording to the well known
v'Freundlich Adsorption Isotherm
X =a.p”
Figures 4 and 5 show the type of adsorption which may
be obtained experimentélly. In the former, curve 1

shows a type of adsorptlion in which the lsotherm equation
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is followed, while curve 2 shows adsorption to a
definite 1limlt, and suggests the formation of a layer of
definite and unchangeable thickness. It should be |
noted that, if only the region to the left of'thevliﬁeA
A - B is considered, then both lines will éppear to be
examples of the isotherm equation. Again, 1f the
surface 1s not uniform, but possesses areas of ﬁarying
adsorptive capacity, then it wlll probably be impossible
to distinguish between- the different adsorptive effects,
and two cﬁrves will combine t0 give one of a different
form to either, as in Figure 5. Here a curve of the
form of 3 1s made up by a combination of the adsorptions
shown by curves 1 and 2. Even the most careful
measurements, therefore, may fail to determine the
nature of the adsorption.

For manj catalytic surfaces, the behaviour of the
reacting molecules seeﬁs to indicate that some definite
saturation 1limit exists, and the unimoiecular layer
theory can, therefore, be used to predict certain
phenomena which are capable of experimental verlfication.

Adopting the suggestions of Langmuir (J. Am. C. S.
1916, 38, 2221) let 1t be supposed that a gas at
pressure E> is in equilibrium with unit area of a
surface at a given temperature. Let X be the

fraction of the surface covered by the adsorbed gas,
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when | —X will be the fraction left uncovered.
Equilibrium with the surface will bev éstablished
when the rate of evaporation from the covered
surfade is equal to the rate of cbndensation on the
uncovered portion. This latter will be proportional
to the pressure, and the adsorption relation may be

expressed mathematically by the equation
K.P(I-X) = K,,X (where K' and K, are constants).

When the surface is only sparsely covered by the
adsorbed molecules, (l - x) approximates to unity,

and the adsorption equation reduces to

: K.
KP=KX, or X= g* P oo (1)

2
Again, when the surface is nearly saturated, the

fraction covered (X) approximates to unity, and the

equation becomes

K,P(=x)=K,, or(1=X)= %-l's reereen - (2)
It will be seen from these considerations that, when
-adsorption is small, the ’cofai amount is proportional
to the pressure - (1).

When the adsorption‘ is large, the amount of free surface
remaining is inversely proportional to the pressure

of the gas - (2).
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In the case of a surface reaction, if it be
assumed that all reactlon is on the surface and does
not occur 1in the gaseous phase, the active mass is
aétually the émount of the gas adsorbed. Where the
reaction 1s monomolecular, and the adsorption is
small, then the active mass, from (1) above, is
directly proportional to the pressuﬁé. As fhe
change will involve only one molecule,\the rate of
change will be proportional to the gas pressure.

The ordinary unimolecular law of reaction rate will

be observed, and many examples of this type of
reaction are known. The decompogition of nitrous
oxide on gold at 900°C., studied by Hinshelwood

(Proc. Roy. Soe. 1925 A, 108, 211), gives very good
égreement with theory. With an initial pressure of
200 mm., the time of half change was 52 minutes,

while with initial pressures of 400 mm., this time

was 53 minutes, i.e. the same within the limits of
experimental error. Unimolecular reactions of this
type seem, on the whole, to be associated with the less
active catalytic surfaces, which seems to relate amount
of adsorption to catalytic activity. This point will

be returned to later.
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At the other extreme of the adsorption system,
the surface 1s practically saturated, and considerable
amounts may Be removed by chemical change wlthout the
concentration invthe adsorbed layer being appreclably
changed. Thus there is a constant rate of reaction
in spite of diminishing concentration in the gaseous
prhase, and the reaction appears to be of zero order.
In the case of the decomposition of ammonia on a
tungsten filament, some 30% is decomposed in 500
seconds, and 56% in 1000 seconds - a very slight falling
,off from a linear relationship (Hinshelwood and Burk
J.C.S., 1925, 127, 1116). Practically all hydro-
genations in solution show this apparent zero order,
although, of course, these are not unimolecular
reactions (Schwab. Zeit. Phys. Chem., 1931 B, 12, 427).
With this tﬁpe of reaction, it 1is clear that if the
preésure is reduced, a point will finally be reached
when the surface is no longer saturated, and the zero
order reaction changes to one of a higher order. This
can be illustrated from the adsorption isotherm (2)
éhown in Figure 4 (p.165. Here reaction at pressures
in the region to thé left of A - B will be unimolecular,
or nearly so, while to the right of C - D, it will

appear to be of zero order. Over the middle range of
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pressure, reaction rate varies in proportion to the
fraction of the surface covered. This is given by the

"7
expression (p.E)

K, P
X RHKP

It may, therefore, be said that the rate of reactlon
varles as some fractional power of the pressure, or,

for a monomolecular reaction

b, k.er

where Yy and F( are appropriate constants. . An
equation’of this type was used successfully by Stock
ano Bo&;nstein (Ber. 1907, 40, 570) to express the
'fate of decomposition of antimony hydride on
metallic antimony.

If any of the products of the reaction are them-
selves adsorbed strongly enough to occupy an appreciable
fraction of the surface, less space becomes arailable
for the reacting molecules, and the rate of change
is correspondingly decreased. Using the same
nomenclature as before, and assuming that )(' is the
fraction of the surface covered by the adsorbed product

4
when the pressure of this 1s F) the fraction left

free 1s l_»x__x'
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By equating for equilibrium as before, the following

equations are obtalned:-

KP(1-x-X")= K, X and
K (1-%-x") =

Whitimg by T<"; and b’ for By

X = !+bT°1—bP‘°-ﬁA X' = ——-—?_—' ,

I the special case <here X
arrroximafés » O

X' . kP
\+b' P

CtnA l"'x' = l+‘blP1 ......... -.”.'.'..'”(3)

As this last represents the free space available
the amount of reactant adsorbed on it will be

proportional to the pressure, or

X« e T oo ()

Then the rate of reaction will be proportional to

Xo,oo dP _ _bP L.
dr  1+b'P’ ' (s)

Reactions governed by an equation of this type are

the decomposition of nitrous oxide on cadmium oxide

(Schwab. Zeit. Phys. Chem. 1933, B, 21, 65), and also
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upon platinum at certaln pressures (Steacie. J.
Phys. chem. 1934, 585); |

When the adsorption of molecules causing retard-
atlon 1s s0 marked that the free space available for
'reaction becomes inversely proportional to the
pressure'ja,, then equation (5) above will reduce

to

dP . BP .

dr b'P’ (&)

In general, the reaction rate ﬁill be 1nversely
proportional to some fractional power of F>'. It has
been found experimentally that in several cases the
retarding effect of a gas 1s proportional to the square
root of its pressure. For instance, Bodenstein and
Fink (Zeit:. Phys. Chem. 1907, 60, 1), in an investigatlon
of thleormation of sulphur trioxide on platinum,
showed that the rate'was inversely proportional to the
square root of the sulphur trloxide pressure.

Returning to the general case of strong adsorption
of products in which the rate may be expressed as in
equation (6) above, if Q , proportional %o P s 1s the
initial cohéentration of the reactant, and (a-){)the
amount left unchanged at the end of a time I” , then

the equation of rate may be written in the form
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_CL;_!_ = k(a—x) cemceermeee = from (4)
dr X above,

This may be integrated to thé following form
kt‘ = Q(IOSQ) - O.( lOg a—¥ ) D 4
If Tis the time of half change, when X = % then

T: l‘i‘(QIOSZ"-%)

or the time of half change is in direct proportion
to the initial pressure. The first order reaction
thus appears to be of zero order. Similarly, it may
be shown that a reaction of the second order, under
similar conditions, will appear as one of the first
order, and that in general, the apparent order of the
reaction will be one rank lower than the true order.

In the case of two or more reactants, fhe same
effects will appear as in the simpler monomolecular
feactions. Where strong adsorption occurs, either of
reactants or of products, there will be an apparent
. lowering of the order of reaction; where the adsorption
effects are slight, the true order of the reaction will
be manifest. As examples of the latter the cases of
hydrogen - oxygen combination on porcelain, and ethylene

bromination on glass may be cited. In the first
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(Bodenstein, Zeit. Phys. Chem. 1899, 29, 665)

ﬁhe rate of reaction is proportional to the product
of_the square of the hydrogen pressure and the
pressure of the oxygen. This,indicaées a trimolecular

reaction, so

2H +0,— 210

A reactlion involving so many molecules suggests that
a special arrangement on the surface of the catalyst
precedes reaction. In the case of the bromlnation
(Stewart et al, J. Am. Chem. Soc., 1923, 45, 1914),
the reaction is found to be bimolecular, and proportional
to the product of the pressures of the reéctants.

The author, in the course of some work on the
"gasification of carbon carried out several years ago,
- came upon a typlcal instance of the case of strong
| adsorption and of a zero reaction order. It was
found necessary to investigate the vgriation in rate
of thekaction of steam on carbon with variations in the
steam pressure. According to Cobb (Rept. Inst. Gas.
Eng. 1924) the reaction rate was indebendent of this
pressure (i.e. of zero order), but this had been denied
by Haslam (J.I.E.C., 1923, 15, 115) and his co-workers..

The author's own results, which are set out in some
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detail in an appendlx to this thesis, confirmed the
results obtained by Cobb, although the whole
experimental techniqué was totally different.‘

As one of the reactants was soiid, the reaction might

he considered as monomolecular, but it could not be of

zero order, and it was clear that strong adsorption of
some type had occurred.
Where the reaétants are adsorbed in varying amounts,

1t may well be found that the reaction will actually ‘
' ‘ |

be retarded by an excess of one or other of the‘varioﬁs
molecules involved in the reaction. Reverting to the
two equations (3)and(4) on p.21, and considering two
adsorbed molecuives (é)‘and (&), the formulae for

fractions of space covered may#be rewritten as

X, = ...l_af-/ﬁ- and Xq = _EE.&_
1+ by 1+ &P,
where (Q') is the mdre strongly adsorbed molecule.
Then fdi the rate of the whole reaction
il‘. - k.XaX ;o 'K.Pa.Pa' e,
dr G+ bPe)? (7)

This last expression, which gives the reaction rate

in terms of the partial pressures of the reactants,
has the interesting feature that it passes through a

maximum when F?a' = -

l
b’




3

.
. .
' .
* .
s
:

: -
s ; :
.

, ’mo l .




e thFl.0ence Causon Dievin-fce T*eisuRf

onthlg_sgqufme Hc-act«h !
?EB{] —>>a)-?j%

( Hy3>nti&EN Tuissuut CAMVT-*KT)



260

provided that Po. is constant. An example of

a reaction governed by an equation on these lines

is the interaction of carbon dioxide and hydrogen

on platinum. This was investigated by Hinshelwood

and Prichard (J. Chem. Soc., 1925, 127, 806), and their
findings are illustrated by Figure 6. In this case,
the carbon dioxide was much more strongly adsorbed than
the hydrogen. A similar mechanism is suggested by the
work of Rideal (7.C.8., 1922, 121, 309) on the hydro-
genation of ethylene.

When the equation maximum is very near to zero -
one reactant very strongly adsorbed - the form of the
expression (7) approaches to

d _g.p

| dr P.’
In this limiting case, the rate of reaction becomes
inversely proportlonal to the partial pressure of one
reactant. Several instances of this type of reaction
have been diséoveréd. In one case, the interaction
of carbon monoxide and hydrogen on'platinum, Langmuir
(Trans. Farad. Soc., 1922, 17, 621) showed that the
rate of reaction is inversely propbrtional to the
pressure of the carbon monoxide, and directly proportion-
al to the pressure of the hydrogen, provided that the

temperature is below 700°C. At higher temperatures
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the carbon monoxlde appears to be less strongly
adsorbed and conditions revert to the system studied
before - an optimum pressure for each reactant when the
pressure of the other remains constant.

The products of a reaction may retard the reaction
markediy, as in the already quoted case of sulphur
trioxide formation on platinuﬁ (Bodenstein, Zeit.

Phys. Chem. 1907, 60, 1). The éulphur trioxide
‘retards the reaction to an extent which is rather
difficult to measure in practice. The rate of reactim

can be represented by the expressions below:-

5&2 = ££2$1. i =[§E£). in ces
ST K[So’]i(so,m excess) Gogt (O, exce s)

This was a cme in which explanation by the multimolecular
layer theory of adsorption was comparatively siﬁple.

The whole surface could be considered as covered with
sulphur trioxide in a thickness proportional to the
square root of the partial pressure. The process
determining reaction velocity then became the diffusion
rate of eithef oxygeh or sulphur dioxide through this
layer. This explanation agrees well with the faet that
the ratio controlling change over from one governing
concentrétion to another could be predlcted successfully

from the actual diffusion rates. On the basis of a
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unimolecular iayér hypothesls, this explanation
becomes untenable, and it is not easy to see how
simple displacement in a single layer of adsorbed
molecuies can explain the facts. It has been
suggested by Bodensteln (Zelt. Phys. Chem., 1929,B,
2, 345) that the diffusion process occurs not to the
surface, but on the surface, to the active atoms or
centres of activity. This may be so, but it is
difficult to visualise a process of diffusion in two-
dimensional space with all paths to some extent
obstructed. There 1s also the possibility that the
surface 1s a layer some molecules in depth, in which
a limited degree of freedom of movement can be obtalned.
It would appear that the amount of any gas
- adsorbed on a surface is proportional to the partial
pressure of the gas in the vapour space, provided'that
a sufficiently low pressure range is chosen. If this
be 80, then either the surface 1s irregular in its
adsorptive capacity, or else layeré of more than one
molecule in thickness must be formed. The instance
quoted sbove suggests that more than one layer of
molecules can form on the surface of a catalyst, and be
sufficlently attached to the surface to be capable of
| playing some part in the reactlon.  Another case of
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simllar nature is given by Dohse (Zeit Phys. Chen.,
1929 B, 5, 131) who showed that the decomposition of al-
cohols into olefine and water over aluminium oxide
slowed down steadily as the percentage of alcohol
decomposed increased. This slowing down was found
to be due to retardation by the water formed. When
thls water was removed from the vapour space by a
dehydrqtihg agent the velocity became independent of the
| degree of conversion, i.e.vbecamé of an apparent zero
order - a reactlon on a fully saturated surface. By
reducing the initial pressure té a sufficilently low
level, the reaction became one of the first order, as
might be expected. The gradual nature of the
changes again seemed tobindicate different degrees of
adsorption.

It is perhaps unnecessary to assume that all
reactants must be adsorbed before reaction can occur.
If one reactant is adsorbed, and thus activated in some
way, reaction may occur g¥ the collision of the other
reactant with the adsorbed molecule. In this case, -
whatever the state at the surface, the rate of reaction
would be proportional to the pressure of the unabsorbed
reactant.’ The rate might be independent of the partid

pressure of the other reactant if thls pressure were
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sufficientlyrgreat to keép the surface fully
saturated. Farkas and Rideal (Proc. Roy. Soc.,
1954, 146 A, 630) showed bthat the reduction of
ethylene on platinum.occurred equally rapidly with
elther hydrogen or deuterium at low temperatures.
At higher temperatures, where activated adsorption
of both hydrogen and deuterium is known to occur,
the rates of reduction were different. This has been
held to indicate that reaction occurs between adsorbed
chylene~and the bombarding hydrogen or deuterium.
Again,lthe reaction between sulphur dioxide and carbon
bisulphide has been found to’set in rapidly at a
temperature just above 200°C. over a titanium sulphide
catalyst (Griffith —Contact Catalysis , p. 158).
It has beeﬁ shown that activated adsorption of'sulphur
dioxide is first noticeable at the samé’temperature,
while the adsorption of carbon bisﬁlphide remains
immeasurably small. This certainly indicates that
reaction is occurking between gaseous biéulphide and
adsorbed sulphur dioxide.

There is no theoretical objection to the
éctivation of only one of the reaotants in a poly-
molecular reaction. It should be noted at this point

that the activation enérgy in an heterogeneous reaction
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as deduced from the change in veloclty with

temperature (p.9), may be in error. The calculation
1s necessarily based upon the total number of molecules
in the system, and not upon the number actually adsorbed
Hinshelwood (Kinetics of Chemical Change, p.176 et soq)
has shown that for unretarded reactions the true heat

of actlivation E 1s equal to the apparent heat Q ’
less a quantlty equal to the heat of desorption of the

molecule (unimolecular reaction) or
E Q-9

Where a second molecule exerclses a retarding effect,
i
and has a heat of desorptlion equal to 9 o then the true

" heat of activation is given by the expression
E - Q-9-¢'

At present, however, actual measurement of these

quantities has beldom been at’cempteé, and experimental
4evidence is both scanty and inconclusive. Dohse
(Zeit. Phys. Chem., 1929 B, 5, 131) measured the
apparent activation energy of decompositibn of alcohols,
both retarded by water vapour and unretarded. The
difference represented the heat of desorption of water

vapour, and was found to be in falr agreement wlth

independently determined values. This supposed, howevern
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that water was preferentlally adsorbed on the
catalyst surface, and would therefore be expected to
have a much gfeater heat of desorption than the alcohols
tested. Actually,.the reverse was found to be the ocase,
and 1t 18 perhaps Justliflable to assume that all the
necessary data for these reactlons are not yet avallable.
Very simllar fortune nttended the efforts of
Hinshelwood (Kinetlcs of Chemlecal Change, p.l81) to
correlate heat of actlvatlon with the decomposition of
formlic acld to carbon dloxide and hydrogen. Over a
wilde range’of catalysts the reactlion veloclty varled
ten thousandfold, whlle the apﬁarent heat of actlvatlion
remained the same. Here 1t must be pointed out that
the heat of adsorption was not messured, and 1t may be
that the potentially active surface, and hence the amount
of adsorption, varied in as wlde a degree as the
feaction velocity. | ‘
In connection with this decomposltion of formile
acid, an intérestiﬁg development follows from the faot

that the reaction can proceed 1n two ways, as followsi~

(i) H.COOH = CO +H,0 (i)) I, CO0OR = CO+H,

On a glass surfaée, at sbout 280°C., the two reactlons
go on at much the same speed, but the heat of actlvation

for decomposition (1) is 16000 calories, while for
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course (2) the corr95ponding value is 28000 calorles.
From theéé values, the first reaction should greatly
predominate over the second, whereas, as stated above,
the speed of both reactions 1s the same. Thls shows
that the supply of heat for activatlon ls not the only
factor d%termining reactlon, but that some other factor
must beyﬁlaying & part. No satisfactory explanation
has 80 far been supplled as to the nature of thls other
factor, although meny speculations have been made.

It may‘be that a speclal orlentatlion as well as an
energy increment ls requlred in order that a molecule
shall react in a particular way. It 1s known that in
many/’heterogeneous catalytic resctions, the activation
energy 1s considerably lower then that of the same
reactlon in the absence of a catalyst which would support
the orientation hypothesis.  For instance, in the
homogeneous reaction for the decomposition of hydrogen
iodide, the heat of activatlon 1s found to be 44000
calories, while for the same decompositlion on a gold
surface, the'value of this eonstant 1s lowered o

25000 calories (Hinshelwood - Kinetlcs - p.187).

If some modification has been introduced into the
activation gnefgy in this way, 1t need not be manlfested
by a change in the total amount. - The values usually
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given are the apparent heats of activation, which may
be misleading, but there 1s no doubt that a substantial
lowering of the heat of activation does occur in

catalysis. The enormous changes 1in reaction velocity

brought about by an active surface cannot be explained

by such alterations as the change in concentration of
reactants due to adsorption at a surface. For instance,
the speed of reaction betweeﬁ hydrogen and oxygen on a
porcelain surface is 107 times that of the homogeneous
reaction, whilst the number of collisions due to
adsorption 1s only 108 times the normal number (Bodenstein,
Zeit. Phys. Chem., 1899, 29,665). This discrepancy
is much more marked with more active Qatalysts.

It might be suggested thaf the energy changes 1n-
a reacting molecule could be represented as in Figure 7.
Here the activation energy on the catalyst surface
is shown as considerably smaller than in the correspond-
ing homogeneous reaction. This is in accordance with
the theory embodied in a treatment, by the ald of wave
mechanics, of the mechanism of atomic activation&Bwnw*é%&~‘
{Trans. Farad. soc., 1934, 30, 432). It has been
shown that the energy necessary’to enable an atom to
climb over a barrier of high electric potential may be
diminished by the making of & tunnel through the wall.
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Ne experimental evidence has been brought forward in
support of this theory.

Other suggestions as to the mechanism of activation
energy changes, based upon theoretical reasoning, have
been made but are not of direct interest in the practical
aspects of reaction under review here. Sherman and
Eyring (J. Am. Chem. Soc., 1932, 54, 2661) however, were
able tovshow that the activationbenergy for the reaction
between hydrogen and carbon varied markedly with the
distance between the carbon atoms of the surface.

This relationship between atom distance and activation
energy may well have great importance in the study of
the mixXed zinc-chromium oxide catalysts used in the
course of the practical work described herein.

In this connection, the hypotheses of Balandln
(Zelt. Phys. Chem., 1929 B, 3, 167) should be mentioned.
Hé poétulates that the links between atoms are broken
if they are attracted by different catalyst atoms, while,
if attracted by the same atom,‘links are formed or
strengthened. Thus, for the dehydrogenation and de-
hydration of alcohols, which occur simultaneously on

various catalyst surfaces, the following schemes are

Pkl

propounded. e
1. Ad Scrp"’on to C H of H fe)
l |
where « v epresents the - H

c,al‘o.lat st”. oot
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This is followed by scission to acetaldehyde and

hydrogen. ~ N

2. AdSorPffon Yo C'l:-‘-ll\- \C Hz
\
\H, oH

e .o"

This is followed by scission to ethylene and water.
The alcohol is sdsorbed in form (1)} and/or (2) and
breaks down to the appropriate scission products.
Further developments of this theory, however, have not
met with practical support (Lazier, J. Am. Chem. Soc.
1932, 54, 3080).

Whatever the method of association, or activation
of the reactant, i1t must be associated with the catalyst
surface during the reaction, and it does not seem of
much value to discuss the formation of so-called
intermediate compounds. ‘All catalytic reactions
must involve the formation of these compounds in some
_form or another, end it is, to the author's mind, quite
beside the point to demonstrate that in some cases
intermediate compounds can be isolated in which the
reactants are chemically associated wlth the surface.
In this connection, it should be noted that the heats
of adsorption of gasses on catalyst surfaces are of the

same order of magnitude as the chemical heats of
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rezection, indicating that there is no real difference
in the mamner of compound formation (Dew & Taylor,
J. Phys. Chem., 1837, 31, 297).

It has been shown by several workers (Fryling,
J. Phys. Chem., 1927, 30, 818) that the first pértions
of gazs admitted to s previously clesned surface exhibit
an higher hest of adsorption than the subsequent addi-
tioms. Certain discrepancies, notzbly the appesrance
of a2 maximum Iin the measured heats of sdsorption, have
now been shown to be due to experimental error.
(Beebe, J. Am. Chem. Soe., 1936, 58, 1703). This again
indlcates that the surface of 2 catalyst is very far
from uniform, and possesses areas of varying adsorptive
capacity (probsbly also of varying catalytic activity).
There exists the slternstive hypothesis that adsorption
takes place in lszyers of more than one molecule in
thickness. It might be suggested that thick layers
of this type will necessarily be formed if any adsorption
at all occurs, inasmuch as the first layer of adsorbed
material will crezte a fresh and different surface with
some force of attraction, even if the attractive
forcé of the original surface is completely saturated.
There is no reason why 2 surface of unequal activity,

adsorbing layers of more than one molecule in thickness,

should not satisfy simultaneously both hypotheses.
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Much of the earlier work on adsorption was

carried out with active surfaces at temperatures
mich below those at which reaction occurred, and
1itt1e‘or no connection could be traced between the
two phenomena. Benton and White (J. Am. C.S. 1930,
52, 2335), and later Taylor and his co-workers (J. Am.
C.S., 1931, 53, 578) threw a fresh light on the subject
by a demonstration of another type of adsorption at
much higher temperatures. This type of adsorption
was termed activated, and vafious levels of activation
seemed to exist, as shown in Figure 8. It should be
noted; in connection with this example, that zilnc
oxide 1s only active as an hydrogenating catalyst at
temperatures above about 550° Abs. The absence of
this type of adsorption at 1ower'temperatures can be
explained by assuming that the rate at which the-
adsorption oeccurs is too slow for the effects to be
noticeable. It has been shown experimentally that
activated adsorption is fairly slow, and that the rate
falls off markedly with fall in temperature (Griffith
and Hill, P.R.S., 1935, 148 A, 194). Practical work
described later in this theéis illﬁstrates this point.

. The extent to which normal adsorptioh, generally

known as "van der Waals' adsorption, can be disentangled
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from the activated type depends upon the values of the
heats of adsorption and the activation energies

relative to one another. These are more sharply
differentiated in oxide than in metal surfaces, and,
following this, oxlde catalysts are generally used at
higher temperatures than the pure metal. In
consequence, most of the measurements of actl vated
adsorption have been carried out with active oxide
surfaces. 1t has been shown that the heat of
adsorﬁtion in the activated range is sbout ten times

as great as in the range of the van der Waals type
as would be expected. (Taylor & Williamson, J.Am.C.S.,
1931, 53, 813). The heat of activation varies greatly
showlng lowest energy levéls with the first few molecules
adsorbed. (Taylor, J.Am.C.S., 1931, 53, 2168). It must
be pointed‘out that these wvalues have been calculated,
as a rule, from the velocities of adsorption and the
amounts adsorbed at various temperatures. These
" calculated values are subject to experimental error,
as will be indicated in the course of descriptions of
practical'work‘later. (See p.q0).

Attempts were madé to differentiate between various

types of adsorption by the use of ortho and para hydrogen

(Taylor, Trans. Farad. Soc., 1932, 28, 247). It was
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soon found that many factors, such as the influence
of molecular magnetic dipoles, played a part in the
transformation of one form to the other, and the
indications as to adsorption were vague. (Bonhoffer,
Zeit. Phys. Chem., 1933 B, 21, 225). The use of
deuterium to investigate the differences of adsorption
was somewhat more successful, but the work is still in
its early stages (Taylor, J.Am.C.S., 1935, 57, 660).
There is considerable doubt as to whether the
activated adsorption process 1is reversible, as experi-
ﬁental evidence is in conflict on this point.
Garner and Kinghem (Trans. Farad. Soc., 1931, 27, 322)
declared that the adtivated adsorption of hydrogen on a
zinc oxlde surface was irreversible, the hydrogen being
removeble only as water. This type of adsorption is
generally known as chemisorption. On the other hand,
Flosdorf (J. Phys. Chem., 1930, 34, 1908) stated that
a catalysﬁ surface of this type gave truly reversible
adsorption after a long series of reducing adsorptlions
and evacuations. Further work by Garner (J.C.S.,
1935, 1487) sapported thils, and it appears that the
difference-between reversible and irreversible adsorp-

tion is not very marked, and the two types merge into

one another without any marked change in characteristics.
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The reduction of a mixed zinc-chromium catalyst
of the type used in these tests 1is very slow, and durﬁag;
the reduction period the surface seems quite capable of é
exertiﬁg a catalytic effect in, for instance, the |
decomposition of methanol (A.R. Roy, Ph.D. Thesis, 1940);
The dividing line between chemisorption and reversible
adsorption appears to be very faint, and 1t is perhaps
better to refer to the two types as re%ersible and
irreversible to stress this point of similarity.

This ralses an interesting point in the mechanism
of actiwated adsorption vis-a-vis catalytic action.
Several workers have established the close resemblance
between synthesis and decomposition of methanol on
zinc-chromium catalysts. (J.I.E.C., 1929, 867).
Presumably, therefore, a partly reduced catalyst can
produce synthesis of methanol under sultable conditions.
If the initial stage of the synthesis is assumed to be
an gctivated adsorption of both reactants, then the
adsorption‘of the carbon monoxide must exercise some
effect on the adsorption of the hydrogen. Were this
not the case, then the release of the hydrogen in the
course of reaction would remove some of the oxygen

from the surface. Reduction to a metal surface,

or at least to some form of stable sub-oxide, would
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necessarily occur, which does not appear to be the
case in practice. In the reverse case, where
decomposition is occurring, hydrogen and carbon
monoxide are liberated at the surface without any
associated oxygen. In these circumstances it appears
that the reactants cannot be associated with the
surface in the same way for reaction and for activatead
adsorption.

It may be that the activated adsorption shown by
many catalytic surfaces is merely an indlcation of a
more or less active surface, rather than an actual
precursor to catslytic reaction. This conclusion
has long since been reached with respect to ordinary
adsorption of the wvan der Waals type (Taylor & Burns,
J.Am.Chem.Soc., 1921, 43, 1273). A very close
connection between activated adsorption pf hydrocarbons
and their decomposition by the same surfaces has been
demonstrated by Geiffith and Hill (Proc. Roy. Soc.,
1935, 1484, 194), but this connection does not mean
an identity in mechanism. In fact, further work on
a wider range of catalysts by the same workers (Nature
1934, 129, 834) was held to show that the extent of
activated adsorption does not necessarily measure

catalytic activity, or even indicate a material
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.likely to bring 2bout reaction. The results were
masked by chemical reaction in some cases.

It is possible that the quality of the adsorption
may be more important than the amount. The speed of
adsorption, for instance, may be critical. Taylor
and Howard (J.Am.C.S., 1934, 56, 2259) in an investi-
gation of ethylene hydrogenation suggested that the
rate of ethylene adsorption determined the rate of
reaction, as the hydrogen was much more rapidly
adsorbed, and therefore always available. These
results were supported by the work of Insley (J. Phys.
Chem., 1935, 39, 623).

An interesting case where two maxima are obtained
in a curve relating promoter concentration to catalyst
activity waé-met with in the high pressure hydrogena-
tion of tar oils. (Hollings & others. Proc. Roy. Soc.,
1935, 1484, 186). It was at first suggested that .
the two maxima corresponded with the best conditions
for the adsorption of the two reactants. Later work.
however, showéd that the depression in the curve of
activity between the two‘peaks corresponds with the
point of maximum adsorption of hydrocarbons, and
actually represented a composition of maximum activity
- in the low pressure decomposition of hexane. Here,

then, the determining factor appears to be the
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relative amount of the reactants present in the
adsdfbed layer, = case which could be represented
by an equation of the type of equation (7) on p.AF.
This introduction represents the basis upon
which the practiczl work of this thesis was commenced
in 1936-37. A note upon other developments in the
last three years will be found included in the final
section. There appeared to be a fruitful field for
investigation in the relationship between activated
adsorption and chemical reaction at a surface,
and the bulk of the following work has been directed
to this end.
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EXPERIMENTAL,

Section 1.
The Synthesis and Dew mposition of Methyl Alcohol.

The predominant reaction between carbon monoxide
and‘hydrogen over a mixed zinc-chfomium catalyst is

the formation of methyl alcohol -
r—

This reaction is reversible, and the value of the
equilibrium constant is as follows (Newitt et al.
Proc. Roy. Soc., 1929, 123, 236).

TABLE I.
Tem%grature 100 260 300 340 380
C.)
- s -3 - -5 -
K 30 1.2%x10  1.6x10 2.9x10 6.3x10

From this the amount of me.tb;yl alcohol existing
in the equilibrium mixture at 340°C. will be of the
ordqf of 0.001% at a pressure of 1 atmosphere, and
Bflé"a pressure of 200 atmospheres, provided that
the value of K is not altered by changes in pressure.
As the minimum temperature at which reaction velocity
becomes rapid enough for industrial working is about
300°, synthesis is carried out at a pressure of 200
atﬁospheres and a2 temperature of about 350°.  The

catalyst is usually made up from zine and chromium
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oxides in theproportion of four atoms of zinc to one
of chromium.‘ This mhxture has been found to be
the most active of the whole range from pure zinc
oxlde to pure chromium oxide, and the curve for
activity against atomic percentage of zine éhows
a very marked maximum around this compodition.
{Frolich & Cryder, J.I.E.C., 1929, 21, 867, 1056).
ft has been demonstrated by the same workers and
others that this activity for synthesis is very
closely paralleled by activity for the decomposition
of methyl alcohol at‘the same temperature but at
atmospheric pressure. There exists, therefore,
a very close connectlon in this reaction between
decomposition and synthesis, which enables the
mechanism of reaction to be investigated without
having recourse to high preésures.

It'was decided, in the first place, to attempt
0 trace a connection between activated adsorption
of the reactants on the surface of the catalyst, and
the activity of the surface in promotlon of reaction.
While some workers had shown previously (Garner &
Kingman, Trans. Farad. Soc., 1931, 27, 322) that
activated ads&rpfion does occur on mixed zine -chromium
catalysts, no complete range of composition had been

Investigated.
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The first stage in the work was the preparation
of a range of zinc-chromium catalysts, and the
measurement of thelr catalytic activity. The
catalysts were made up in the manner recommended by
Frdich & Cryder (Loc. cit.).  An a&ﬁeous soluti on
of zinc nitrate ié prepared by dissolving zinc oxide
(A.R. standard) in 30% nitric acid. The zinc oxide
is then reprecipitated at 80 -~ 90°C. by the addition
of 204 ammonia solution, the ammonia being added till
no further precipitation occurs, but not in excess.
The precipltate 1s allowed to settle, and then washed
fhree times with hot water by decantation. The
residual suspension is used as a stock solution for
catalyst manufacture, after determination of the zinec
content by titration with potassium ferrocyanide,
using uranium nitrate as an external indicator.

A stock solution of chromium trioxide is also prepared,
the chromium content being determined ilodometrically.
The required amounts for any proportion of zinc to
chromium are weighed or measured, and the chromium
solution added to the zinc suspension, with stirring,
at a(temberature of 80 ~ 90°C. The mixture is then
evaporated to dryness, with continuous stirring, at a
temperature not in excess of lOO°C.Y The friable

mass is heated in an oven at 110° for one hour, and
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then broken to pass a 10 mesh sieve (I.M.M.).
The portion retained on a 40 mesh sieﬁe is then used
as the catalyst mass.

The abotvte procedure was carried out with a zinc
oxide suspension containing 86.4% of water, while the
chromium trioxide solution contained 25% of the oxide
(both by weight). All samples were very friable, aid
had to be handled carefully to avoid further breakage
and powdering. A portion of each catalyst was
analysed for zinc and chromium content. The chromium,
as chromate, interfered with the titration of the zinc,
but could be reduced to a chromous salt with sodium
bisulphite, when titration of the zinc with ferrocyanlde
was agaln possible. The chromium was estimated as
chromate by the liberation of iodine as before, after
any reducing effect during drying had been eliminated
by the éddition of sodium peroxide. There was no

interference effect from the zinc.

The results of 2 typical analysis are shown below.

Catalyst 1.

Semple (3.5810 gms.) was dissolved in dilute

hydrochloric acid and made up to 250 ml.
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2
Determination of Zinc.

25 ml. of solution were boiled with 1 gm.
of sodium bisulphite until free from sulphur dioxidé,
making‘up with water when necessary. The hot
_solution was then titrated with standard ferrocyanide
solution (l ml.=0.0122 gms. of zinc oxide). The
25 ml. of solution were equivalent to 10.7 ml. of
ferrocyanide solution, and therefore contalned 0.1305

gm. of zinc oxide.

Determination of Chromium

10 ml. of original solution were boiled with
0.1 gm. of sodium peroxide, and evaporated nearly to
dryness. 2 ml., of conc. hydrochloric and 10 ml.
of 20% potassium iodide were added, and after five
minutes' keeping the sample was titrated with sodium
thiosulphate (starch indicator). The 10 ml. of
solution were équivalent to 16.1 ml. of N/10
sodium thiosulphate, or contained 0.054 gm. of
chromium trioxide.

The origjnal sample of catalyst contailned
water which was estimated by heating a weighed sample
in a current of dry oxygen-free nitrogen at 150°cC.,

unt1l constant in weight. The loss in welght was

found to be 25.0%.
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From these figures, the composition of the

catalyst is as follows:-

Zine Oxide 36.4%
Chromium Trioxide 37.7%
Water 25.0%

The unexplained residqe 1s almost certainly water,

the last traces of which are very tenaciously held.

The molecular ratio of zinc oride to chromic oxide

is 1 to 0.85, or an atomlic percentage of zinc of 54.1.
The complete range of catalysts made up and

analysed 1n this way 1s shown in the table below.

TABLE 2.

Catalyst. Molécular Ratilo. Atomic Percentage
o ' (Zn0 - Cr0z) of zinc.

1 118t 1 54,1

2 2.24 : 1 69.2

3 3.54 ¢ 1 78.2

4 4.31 : 1 | 81.2

5 5.7 : 1 85.1

6 l.1 2 35.5

7 Pure Znb. 100.0

The sized catalysts were reduced with methyl alcohol
vapour after a preliminary drying 1in a current of dry
oxygen—free.nitrogen. The operation was carried out

in actual catalyst chamber (figure 9) the whole
. K53,
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arrangement being the zame, up to the catalyst tube,
for both the reduction and the activity tests. In
the reduction, the catalyst tube was three quarters
filled with the oxide milxture, and then heated to 220°
for four hours, while nitrogen from a dylinder passed
through the apparatus. The nitrogen had previously
been scrubbed with pyrogallol solution and dried with
calcium chloride to remove oxygen and moisture.

During this initial drying period, a darkening of the
bright yellow oxide mixtureé In some instances suggested
that a slight reduction was going on. The nitrogen
rate was 2 cublc feet per hour.

The nitrogen was then repléced by a slow current
of methyl alcohol vapour. This methyl alcohol, which
waé used throughout the work, had been purified by the
following method. (Organic Chemistry - Cumming, Hopper
and Wheeler). Tﬁe aleohol is refluxed for an hour
with 5% by weight of solid caustic potash, and then
distilled from any residue bolling above 68°C. on a
water bath. ~ The distillate is allowed to stand for
24 hours over 40% by weight of quicklime, and then
redistilled. The final producé is freed from water
by three distillétions from metallic calcium. This
method of purification is rather costly, losses of up

to 50% of the commerclal alcohol being sustained, but
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the amount of material required for this
investigation was small and yigorous purification
was considered desirable.

?he effect of replacing hitrogen by alcohol
vapour was to cause a strongly exothermic reduction
of the catalyst accompanied by a colour change from
yellow o dark green. This exothermic reaction
was so marked in the case of catalyst 4 that visible
incandescence was observed, indicating local tempera-
tures well in excess of the thermo-couple reading,
of sbout 350°, registered some minutes after the
admission af the alcohol. The temperature of 220°
had been chosen by observation as being the lowest
at which this reactlon set in, but was still too high
to prévent marked rise in temperature with catalyst 4
and slight rise with the other samples. If the
methyl alcohol were admitted at a lower temperature,
and the temperature gradually raised, then at about
220° the characteristic reaction would occur with even
greater violence. It was clear from this work that
reduction conditions were unsuitable, and would have
to be revised, but for the first series of catalysts
the method was adhered to, with, as will be seen, some

interesting results in the case of catalyst 4.
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The sharp rise of temperature brought about by
the first stages of reduction was of the order of
20-30?, except in the case of catalyst 4, and when the
heat had been dissipated, the temperature of tle
catalyst mass was raised slowly, over three hours,
to 360°C.; during this period the methyl alcohol
vapour was passed at a rate of a cubic foot per hour.
The catalyst was then cooled in a stream of purified
nitrogen, removed from the tube when cold, and kept
in a tightly stoppered bottle till required.

The reduced catalysts were used, in turn, for the
decomposition of methyl alcohol vapour at 360°C. This
temperature had been chosen as that at which synthesis
of methyl alcohol wgs carried out in industry. The
apparatus is shown in the diagram of figure 9.

Burette A, graduated in twentieths of a ml. measured
the methyl aleohol added to the system via the
vapouriser B. This was a glass U tube, carrying the
burette and a thermometer for checking temperatures,
and immersed in a boiling water bath. The methyl
alcohol was kept from condeﬁsing by the heater C,
which was heated electrically to a temperature of
200°C. The preheating was completed in the coiled
tube round the centre catalyst container of the tube D.

This tube, of pyrex glass, was heated in an alr bath,
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the temperature of thé catalyét being measured by a
thermo-couple, in a thin silica sheath at the centre
of the catalyst bed. The cross sectional area of
the central section of the catalyst tube, allowing
for the space occupied by the thermocouple tube, was
approximately 2.5 sq.cms., and a depth bf 2 cms. was
thus obtained with 5 ml. of the graded and reduced
catalyst. This volume of catalyst was used in each
test, but each sample was weighed, and it will be seen
from Table 3 below that the weight of catalyst variled
rather widely, owing to the change in apparent bulk

density with composition.

TABLE 3.
Catalyst. Weight of 5 ml. = Atomic Percentage
' of zinc.

1 3.70 gms. 54.1
2 2.60 gms. 69.2
3 2.50 gms. 78.2
4 2.40 gms.  8L.2
5 2,50 gms. | 85.1
6 3.80 gms. 35.5
7 2.95 gms. - 100.0
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Thevcatélyst grains were supported on a level bed of
ignited asbestos wool, which was previously found to be
inert towards methyl alcohol under the conditions of
test.
The products of reaction passed through a Liebig

condenser E to a scrubbing tower F, twelve inches

long and just under an inch in diameter, filled with
glass beads. These beads were kept wet by a stead y
flow of distilled water from a tap funnel. A
welghed. amount of water was used in each test, and

the hold up in the tower kept constant by a fixed
draining time under similar conditions. The gaseous
prodﬁcts remaining were collected in an aspirator over
brine solution (20 gms. NaCl + 1 gm. HzSO. per 100 ml).
The aspirator run off was adjusted to regulate the
pressure in the whole system to as nearly atmospheric
pressure as possible. |
. The experimental procedure was as follows:i-

After assembly of the apparatus, and test for gas
tightness, the water bath of the vapowriser was heated
to boiling, the preheater to 200°C., and the catalyst
to 360°C. The methyl alcohol was set to drip into
the vapofjriser at a rate of 8 ml. per hour, and the
whole of the products passed to waste at the outlet of

the condenser. After an hours run to establish equili-
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brium in the system, a fresh weighed recelver was

put on to the condenser outlet, the wholé system
coupled to the aspirator, and the pressure regulated
to atmospheric level. At the same time, flow of 40
ml. of water was started th ough the scrubber, which
had previously been drained for ten minutes after
belng washed with water at a rate of 40 ml. per hour.
The initial reading of methyl alcohol in the burette
was noted, and the experiment continued for one hour,
during which sbout 8 ml. of alcohol (accurately
measured to 1/20 ml.) entered the syétem, and the

40 ml. of water flowed through the scrubber. At the
end of the hour, the flow of alcohol was stopped,

and the scrubber flushed out with a further 10 ml,

of water before allowing to drain for ten minutes,

as before the test. The total hold up in the
"column had been found by experiment to be 3.1 gms.-
"of water, so that it was considered thatdll the
condensed products of reaction were removed from the
column by the experimental procedure.

The liquid in the receiver was weighed, and one
half distilled direct from the flask through a specisl
15 inch Duftoh column 3/8 of an inch in diameter
(Dufton, J.S.C.I., 1919, 38, 46). The vapours were
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condensed 1n a small Liebig condenser, 4 inches long,
fitted direct on to the side arm at the column head.
"By leavihg theltopktwo inches ofkthe column unlagged,
and distilling at a rate.of oniy 0.1 ml. per minute,
a high'refiux ratio wés obtained and the separation
of methyl alcohol and water made very sharp. It was
found, by a serles of tests upon mixtures of known
coﬁposition, that the amount of fraction boiling
between 66 and 67°C. was between 97 and 103% of the
me thyl aléohol present, and thls accuracy was
considered sufficient. The remailning half of the
liguid was then analysed for formaldehyde by the
method given. in Sherman's Organic Analysis, p.44,
using potassium cyanide. In view of the small
quantities present, it was declded that the method was
sufficlently accurate for the purpose. The main
bulk of the products were in the form of elther
unchanged alcohdl or gas. The gas coilecting in the
aspirator was analysed in a modified Hempel apparatus
by standard methods for which the gas compositlon was

ieﬁinently suitable.
A gypical example of the results obtalned, and

of the methods of calculation employed, is given

belqw.
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Catalyst No.5. Weight of Catalyst used 2.52 gm
Methyl alcohol added 8.0 ml. = 6,33 gm.
Weight of liquid in receiver = 53.27 gn.

Gas volume 2400 ml. at 17°C. and 758 nrm.

Analysis of Liquor
Taken for distillation, 26.64 gm.
Weight of methyl alcohol fraction = 2.60 gm.
Weight of unchanged methyl alcohol = 5.20 gm.
Weight of formaldehyde in residual 26.63 gm. = 0.06 gm.

Analysls of Gas.

COg 1.4% Hg 56.0%
Oz 3.2% CH, 0.0%
co 27.6% N 11.8%

From theée figures, volume of CO + COz = 648 npt.
at N.T.P. |
Therefore, weight of methanol decomposed to gas 1s
0.93 gm.

Mass Balance.

Methanol added 6.33 gm. Recovered unchanged 5.20 gm.

Recovered as 0.06 gm.
formaldehyde

Recovered as gas 0.93 gm.

Loss (2%) 0.14 gm.

Percentage of methanol decomposed 16.0%.
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A check upon this test gave a mass recovery of 103%,
with a percentage decomposition of 16.1%.

Similar tests carried out on the whole range of
catalysts gave the results set out in an abbreviated

form in Table 4 below.

TABLE 4.

Catalyst. % of Methanol decomposed. Mass Recovery.

0

1 27.3 (37.0), 98.3

2 24,5 (46.7) 198.0

3 20.2 (40.4). 98.2

4 8.4 (17.5) 100.0

5 16.0 (32.0) 100.5

6 21.0 (27.6) 98.0
v

- 10.3 (17.8) | 99.5

The figures in brackets after the middle column show
the amounts that would be decomposed by 5 gm. of each
catalyst were a true weight ratio obtalned.

In thé determination of catalyst activity by
meansbof a flow system, it is necessary to ensure that,
as far as is possible, the concentration of reactants
remains the same for catalysts of varying activity.

In these tests, therefore, the amount of methyl alcohol
passing was always considerably in excess of the amodént

that might be decomposed. Again, the catalysts
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varied markedly in density - a point that will be
referred to later. Equal weights of each catalyst
would have varied the actual time of contact, given

by the apparent volume of the catalyst divided into
the volume of vapour passing per second. As equal
volumes of catalyst were chosen, the time of contact
was the same in each ftest, although some allowance
must be made‘fof the change in volume due to
decomposition.. Actual volume measurement of a
powdered solid is not a very easy matter, as the
aprarent density wvaries with the nature of the packing.
The results for packing density given in Table 3 (p.54)
were obtalned by weighlng a fixed volume of the powder
‘in a weighing bottle of known volume, after filling to
a mark wlth constant gentle tapping. As the catalysts
were all rather fragile, this packing density tended
to vary, and was not conslidered an 1deal basgls fbr
activity measurements.

It was thought desirable to calculate the valuesd
for decomposition given by 5 gm. of the catalyst ffom
the values actually determined for equal volumes,
and curves showing the variation of both values with
catalyst composition are shown in Figure 10. The
results obtained by Frohlich and his co-workers

(J.I.E.C., 1929, 21, 867) are included for comparison.
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‘It may be noted that a determination of the amount
of methyl alcohol decomposed by 5 gm. of catalyst
No.2 was found to be 48%.

It will be éeen that the results are in very
fair agreement with those of the earlier workers,
with the exception of the activity of catalyst 4,
which seems completely abnormal. This was the
catalyst which had exhibited in so marked a degree
the phenomenon of incandescence on reduction (p.5 2 ).
This marked exothermic reaction might well have
produced sintering of the active surface, with
diminution of catalytic activity.  There was no
evidence of any notable side reaction, as this
would have been detected by a varliation in the mass
balance. The only product of decomposition, apart
from the gaseous oxides of carbon and hydrogen, was
a small and almost constant quantity of formaldehyde.

These tests of catalytic activity were neither
very comprehensive nor very exact. They had, however,
served to show that a series of catalysts had been
prepared with properties similar to those already
Iestablished by other workers, There seemed no
purpose, as far as the present work was concerned,
in going further into the matter, elther with a view

to adjusting reduction conditions, or with the
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inﬁention of making more exact measurement.
Further work carried out by Dr. A.R. Roy (Ph.D.
Thesgﬁj:?gzo) substantiated the general form of the
curves. In addition, the reduction method was
modified and violent initial stages avoided by the
use of mixtures of methyl alcohol and nitrogen.
This change restored a catalyst of composition 4
to its normal place in the table of activity.

The next step in the investigation waé to
determine amounts of carbon monoxide and hydrogen

adsorbed on this series of catdysts.




’







650

Seetion 2.

Adsorption on Methanol Catalysts.

The first apparatus set up for the measurement
of adsorption is shown in Figure 1l. A gas burette
(B) graduated in hundredths of a ml., which could be
read by a travelling microscope to the mearest 0.001
of a ml., was used for measuring the gases supplied to
the catalyst bulb (C). This burette was water jacketed,
and, together with the reservoir (A), was used for
evacuating the adsorption system by creating a
Torricellian vacuum. At first the pressure obtained
by thils means was only 15 mm. Hg., but this was found
to be due to traces of moisture. After heating to
60 ~ 70°C., and sweeping out repeatedly with dry
nltrogen, it was found that the pressure could be

- reduced %o 7 mm. of Hg. In view of later work,
it was probable thaﬁ'the apparatus still contaiped
moisture but the evacuation wés accepted as satisfactory
'for preliminary tests.

The gas evacuated from the catalyst system could
either be exhausted to the air, or passed into a smalli
subsidiary burette (D). Communication to the main
burette was also made, by means of a three-way stop-
cock, with the supply of gases, which camethrough a

final purifying train (E). This train, containing a
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wash bottle with alkaline pyrogallol solution'and a
calcium chloride tube, was only intended to remove
adventitious traces of oxygen and water, as the gases
had previously been purified and stored over
concentrated brine. .
The catalyst bulb (C) in haed glass, was heated
by means of a fused salt bath (potassium-sodium nitrates)
with an external electiic heater. The bath tempera-
ture was measured with a mercury thermometer and
assumed to be the same as the catalyst. It was
necessary to remove bulb and thermometer from the
fused salt before cooling, as contraction on solidi-
fication generally broke the glass. Apart from
this the bath gave no trouble, and was retained
throughout the whole of subsequent work, although

a gas- heating system replaced the electrical as being

more robust. All leads from the bulb to the
burette and gauge were made from 1 mm. bore capillary
tube to reduce the dead space of the apparatus.

The préssuzes in the unit were read by means of a
mercury manometer (M), reading to 0.5 mm.  The
various sections of ﬁhe apparatus were jolned with
rubber pressure tubing, held firmly by copper wire,

and painted over with cellulose acetate solution.
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This gave a completely gas-tight unit, holding

a vacuum of 750 mm. with no apparent change for 24
hours. It was found necessary In the later course of
this work to replace most of these rubber joints by
fused glass work. Picien Wax in benzene gave a more
durable film than cellulose acetate, and was slightly
better in checking leakage.

The catalyst to be tested was measured into the
previously weighed catalyst bulb, 5 ml. of the selected
vmaterial being used in each case. The weight was tﬁen
determined by weighing the filled bulb. The catalyst
had already been reduced by methyl alcohol wvapour at
360°C. but it was thought advisable to treat with
hydrogen at 500°C. to bring the surface of the catalyst
to a uniform state. This final reduction was carried
out in situ, after assembling the apparatus and testing
for leaks. The whole system was exhausted as
compldtely as possible, then filled with hydrogen to
atmospheric pressure while the catalyst was maintained
at a temperature of 300°.  The temperature of the
heating bath was then raised to 500° over 30 minutes,
and maintained at that level for a further 60 minutes.
Some adsorption or decrease in volume was observed at
first, and after 15 minutes the apparatus was re-

exhausted and refilled with hydrogen. No appreciable
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chéngé in pressure was noticeable thereafter.

At the end of the reduction périod, the catalyst
was cooled to the temperature at which measurements
were to be taken, and ﬁhén the hydrogen was removed from
the system as completely as possible, determiniﬁg the

actual pressure by comparison with barometric.

As has been stated, the evacuation process gave a
pressure of the order of 7 mm. Hg. Purified nitrogen
was then measured in the burette, and admitted to the
evacuated adsorption system in portions of about 1 ml.
at a time, measuring the manometer pressure after each
addition. This nitrogen addition was continued until
a pressure of 760 mm. was reached in the unit. A graph
was thén constructed showing the pressure produced by
the addition of known volumes of nitrogen, corrected )
of course for temperature and pressure. These volﬁﬁbs
were taken as 2 measure of the dead space of the | {
apparatus, it being assumed that the nitrogen was not
adsorbed on the surface of the catalyst. This
assumption was considered to be justified by the fact
that no change in pressure could be detected when the
nitrogen had once been admitted and given time (about
20 seconds) to assume the temperature of the catalyst
and catalyst space. The manometer level, after the

initial changes, was maintained indefinitely, in contrast:
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to behaviour withlhydrogen and carbon monoxide.

1t might have been preferable to use oné of the inert
gases, such as argon, for measurement of dead space,
as was actually done by some other workers, see for
instance Taylor & Strother,(J.Am.C.S., 1934, 56, 586)

but no evidence whateverexisted in this series of -

experiments of any adsorption of nitrogen.

A dead space chart for a typical catalyst, showing
the various temperature lines, has been drawn in Figure
12,. In actual practice, these llnes were drawn on
such a scale that the volume could be read easily to
0.01 ml. and the pressure to 1 mm. Hg. Provided
that such detalls as the depth of immersion of the
catalyst bulb in the salt bath were carefully controlled,
these dead Space measurements could be repeated with
very small discrepaneies; The maximum variation in
readings was gbout 0.05 ml., and the average error was

less than 0.02mMu..
After establishing the dead space measurement for

any one temperature, the nitrogen was re-evacuated, and i
hydrogen admitted in measured volume. A certain |
pressure was obtained, falling steadily over a considerablé
period of time due to adsorption. At any specific time P
and pressure, the volume corresponding to the pressure |

could be read from the graph, and hence, by difference, ]




68.

the amount of hydrogen adsorbed. Divergencies from
the ideal Gas Laws were too small to be considered in the
circumstances of the experiment.
The hydrogen was admitted i.:ﬂ three portions,
giving pressures.of anproximately 250, 500, and 760 mm.

Hg. in the catalyst bulb. In the first test attempted,

the adsorption was carried out at a temperature of 350°,
immediately after dead space measurement, as stated above.
An attempt at repetition after evacuation to 7 mm.

pressure gave a very different result, as shown in

Table 5. !
TABLE 5. %

Catalyst. Volume of hydrogen adsorbed.

‘ ‘ ~ (#l. per 100 gm.) 5
At 250 nm. 500 mm. 760 mm.

Test 1. 10 16.5 24.0 %

Test 2. 3 4.0 6.0 |

These, with similar results for another sample of the
catalyst, suggested that simple evacuation at the working

temperature was insufficient. The tests were, therefore,

repeated, but between the two adsorptions the temperature
was raised to 500°C. during the evacuation, and maintainedt

|

at this level for an hour, at the lowest obtainable !

Pressure. After this the pemperature was again
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reduced to 350°, and the second adsorption measured.
It will be seen from the table below that much more

consistent resulﬁs were bbtained.

TABLE 6.

Catalyst. Volume of hydrogen adsorbed.
' ' (ml. per 100 gms.)
At_250 mm. 500 mm. 760 mm.
Test 1 8 19 25
Test 2 9 20.5 26.5

These results made 1t clear that a more efflcient
system of evacuation was necessary, as pressures of the
order of 7 mm. were not low. Arrangements were,
therefore, made to instal a rotary vacuum pump, but
experiments were continued with the first method of
evacuation in the meantime.

The results above are expressed in ml. of gas
adsorbed per 100 gm. of the catalyst. This reduction
to a common welght basis was obviously necessary in
view of the varying densities of thé catalysts. The
results could be expressed on a common volume basis, but
it was found in practice that an exact determination of
5 ml. or so of a granular solld was difficult,‘whilst
the weight was much easier to determine (p. 60.).

The actual welght involved in these determinations was

2-4 gm., and the volume of gas adsorbed was of the
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order of 1 - 2 ml. As the error of measurement was
not greater than + 0.05 ml. (p.¢7) and probably of the
order of + 0.02 ml., the adsorptions, as given, are
correct to about 0.2 ml. (for the 100 gm. unit).

As will be seen, all figures are given to the nearest
0.5 ml., which is well within the limit of accuracy

of the observations. The figures given in the

pages to follow have all been stated in this form.

The adsorption was found to proceed at a
measurable velocity, which fell off rapidly and
ultimately became very slow. Table 7 shows the
readings taken in a typical test, and curves showing
volume adsorbed plotted against timeAare shown in
Figure 13. It will be seen from these that an
arbitrary perlod was allowed for adsorption at any
. One pressure before proceeding to the next pressufe
level by the admission of more hydrogen.

The bulk of catalytic reactions, and in
particular the synthesis or decomposition of methyl
~alcohol, are completed in a few seconds, and it is very
improbable that the later stages of adsopption play
any péft in such reactions. It is obvious that
the reaction is largely determined in the early

stages, and this moade necessary the fixing of some

arbitrary period for measurement of this stage of




TABIE 7.

Adsorption at 350°C, 2.35 gms. Catalyst No.3.

Time Burette Difference. Total volume Manometer Difference. Pressure in Nz equival Hy adsorbed Hg in
in mins. reading. at N.T.P. A. B. mm. Heg. in ml. in ml. ml./100 gms.
: (o) b

0.00 20.22 879.5 61 758 .5 0.02

15 secs. 17.64 2.58 2.42 675 196.5 478.5 280

30 secs. 682 189 493 265.5 2.25 _

1.0 685 186 499 2569.5 2619 = 1l2.8

2.0 687 184.5 502.5 256.0 2.15

5.0 689 183 506 262.5 , 2.12

20.0 695 177 518 240.5 2.02

15 secs., 15.20 2.44 574 288 286 472.5 4.19

30 secs. 4,71 877 286 291 467450 4,13 v o 10.6
21.0 578 284 204 464.5 4,11 y 0-25 = 10,
22 579 283 296 46245 4.08 _

25 _ , : 580 282 298 46045 4.08 -

40 19.88 . _ 585 277.5 307.5 451,0 3.97

15 secs. 16.18 3.70 424 425.5 +1.5 760 7.36

30 secs. 8.19 425 424 1 757.5 7.33

1.0 426 423 3 75545 7.31 = 1l.l

2 427.,5 421 65 752 727

5 _ 431 417 14.0 744,5 7.18

Total (t0 733 mm.) = 34.5

b

{
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adsorption. The period was taken to be the first
five minutes after admitting the gas (See figure 13),
while a further period of fifteen minutes was allowed
for saturation before admitting the next portion of
‘gas. The secohd five minute adsorption was measured
from the point reached just before the fresh addition
of gas. The method of computation is méde clear by
inspection of Table 7.

The actual adsorptlion proceeds at a much reduced

rate, for a long time. In one case, hydrogen was
st11l being adsorbed after 24 how s. The curves of
+. 70

Filgure 13, have been selected as typlical of most reéults,
and show that after twenty minutes, the rate of
adsorption is very slow, while.the bulk of the gas is’
adsorbed over the first five minutes. Quite apart
from any question of activity in reaction, it would
have been impossible to carry out investigations in a
reasonable time had the adsorptions been carried to
completion. The rate of adsbrption may also indicate
the nature of the catalyst surface, and an active
catalyst will probably give a greater velocity of
adsorption than a comparatively inert surface.

The choice of a five minute adsorption period’was

therefore, considered to be fully justified, and all

adsorptions throughout this work are based on this.




The fifteen minute period following sufficed to

saturate the surface of all but the less active

2.

adsorbing agents.

for the next pressure level was then obtained with the

The characteristic adsorption

further addition of gas.

Attempts were made to remove the hydrogen after

adsorption by evacuation.

shows the results obtaim d from four such attempts:- i

The following table

R i e T
P ]

<2 TABLE 8.

Test. Hydrogen added. Adsorbed. Evacuated. Dead Space.
mlo mlo ml. mln
(Fig. 12).°

1 12.45 0.80 11.80 11.65
2 12.50 0.80 11.55 11.70 |

3 11.10 1.45 9.65 9.65
4 12.15 1.30 10,60  10.80 |

It is clear from these figures that the amount of
permanent gas which could be removed was only
equivalent to the volume of the dead space.

figures were for evacuation at adsorption temperature,
but on heating the catalyst up to 500°, no more gas

was obtained.
remove adsorbed molecules from the surface, 1t was

clear that a condensible vapour, which, in the

circumstances, could only be water, had been removed

As this treatment was sufficilent to

These
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from the catalyst. This water would migrate to

cooler parts of the adsorption system and there condense
wholly or in part. The system of evacuation, by
reducing only to 7 mm. pressure, would be inadequate

to remove these traces of water. It would be
necessary to introduce a scouring gas, sﬁch as dry

nitrogen, in order to complete removal. After these

tests, therefore, scouring with nitrogen gas was
combined with the evacuation at 500°C., although it
was hoped that a better system of evacuation would
render this unnecessary.

The noﬁ-reversibility of the adsorption is in
accordance with the work of Garner and Kingham (Trans.
Farad. Soc., 1931, 27, 322), while the effect of waber
in checking adsorption on a zinc oxide surface was
also demonstrated by Burwell and Taylor (J.Am.C.S.,
1936, 58, 1753). These adsorptions are therefore
of the type generally styled Chemi-sorptions, although,
as pointed out in the general introduction (p.k})
the dividing line between these and the reversible
adsorption is difficult to discern. As a result,
the surface of the catalyst during a series of
adsorptions 1s gradually changing, and in all probabil-
ity the amount adsorbed will gradually change &also.

The catalysts used in the formation of methanol would
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not appe'tr to be of a fully reduced type (ROY W;,—D
and the first few adsorptlons are, therefore, of ‘”)
greater interest from this point of view. It
Waé'clear, however, that the number of adsorptions
measured on any one sample of catalyst must be
limited in order to ensure comparable results.

Using the same systém of evacuation, a series
of experiments were carried out with a sample of
catalyst 6; measuring adsorptions at 350, 400, und
450°@. -These adsorptions were measured in turn,
evacuatihg at 500° and sweeping with nitrogen between
each test. As étated above, all figures are glven
for the five minute period following the admission of

hyd rogen gas. The results obtained are shown in

Table 9 below.

TABLE 9.
Temperature. Adsorption in mi,per 100gms. - Total.
°c. Catalyst.
at 250 mm. 500mm. 760 mm. .
350 S10 5.5 . 4.0 19.5
200 . 15.0 6.5 3.0 24.0
450 16.5 . 4.5 9.0 30.0

' These results were somewhat surprising, as they
indicate at first glance an adsorption with a

negative temperature coefficlent. Were these
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figuees the expfeésion of aAsingie type of
adsorption, then the heat of this adsorpbion
would be negative, from the relation .

l°‘E)v A('L )
(Where,‘vc and \/; are the volumes adsorbed at
’Tj and

adsorptidn).

e ){ is the heat of

Taylor and Struther (J Am.C.S., 1934, 56, 586)
had noted a s1m11ar phenomenon Wlth zinc oxide,

and attrlbuted the effect to another type of

adsorption, manifested only at higher temperatures. .

It can therefore be supposed that a second type

of adsorption is manifested on Catalyst 6 with a

measurable velocity at a température range between

300 and 350°C. This, provided that the catalyst

is not perfectly homogeneous, would give a curve
of the type shown in Figure 14.

To investigate‘this hypothesis fw thér, enother

catalyst, No.2, was tested under the same conditions.

The temperature range was extended to 300°C., an
' adsorpfion at this lowest temperature being carried
out after the other three, for comparison with

Catalyst No.6.  The results are shown in Table 10.
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TABIE 10.

Temperature Adsorption in ml.per 100 gms. Total.
°c. , catalyst. ‘
__at 250 mm. 500 mm. 760 mm,
300 12.0 15.0 6.0 33,0
350 14.5 - 11.0 6.0 31.5
400 : 10.5 7.5 . 3.5 21.5

450 18.0 17.5 4.5 40.0

From these figures it will be seen that a

second type of adsorption is dgailn suggested, but that
. with Catalyst 2, it does not occur with measurable
velocity until a temperature above 400°C. .has been
reached. A normal fall in adsorption from 300°

to 400° is therefore followed by-a rapid inérease to

a much higher value at 450°C. . The form of the time

volume'curves~for tﬁese tésts is also interesting
(Figure 15). It will Ee seen that the rate of
adsorptibn'increases steadily from 300° to 400°, and
is followed by a decrease as the temperature rises
‘further. = This woul@ suggest that the second type of
adsorption is still slow, compared with the first, as
might have been expected. It has been supposed by
previous workers that the velocity of activated

adsorption is too slow for measurement at ordinary - -

temperature, and this adsorption appears only when a

e
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measurablg veloclty is reached by elevation of
temperature. The gases, once adsorbed; are held

at a lower temperature, and may interfere with the
normal “van der Waal§iadsorption (Howard, Trans. Farad.
Soc., 1954, 30, 278). Curves of the form shown in
ﬁhese tests are to be ekpectéd on the basis of this
hypothesis, which they appear to confirm. It must

be remémbered that the catalysts are in the form of a
granular solid, and it is unlikely that the surface 1s
of uniform activity throuéhout.

In the next stages of the work, the evacuation
was carried out by a rotary oil pump, and the apparatus
was suitably modified to work at lower pressures and
over a wider temperature range. |

This preliminary work has démonstratea that more
than one type of adsorption éccurs in the temperature‘
range of catalytic activity. It has shown that the
mode‘of preparation of the catalyst surface 1s an
essehtial part of the measurement, wﬁile the nature of
the force# binding adsdrbed hydrogen is such tmt it

cannot be removed except as water.
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- EXPERIMENTAL.

Section 2.

Hydrogén Adsorption on Methanol Catalysts.

The adsorption system for this series of tests

was modified as shown in Fipure 16. As 1t was not

-proposed to collect gases evacuated from the system,
the sub51d1ary burette shown in Figure 11 was
discarded, while & somewhab larger water jacket for
the main burette made possible the mounting of a
levelllng arm 1mmed1ately adjacent to the measuriﬁg
tube. - The.electrlc heating first adopted for the
fused salt bath had glven some trouble, as the fused .
~nitrates were found to creep over the edge of the
iron éontainer, and into the insulating system'of the
heater. This was especlally marked at temperatures.
above 450°C., and thé Wdfkiahead was planned . to
include tests at 500°C.  For this reason, the
heatef wés replaced by a simple iron stand of
cylindrical form with a ring to oarry.the salt bath
and the hedting was supplied by a Meker burner.

It was foud difficult to iocalise the heating with
this arrangement, and gas.taps in ﬁhe vicinity were
found to lose vacuum tlghtness due to heat unless

constantly greased.’ The freedon from anx1ety over

the heating during a long test more than compensated
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‘for’this difficulty, and gas heating was used for

the rest of the work. A pressure gauge on the

burner inlet and a screw'clip sufficed to control

the tempefature to within five degreés of the desired
level. i

The catalyst bulb, of hard glass, had originally

been of the form shown in Figure 17a. This shape

had the disadvantage that a large proportion of the
total volume was just out of the salt bath, butb

closely adjacent to 1%, and therefore at an uncert ain
temperatﬁre. A silica bulb of similar form was tried
and found to suffer from the same defect. The fiﬁal
form adoptéd is‘shown in Figure 17b, and was made up

in Pyrex glass. Thé bulb was weighed, 5 ml. of the
chosen catalyst introduced by meansvof the wide neck

@l tube and catalyst reweighed, and then seaied at

t he constriction(B)by means of a small flame, The
bulb section'was'large enough to keep the catalyst

out of the heated section while this sealing was done.
When the sealed bulb was invérted and fixed in position,i
it could be immersed in the bath up to the capillary n
neck, and the available free space was almost entirely
in the salt bath.

The evacuation was carried out Wlth a rotary

Hyvac pump, claimed to give 0.001 mm. Hg. on a closed
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suction. Actually the degree of exhaustion, a®
measured by a Macleod'gauge fixe@ at a poinf adjacenﬁ‘
.to.the manometer Wasrof the order of 0.02 - 0.03 mm..
It will be realised that there ﬁere factors to be
consideredbother than simple reduction of the
pressure at the surface of the cétalyst. The total
free space of the system was necessarily as small as
'possible, to reduce errors in measuyementq - This
meant the.use of capillary glass leads, offering
considerable resistance to the flow of gas at these
low pressures. Thé temperaturé difference between
bulb and leads also resulted In a difference in
pressure between that indicated by an outside gauge
‘and that existing in the bulb. It is not known what
the agtuai pressure at the surface of the catalyst was
during any evacuation;j ali‘that could be done was to
reduce the external pressure Bo the same level for each
test, and maintsin a constant temperature for the final
.e&acuation. Some attempts to determine the effect
of varying degrees of evacuation are described later
in this thesis (p. ¥\ ).

The temperature of the catalyst was teken, as
before, to be the same as that of the fused salt bath.
As no glass thermometer of the nitrogen filled type willl

stand prolonged immersion in a salt bath at a

{
|
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temperature 6f 500°, the temperature was measured
by a copper constantan thermocouple éontaihed in a
thin hard glass sheath. Measurements in ﬁarious
rarts of the bath showed eren temperature distribution
after a steady sfate had been feached.

The catélyst first tested in the new apparatus
was a sample of No.4, which had shown abnormally
low activity 1in the decomposition of methanol.
The.procéﬁure of reduction was carried out as described
on p. 65 , and the dead space was measured, using
at first the old system, and reducing fhe pressure
‘only to 7 mm. before measurement. The adsorption
at 350° for hydrogen was’then‘determined, starting
with a pressure of 7 mm. and pre—évacuation at 500°,
as in previous tests. 'The whole tes% was then
repeated, but for évacuatipn the rotary pump was used,
and the system pressure reduced to 0.03 mm. before
both dead space measurements, and in the evacuation
" at 500° before test. The results obtained are
shown in Pigure 18, and were so much alike that 1t
was concluded that the evacuation pressure was nbt
important provided that it‘was reduced to 7 mm. or
below. Later, however, it was found that the

use of nitrogen before each adsorption measurement
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had alded the surface scouring very considerably
(e % &k ). |

| The volumes recorded, although in good agreement,
were very much‘lower than the amounts éf hydrogen V
adsorbed by either of the two other catalysts tested.
This difference was most marked when only the five
minute periods of adsorption were considered, as the
adsorption was much slbwer than in thé two other
cases. Catalyst 4, after reduction, was a mixture .
of hard lumps and friable powder and sgemed markedly

heterogeneous in character.. Another sample was

tested, and in order to give a wider range, adsorptions'
at 400° and 450°C., using the lower evacuation
pressure, were also measured. The results are set

out in Table 11. .

- TABLE 11.

Temperature Adsorption in ml./100 gm. " Total.
°c. catalyst. '

at 250 mm. 500 mm. 760 rm.

350 3.5 4.0 3.0 10.5.
400 3.0 2.5 3.0 8.5
450 5.0 2.5 2.5 10.0

The amounts of gas adsorbed are much lower‘than

in the case of the catalysts previously tested, and

at all three temperatures the adsorption was much
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slower than had previously been obServed. AThe
low catalytic activity of‘fhis particular mixture
vhas already been referred to, énd it seems that
there may be some coﬁnection between this and the
low adsorption. It was 1in fhe course of the test
at 550°C.»thaf the‘adsqrption was allowed to continue
fof a period of 20 hours. The results obt ained

are shown in PFigure 19, and defmonstrate the
possibility of slow adsorptions of considerable final
-magnitude. As. already pointed‘out, this fact made
the fixing of an arbitrary adsorption period a
necessity. |

The temperature\range would have been extended,
but an aceidental breaking of the catalysé bulb
made it necessary to introduce a fresh catalyst.
As the iow adsofptive capacity of No.4 had been
demonstrated, iﬁ'was decidéd to'make tests on’
cétalyst.s, and a 5 ml.'sampie/was duly insérted
and welghed. |

In an attempt to cut down the time taken for the
tests, dead space determinations for the entire
- range 300° to 500°C. were made one after.the other,
and these were followed by a measurement of the

hydrogen adsorption at 350°.  This gave the

results which are shown by curve A, Figure,QO.
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Thelcatalyst was then re-e%acuafed to 0.03 mm.
while heating to 500°, and maintained at this level
for 30 minuteé. After cooliﬁgvto 350°, the
adsorption test:was fepeated, with the results shown
in curﬁe c. The only departure from previous
practice had been that nitrogen had not been used
for sweeping at'500°. This operation was carried
out, and a third adsorption test made. This gave
the results shown in curve B, which agree very closely
with those of the Pirst test.  This showed. bhat bhe
vadso&bed gas on the surface could not be removed by
simple evacuation, even to a much higher degree than
had been used in the previous tests. The gas had to
be removed by means of a scouring agent - nitrogen.

it is suggested that the mechénism of this
écouring is as follows:- The nitrogen, present in
large excess, sgturateslthe surface of the catdyst
completély, and preVenté the ﬁore strongly adsorbed
kwater molecules from returning when they, in the normal
course of equilibfium evaporation, leave the ‘active
surface?. The mixed water and nitrogen gases are fhen
evacuated és a whole in the early stages of the
pressure reduction. Ags the external pressure is

reduced the weakly held nitrogen molecules distil

off, and leave a clean surface for subsequent

i

————
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adsorption. It is necessary to suppose that in no

. case is the pressure at the surface of the catalyst low
enough for the water molecules to;bé removed by
evacuation alone. In view of the.fact that the
reduction of pressure in the outside system from 7 mm.
to less than 0.05 mm. made no difference in the -clean-
Ing of the surface, it 1s suffested that the level of
pressure at the catalyst surface was much higher than
in the outside system.’ This was caused by the
difference in temperature, and by the long capiliary
leads, as already indicated. | '

i tﬁe above suppositions are correct, then the
mechan%im or adsorption of the nit rogen is fundamentally
“different from the mechénism of-adsorption of the
hydrogen, and the dead space measurements are not qﬁite
accufaté; Perhaps different parts of the surface
are concerned in thé two adsorptions, énd the nitrogen
molecules prevent the return of hydrogen or water
molecules.  In this case the nitrogen so held would
rightly be included in the dead space measurements, as
indicating space that another gas must fill. Thé
amount must be small,'as no difference could be detected
in the. volumes of dead space measured aftér evacuatioh

" at adsorption temperatures of 350°., and 500°C.
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An interesting point arises when the édsorbed
gas is released in combination with a component of
the surface. This compound may then condense
at-or@inary temperatures. Then compound moleculeé,
distilling slowly from the surface'in accordance with
Langmuir's hypothesis, will migrate in‘part to the
cooler parts of the measuring system and condense
there.. Further molecules of the originally
adsorbed gas will then be adsorbed on the vacated
spaces, and not the compound molecules, pro rata to
their cbngentration, as would have been the‘case had
they remained in the neighbourhood ih a gaseous state.
From this there would be a falrly rapid attainment
of equilibrium with the surface, followed by a slowly
changing condition as the surféce altered and the
original gas was converted into the compound. This
would appéar aé a slow adsorption of the.gaé, and
such a phenomenon reinforces the arguments for the
choice of a short adsorption period.

The two tests shown as AAand C in‘figure 20 had
established adsorption at 350°C. for catalyst 3.

In érder toAconfirm theée, and to obtain resultg
comparable with oﬁher tests,‘anbther sample of the

same catalyst was measured and weighed into the unit,
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and -adsorptions over the whole range from 300 to 500°C.
were measured, worklng from 350 to 500°C. ahd back

to 300°. . All adsorption measurements were preceded
by a dead space measuremeﬁt, and by nitrogen

'sweeplnb at 500°, followed by evacuation %o a pressure
of 0.05 mm. After maintaining at thls pressure and
temperature for 30 mlnutes, the catalyst was cooled to

adsorption temperature, and the measurements commenced

when the temperature was steady. = 1In the test at 500°

no cooling was necessary, and the experiment was

started immediately after the evacuation period.

It was not thought desirable to heat to higher I
temperatures, on account of the risk of sintering. J
The results obtained are set out in the following table.#;
. V
_TBLE 12. I
Témperature Adsorptlon (in ml. per 100 gms ) at -
°C. 250 mm. 500 mm. 760 mm. Total.
300 ' 6.5 7.0 7.5 21.0
550 11.0 10.0 5.5 26.5 |
400 : - 11.0 8.5 4.5. 24.0 m
450 10.5 8.0 4.5 . 23,0

500 6.5 5.0 6.0 7.5

These figures are again represented in Figure 21, in

which the adsorptions are plotted against temperature.
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It will De seen that the volume adsorbed passes
through a well marked maximum at 550°, indicating:
two types of activated adsorption This thange was
not due to the order of the tests, as a chedk
adsorption at 350°, after the 300° test, gave an
adsorption of 27.5 ml.

Using these date, calculations were madehof the

heat of adsorption using the equation

log & = 4 (% F)

where \v: and ~\V2 "are the volumes adsorbed at the

temperatures | , @nd [ , (in © Abs.), R is the
gas constant, and }\ is the heat of adsorption.
Thus, for adsorption at 350°C. (623° Abs.) and 400°C.

(673° Abs.), equation can be re-arranged to the

following+? ’
A= 2leg 25 (i)
9 2.0 \ 3 6"13

= 1650 g . cals, pPer gm. mo]

'81m11arly for adsorptlons at 400° and 450°
A = 850 gm, cals per gm. rrol.
and for adsorptions at 450° and 500°

A =

5q20 gm cals per gm.ma).

2|
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These figures are far from.coﬁsistent, but may bé
explained by the fact that what is being measured

as a single adsorption was really two, or even more,
types of adsorption éﬁperimposed«one on the . other.
Reverting to Figure 21, a dotted line 'A - B might
well be supposed to represent the form of the first
adsorption measured at 300°, while on thié the
activated adsorption, first setting in with measurable
velocity at 350°, can be represented by the line
a' - B! At the same time, sufficient vemains of bthe
first type of adsorption to givg inconsistent résulﬁs
“at the highef temperatures. Alternatively, it

may be supposed that some parts of the cétalyst_
surfaée are more active than others in bringing about
the second‘type of gdsorption. This again would
make it difficult to measure accurately any definite
value for thé.heat of adsorption.
The same factors Will‘influence the determination

of thé apparent heat of activatlon. The calculation

of this is based upon the equation

log Kt x(E T

where }(.and k(z are the velocities of‘adsorption at

the temperatures ’T: and T,‘ ’ E the heat of

actlvation and T{ the gas constant. . To obtain a
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value for the Velocity of adsorption, curves were

drawn for volume adsorbed against time, and én estimaté€

. . I
‘made of the veriod reqired to reach half of the total w
adsorption during. the first five minutes after admitting

gas. ‘These'estimates‘were'not very satlsfactory,

especlally at the‘higher temperatures. The curves
wefé necessarily extrapolated from the readings taken
at 15, 30, and 60 seconds after admission of the gas.
The actual time taken to admit a4quantity of hjdrogen
was approximately 5 seconds, and readings before 15
seconds were alﬁoét impossible owing to osciilationé

of the meroury gauge. In Figure 22 the curve

obtained for the adsorption at 450° 1s shown, and
inspection of this shows the difficulty of estimating
the half adsorption time. The actual figures are

given in the table below.

 TABLE 13.

. Temperatw e. Half adsofption‘time (in seconds) at
~_ °c. : 250 mm. 500 mm. 760 mm.
300 B 27 ' 15 35
350 - g5 25 . 35
400 | 17 20 e

450 5 9 25
500 : 2 - o 3 4
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It will be seen from the table above that the figures
for the adsorption from 350° to 500° are fairly S
regular, and show a steady increase in rate of 1

adsorption with temperature. The figures for the

adsorption at 300° are abnormal, and are those Which
miéht be exPedtedvif'another‘typé of adsorpﬁion
manifests itself at a temperature somewﬁere between
300 and 350°.  The values for the heat of activation,
calculated from the'consiétent ranéé above, are as |

follows:~-

__TABIE 14.

Range. | Heat of activation (g. c./g. m.).

°C. 250 mm. 500 mm. 760 mm.
350 = 400 6400 3720 4300
400 - 450 22000 14360 . 1400

450 - 500 20400 24400 40500

' It would appear from these figures that the heats
of activation for the adsorption at 350 =~ 400° are
lower than at the higher temperature ranges. In

view of the dncertainty of the basic values, however,

it was felt that any speculation on this point would
be of little value. The only real observation that
could be madw(waé that a marked change in the'type of

adsorption, had occurred between 300 and 350°.:
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More experimental data were requiréd, utilising
other catalysts.

In one oftwo of'thevtésts on this lést éatalyst,
some difficulty was experiénoe in reducing the
pressure to 0,03 mm. Hg. with the rotary oil pump
albne. The system was, therefore, altered to
include a merour& vapour diffusimn bump as a final
stage, using a rotary oil pump as a backing'upit only.
The services wére also altered to eliminate all but two
rubber joints,vfeblacing‘the oﬁhefs-with blown glass
connectidns. With these alterations,.it was’foumi
p0581ble to obtaln an end pressure of O 02 - 0.03
. . This mlght have been still further improved
by wider pipe connections, but in view of the conditions
existing at the surface,of the catalyst (p.iﬂ§7 a lower
pressure was not considered necessary. | .

Some llttle time had elapsed since ‘the work had
.commenced, and the catalysts might have been changing
- slowly, so it was decided to carry‘oqt a complete
series of tésts; using the whole range of catalysts,
and the experimental technique settled on the lines of
the last series of tests described. - The catalysts
"had actually been made up at the beginning of 1937.

These tests were carried out about one year later.
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The reéults obtalned for hydrogeh adsorptibn are
given in Table No.15. All figures are, as before,
expressed as ml..per'lOO gms. of catalyst and are
obtained over the firstlfivg minutes after admitting
the three portions of gas. As the only change made
from the last tests was the adoption of a slightly
more efficient evacuation system, the results for
Catalyst 3, as set out bn page *"1‘- Table 12; were
accpeﬁed as gatisfactory. The figures of the
complete table_aie represented graphically in Flgures

23 and 24.
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Table 15.

Catalyst Adsorption (ml. per 100 gm. catalyst)
No. 300 350 400 450 500

750 ma| 5Y  [12) i 1
1. 500 mm| 9¢ 19 [16(56 | 8f28 |3 285

2

760 mm| S 8 9

— &Y [15) | &
2. - 15% 33 12534 7122 1 %40
12 7) Jaa) fa9
R 11\ |11y j K
3. | 7} 21 1o§27 9%24 9% 5%18
| v 6 4 4 6
. 1z 10y 7 3 7
4. | 9} 31 6%23 5(13 10229 10%21
8) |7 1) o
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These results wére unconvincing, and théir
interpretation obscure. The samplé of caﬁalyst 4
had showﬁ results much more in agreement ﬁith those
of other catalysts,_but this was not so surprising
‘Wwhen the nature of this catalyst was considered. As
alreasdy stated, the reduced material had contsined
~ hard lumps and a frisble powdér, and it was probable
that errors in sampling had played some part in this
disc}epanc&- An sttempt mighyp be'made to groub the
| catalysts in the two sections shown in Figures 23
gndk24 fespéctively. In the first of these, portrayed
in Figufe'23, an activated adsorption is ménifested at
about 35090-,_whi1e in the.second ( Figure_Zé),'this
adsorption does not appear'till about 450°C.. Such
a grouping is, however, a little artificial.

In view of the very vague nature of these indic-
ationg, it was rather sufprising to find that when the
amount of hydrogen adsorbed at 3600 was plotted against
molecular percentage of zinc in the catalyst, a curve
clogely resembling the corresponding activity ratio
7( Figurelghv’was'obtained- This result is set out in
FPigure 25, in Whlch the activity eurve is also drawn
for comparlsono_The adsorptlons are glven ags totals
for the pressure of 760 mi. , but the adsorptlons for

the two lower pressure levels, shown 1n Flgure 26, form
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curves of practically the sane forus The maxima ofA
adsorption and activity occur at very much the samé
catalyst compositions, while catalyst 4, even with the
newer figures, is still sbuormsl in both properties. ,
The unigque feature of thése curves at 3600 ig
gshown by the corresponding data for the adsorptious
at 300 and 40000. ( Figure 27 ) Here theie is no
clesrly marked maximum,_and correlation with activity
is impossible unless the relative activities of the
catalysts change rapidly over a narrov temperature range.
An attempt was made to determine activity at 300 angd
400° in order to clarify this position. Tt was found
that the decomposition of methyl alcohol waé'very
slow at 300, while at the highei température‘the
dzcompozition had becone extremély‘rapid.
Another worker ( A.R.Roy, Ph.D.thesis, 1940)
7 had carried out tests on this point with the results
gnown in Figure 28. These decompositions were made
with a different range of cataiysts; and in a somewhat
different manner. The tests were, ho%ever, comparable
-and illustrste oue of the failiugs of s dynamic test.
In order to obtain messurable decomposition at 300°,
it was necessary to chooge a time of contact which
gave élmost completet decomposition at 400°. Then in

“'this gecond case, the rate of dscecomposition tends to
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beconme = meésure of the rate at which the reacting
moleculeé can diffﬁse through the layers of inert
gas on the surface rather than a measure of activity
at that surface. This is an inevitable féult of a
‘dynamic system in which true equilibrium is never
established. Bearing these facts in mind, it is
doubtiulfif very reliable indications of the rel-
ative activities can be obtained at the two ends
of the temperature scale.

Two catalysts, nos. 1 and 6, were chosexn,
and their activities measured at 300, 360, snd 400°C.
The apparatus used has already been described (Pg55)

The results obtained are shown in Table 16.

Iable 316.
catalyst‘ Percentage of methanél decomposed
No. At 300° 3600 400°C.
1 7 38 68
6 o 6 i 27 . 54
Adsorptive capacities ( m1/100gm)
1 19 36 I 28
6 20 12 18

(The adsorptions shown are from the Figures 23,27,

and 24, and the position of the catalysts cuhosen

. 27
is indicated in thees figuresg.)
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The two catalysts show the greatest differ-
ence between each other, for bpth reaction and
- adsorption, at 36000., but there seemsvtombg 1ittle
connection between amouni of adsorption and decomp-_
ogitione. Had the amount of methanol decomposed by
cataljst 1 at 400°-been higher, somethingvmight
have been made of the figures. It is tﬁerefore
proper td reball the -arguments of .the two previous
Pages, and to note that the amount'decomposed mey
- be too small. These comparatively inert catalysts
are better than those prepared by Roy (loc.cit.)
from'the point of view of measurement of activity.
Even 80, the amount decomposed was only 68%, and
it is doubtfui whether the arguments mentioned Bbove
are fully applicable.

In the circumstances it was felt desirable
to investigate the adsorption of the other component
of the reaction - carbon monoxide. The moment was
though% opportune'for the'intrdduétion bf a new |
adsorptioﬁ unit, which had been built up while the

earlier work was in progress.
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EXPERIMENTAL.

Section 3.

The Adsorption of Carbon Monoxide on .
Methanol Catalysts.

a

The adsorption apparatus'described and ﬁsed in
the first section of this work suffered from fariouS'
disabilities. Experience showed that the measufing
device, Which had been improvised from a disused
Haldane apparatus, could be improved with édvaﬁtage.
The évacuation of gases for measufement was slow and
inaccurate. The largest amount of gas which could
be admitted to the catalyst bulb at any one time was
only 5 ml., and this was measured by difference from
~a larger volumé of abouﬁ 25 ml. A change in the
nature of the gas used made it necessary, with this
type of measuring véSsel, to employ five times as much
‘gas as was aoéually required. While this was not a -
serious matter when only cylinders of hydrogen and. "
nitrogen were being used, the introduction of carbon,
monoxide, which had at first to be made in the
laboratory, necessitated a more ecoﬂbmical usage.

The adsorption unit which was designed to over-
come these difficulties is showﬁ in Figures 29 and.EO.
TheAindividual pieces of glassware were made by a local

‘glassblower (Messrs. McCulloch Bros.), and the wooden
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framework was ooﬁstructed ih the Royal Technical
College Workshops. . The apparatus congists of a
fixed voluﬁe bulb A,;énciosed in a water jacket,
and connected with a water jacketed measuring scale
C. This scale was divided inté 1000 divisions of

equal lengthfy over a total graduated portioh of 20

inches. The gas pressure in the bulb A codld thus
be measured to an accuracy of 0.1%. By varying the

size of this bulb, the apparatus could be modified to
give gas measurements over a wide range of'volume;
while retaining the same proportionaté accuracy of
measurement.  As will be seen from the figures,‘the
- scale was so arranged that the gas pressure in the
bulb was always less than atmospheric, and, in
:qonsequence; variations fr6m the Gas Laws could be
disregafded, and the pressure taken to be direcily
proportibnél to tﬁe volume of gas in A,

The o tal volume of the bulb A, from stopcock
at the top to a mercuryvméniscué on the measuring
mark}at the base, was determined by filling with
distilled water at known temperature, discharging
sldwly, and weighing. The error due to drainage
was estimated by dischérging at rates'varying from
2 minutes up to one hour, and assessing weight for

-infinitely slow discharge. The method of weighing‘
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the amount of mercury required for £illing would ‘
| have’given an inverted meniséus at the base of the ‘

bulb, and this water methdd was deemed prefefable,

With the bulb of 27.65 ml. capacity (&t 15°C.) used in‘

the carbon monoxide experiments, the maximum variation‘

due ﬁo_drainage was only 0.2 ml. o ‘

|

at a mercury pressuré indicated by 1000 divisions of

The gas contained in this bulb was measured

the scale C, or less. The total height of these ‘
leOO divisions above the zero mark on the base of

the bulb A, which was set exactiyylevel with the zero
of the soale,}was 50.8 cm. The maximum volume‘bf‘

gas which could be measured was, therefore, \
27.65 x 50.8 or 18.48 mil. As previously stated, \
the scale Cvgguld be read fo one thousandth part, and
~the acéuracy of meaguremént.was therefore eqﬁal to

+ 0.018 ml., orrslighfly greater than in the firstA
| part of this work. | ‘ ‘
The temperéturé of the gas being measured was

taken to‘be,the same as that of the water in the ‘
jacket, and all gas volumes were corrécted to N.T.P. - w
As’ a steady stream of tap water_flowed through the ‘
water jacket, all readlrgs were taken at a temperature ‘

not far from 15°C., and variations in the volume of the ‘

bulb could therefore, be ignored. , .‘
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Gas was admitted into the'systém through the
bulb B, which also served as a receiver for the
: gas'which could be evacuated, by the use of a
Torricellean Vacuum, with the bulb A and the attached .
mercury reservoir. When evacuation was complete,
the gas was re-transferred to the bulva and measured.
The analysis of this evacuated gas could then be
undertaken by introducing reagents into the bulb B,
as in normel gas analysis technique on units of the
weil—knbwn Bone and Wheeler type. Analysés were
cafried out in twé or three tests, but it was found
that the wetting of the glass bulbs- and leads during
analysis gave so much trouble in re-dpying that it
was easler to paés the gas to a séparate gas analysis
apparatus. | - ' |

Tre catalyst was contained in a hard glass bulb
in the same way as before, and heated in a fusmed salt
béthkarranged at the béck of the appmratus, as sthn.
at D. Evacuation was bj means of a mercury vapour
diffusion pump of the all metal Kaye type, backed'by
a rotary oil pump as before. Only in the actual
vadsorptibn section of the unit waslcapillary tubing
used, and éll leads to and from the pumps were of at

least. 1 cm. bore. . On the entire low pressure side

there were oniy two rubber joints, which were painted
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with f;cien Wax, and.all:the remaining connections
were fused together in situ. ‘

As a result of these precahtions, the pressure
could be reduced to a level of 0.007 mm. at the Macleod
gauge. It must be remembered ﬁhat‘the actual
pressure at the surface of the catalyst may have been
much higher. The experimental practice of sweeping
the catalyst surface With nitrogen at a temperature
’ofA500°C; before each édsorption measurement was
continued. | .

The carbon monoxik used in the tests was, in
the first place, ﬁade in the laboratory by thev
AdecompOSitioﬁ of formic acid with syrupy phosphoric
acid. The formic acid had previously been heszted
to boiling'point to remove dissoived gases. The
producfs of decomposition were cooled and then passed
through a scrubbing tower against a current of caustic
- potash solution. The residual gas was over 99%
soluble in acid cuprous chloride solution. It was
stored over brine till required, and immedlately before -
use was passed tbrOugh‘alkaline pyrogallol solution
- to remove any traces of oxygen or carbdn dioxide.
Final drying, as beforé, was by means of freshly

heated calcium chloride.
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When‘the{tests were commenced in the Spring
- of 1938, no other source of carbon monbxide was
available, but in 1939 the British Oxygen Company
started tb marké& the gas in cylinders at a pressure
of 100 atmospheres. This éonvenient sourcé was made
use of indone or two of the iast tests. The gas was
free from carbon dioxide, oxygen and nitrogen, and
would have been an ideal material fop all the work.
The'danger of such a quantity of very poisonous gas
was guarded against by the use of a special cylinder
key, and by storage outside the laboratory.
bThe first catalyéts to be testéd were thbse which
had preViOusly been used for thé measurement of hydrogen |
b‘adsorption. These had been preparedAand reduced in
the'SpTing of:1957, and stored subsequently in.tightly'
stoppered bottles.  Unfortunately, the stock of
catalyst 1 was too small for tests to be made, so that-
the measurements were confined to catalysts 2 - 7.

As already stated, all the sample of catalyst had
been feduced with methyl alcohol vapour at 360°C., and
then stored in tightiy stoppered bottles. After
weighing a 5 ml. sample intb the adsorption tube, and
connecting up the apparatus, the catalyst tube was first

‘evacuated, and then heated up in an atmosphere of

hydrogen, raising the temperuture to 500°C. in 60 minutes.
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After maintaining at this temperature for a further
. 30 minutes, the catalyst tube was aghin evacuated to a
pressure of 0.007 mm. The temperature was then
lowered to.the required levels and dead space
measurements with nitrogen carried out. The surface
was then. scoured with nitrogen at 500°, and measurements
of carbon monoxide adsorption at 3500, 360, and 400°C.
were mede. Between each measurement, the catalyst
surface was scoured with nitrogen at 500°, as already
specified for comparable conditions. Although it
was n$§ possible to add in a single operation the
amount of gas required to glve a pressure'of 760 mm.,
if was decided.to adhere to the previous method.
The carbon monoxide wes therefore admitted in three
stages, aﬁ the end of 20 minute periods, in amounts
calculated to give pressures.of 250, 500, and.760.mm.,
‘at the end of each period. The adsorptions giveh
in tﬁe table below were measured, as before, over the
first five minutes after admitting the carbon monoxide.
The results recorded in Tablel'zuare also given

graphically in figures 31, 32, and 33.




‘Figures 31 and 32.
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Table 17.
- Catalyst o Adsorptlon ( m1./100 gm. Catalyst)
| 300° 360° ___40009¢.
28 17.5 21.5 | |
2 | 3.5 35 5.5 § 27 a.5{ 27.5
3.5 4.0 1.5 '
13 10.0 O 16.0Y
3 g 1S 0.5 105 2.5 ¢ 185
0 : 0.0 0.0
715 A 7.5 7.0
4 1 Z 7 2.0 f105 2.0 & @5
~ 1 . 1.0 » 0.5
- 7 13 14.0
5 10 } 23 3 10 2. 18.5
| 6 J 4 2.5 -
K 28 ~ 30
6 5 337 13 z e
4 D 14 _
1.0\ 2.5 740
7o 1.5 £ 03 1.5 bk 1.5 4 10
0.5 J 0.0 1.5

These figures show, in the first place;
a hlgh adsorptlve capacity for carbon monoxide

with catalysts containing a high proportion of
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chromium- This is-in sharp contrast to the
adsorptive capaciﬁy of these catalysté for
hydrogen, as will be seen from the Figures
25, 26, énd 27. The adsorptive capacity appears
to fall to a minimum with a catalyst containing
804 (atomic) of zinc, although this minimum was
reached with catalyst 4, which had previously
given such anomalous results with hydrogeh. The
- general shape of the adsorption curve is well
established, howéver, and the minimum adsorptive
capacity 1is éxhibited at about the same point if
the results for catalyst 4 are ignored. As the
zince contént of the catalyst increases beyond
this 807 value, the adsorptive capacity appesars
to increase again to a maximum value with a zine
content of 874. There follows another fall to
the low capacity exhibited by the pure zinc oxide.-
As the activity tests were carried out at
360°, adsorptions for this temperature for both
- hydrogen and carbon monoxide gré shown gide by &
‘sidé in Figure 34. The curves show total adsorp-
‘tion plotted against catalyst composition. The
peak of catalytic activity, it will be remembered,

oceurs with a catalyst composition of about 674
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of gzinec, or neérly in the same place as the
adsorption peak for hydrogen. There is no such
correlstion between carbon monoxide adsorption
and activity, for at this partiéular composition
the adsorption is falling steadily towards a
minimum cepacity, but has not nearly reached
'this poinmt. The only interesting feature of the
carbon monoxide adsorption at tﬁis maximam activity
roint is that it shows nearly the same value as
the hydrogen cﬁrve. The catalyst cqmposition

~ for maximum activity, therefore; is one which .
gives approximately equal adsorptive capacities

for.bqthAhydfogen and. carbon monoxide.




Figure 35
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EXPERIMENTAL

" Section 4.

Adsorption on More Active Catalysts.

Avnother serieg of catalysgg of‘the sane
nature as those tested were availsble in the
College. They had Been prepared by A.R.Roy
in the courge of his work on the synthesis of
methsnol ( Roy - Ph.D. Thesis, 1940 ). The method
of manufacture was the same‘as that élready deg=
cribed in the course of this thesis ( P.47 ),
but the reduction process was s0 modified ags to
eliminate the overheating phenomenon.

_In Place of methesnol vapour alone, a
mixture of methanol and nitrogen ﬁas used, snd
the concentration of methano} kept so low that
no temperature change could be detected during
the reduction. As a result oi ihese precautions,
not orly was the abnormaiity shown by catalyst 4
avoided, but the whole range of catelysts showed
'a‘gre&tly increased activity in the decomposition
of methanol.'Figure 35 shows the relative activity
of the two series of catalysts, Cﬁrve 1 showing
the range of catalysts studied in the previous
gections of the work, while Curve’z ghows the

d :
catalysts prepared by Roy. The meth%? of assesglng
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activity was not quite the same, as a diluting
ges wes used in the tests for Series 2. Thisg
change, however, could only tend to diminish
the apparent activity slightly, and the position
of maximum activity set by the general form of
the curve will be unchanged.

Three typical catalysts Wefe chosen from
this second series, having cémpositions as shown
in the table below. Their plsceg in the graphvof

activity are indicated in Figure 35.

. Table 18.
Catalyst £ - 41.5% Zine ( Atomic)
Catalyst B _ 68.8% Zinc ( 0 )
Catalyst © 77.0% Zinc ()

These catalysts were Low tested for adsorptive
cspscity with both hydrogén and carbon monoxide,
at the single temperature of 360°C..
It was found that the adsorptive capacity
of all three was much greater than that of any
other catalyst previously tested. The volumes of
-gas adsorbed.were gufificient to reduce practically
kthe whole of the catalyst sample to the metal,
and the problem of change of surface during meas-

urenient became much more important. It was therefore



'
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‘Figare 36.
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decided to carry out the adsorptions in deifiuite
order after ome treatment with hydrogen at 500°9C.
The first was an adsorption of hydrogen, the
second of carbon monoxide, and these were Lulluwed
by checking adsorptions in the aamé order. Table
19 sets out the results obtained, and they are
represented graphically in Figure 36.

Table 19

Catalyst Volumes adsorbed ( wm1/100 gm.crtalyst)

Hydrogen Cerbon Monoxide

A1 2 __Average 1 2 Aversge
A 60 55 57.5 330 310 320
B ‘115 103 109 90. 78 . 34

c 116 114 115 Ni1 Nil Mil

These large adsorptions appeared to be
partly reversible for both gases, as will be seen
from the following typicsl cases.

Catalyst A ( 4.66 gm.)

Hydrogen adsorbed 289 nml.
Regoved by evacuation to 5 mm 1.42 ml
Cerbor Monoxide eadsorbed | 15.49 ml.
Removed by evacustion to & mm 8.50 ml.

Cetslyst B ( 1.83 gu.)

Hydrogen azdsorbed 222 ml.

Removed by evacurtica %0 5wy 147 wl.

Cerbor monoyide wisorbed ‘Ll 1.
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Rernoved by evaéuation to 5 mm 0.95 ml.
It ig probable that a astill greaterkproportion
of the adsorbed gas could have been removed
had the evacuation been carried to lower pres-
sure levels, or beeun more prolonged. After
reaching pressure levels below 10 mm Hg., the
evacuation by means of a Torricellean vacuunm
began to be very slow, and gas was obviously
being released slowly from the surface. The
Hydrogexr. could only hsve been liberated as the
'unchanged‘gas, but some of the carbon monoxide
might have been releassed as the dioxide, a point
which was not investigated.

Some reduction obviougly occurred, as the
three catalysts, after testing,were left in =
state which spontanebusly oxidised, with consider-
able evolution of heat, when exposed to aire.

It was also found necessary to prevent_the acceas
of air to the catalyst at auny stage during the
‘testse One complete series of measuremente was

spoiled in this way by the entry of air through

- & faulty vacuum pump.

Couparing the figures 34 and 36, which

get out the adsorptive capacities of the two



geries 0f catalysta at 36000., it will be seen
thet the same high value for carbon monoxide
adgsorption is obtained in each wheun the proport-
tion of zinc is below 50%. The complete absence

of any adsorption of carbon monoxide in the case
df(catalyst C was at first set down to some error
but two other samples of the catalyst gave similar
results, while exhibiting the sane relatively

high adsorbtive capacity for hydrogen.

The actual form of the adsorption curve
for carbon monoxide is the same in both series
of catai@@ﬁ@, although in the second casé the
renge of compositions is restricted. In the
curves for the hydrogen adsorption, however,
little 1i%Qmess can be treced, and the curve
for the second seriegs shows no marked maéimum,
as was the case with the first. The pure zinc
oxide has, of course, very little adsorptive
capacity, and the curve for the secbhd series
of catalysts, if more fully investigated, would
probably take the forum suggested by the dotted
. prolongation in Figure 36. A fuiler discussion
of this and other points will be found later

in this work.
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This vork on adsorption would clearly
be limited if confined to the catalysts for
one reaction and it had beern planned originally
to include all stages in the reduection of
carbon dioxide to methane. This was elesesly
00 ambitious & programme for the time avail-
able. It was e¢lear, however, that some other
type of renction than the gingle methanol
synthesis and decompositidn should be studied,
and- a very convenient ouc, frow all points of
view, wes the reduction of carbon dioxide to
methane over a nickel catalyst. It might have
been better to use carbon mondxidé as a starting
product rather thsn the gioxide, but the
comparative esse with which supplies of the
latter gas could be obtained and handiedvdecided

the choice madee.
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EXPERIMENTAL,

Part 8.

The Preparation and Testing of Nickel Catalysts.

The nickel catalysts to be used were supported
sn pumice. . This pumice was sized to 16 - 20 mesh,
and then washed vigorbusly with dilute aqua regia to
remove traces of soluble material. The acid was
afterwards removed by prolohged extraction in a
‘soxhlet system, using severél fresh quantities of
water,vand the purified pumice dried at ;oo°c.'

The.nickél was used in the form of a solutl on
of the nitrate, which had been found by analysié to
contain over 98% of the hydrated salt.  The solution
was made up to contain 20 gm. of metallic nickel per
Iitre, the final concentration being checked by
analysis. - As it wasrdesired to obfain catalysts
of varying.activity, a solufion of thoriuﬁ,nitrate was
'_uséd to provide the promote}l This thorium salg
(TdﬁO) .6 H,0) was taken as pure, and a solution made
up to contain 2.2 gm. of thorium ox1de per lltre.
These two solutions in egqual amounts gave a
concentration of thoria in tne niclkel catalyst of
about 114. This had been shown by Medsforth

(J.C.5.tqas. vas. 1nsa. ) to be the best con-

centration for activation.
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The catalysts were prepared by adding to the

nickel or nickél-thpria sdlutions sufficient

pumice'tb.give 10% by weight of the niclkel metal,
or nickel thoria mixture, in the dried and reduced
catalyst. The_mixture,'which oontained sufficient g
water %o ensure the even weﬁting of the pumice, wns
then dried as far as possible on a steam bath and |
stored in a tightly closed bottle £111 required.
| Samples of tnis air dried material were taken for
éach test ana'reduced in situ imre diately before use. |
‘It was at first intended to supply tné,gases
for reaétion from two separate-aspirators, and to

- regulate the respective rates by meuns of flow

meters. This arrangemgnt was difficult to work, |
and the miktufe of gas obtained varied in'composition;
even when the utmost attention'was paid to the flow
meters. . The gases (always hydrogen and carbon

dioxide) were therefore mixed beforehand in one ten

litre aspirator, with acid brine as the containing A
£luid.  The solubility of the carbon dioxide made
this method a trifle unreliable when widely varying
concentrations of canbbn dioxide were used in two
successive expériments. S0 long as tnis Was aVoide&
téSts shoﬁed that'the carbon dioxide concentration

did not alter over the perilod of a test within the

limits of experimental error.




Figure 37«
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The apparatus as used finally took the form
shqwn‘in Figure 37. The gas mixture passed through
a flow meter (G) to the drylng tube A filled with
calcium chloride, and then to the reéction tube B,

- which was of the same form as that used for a
similar test on the methanol catalysts (p. 53 ).
This tubé was heated in an oil bath. . The products
of reaction passea~straight into a collecting
aépifatdrglwithout any attempt being made to condehse
liquld products of any type.‘ The collecting
aspiratof_was filled with‘acid'brine, and a lower
reservolr manipulated so as to maintain an even
pressure in théthole system. This simple
arrangement was used in preliminary tests, and
showed that éo little of the reaction mixture
remained unaccounted for (see Table ®1) that no more
complicated system was called for. ‘A two-way tap
allowed the passage of a stream of dry hydrogen for
reduoihg or sweepling out purposes.

In éach experiment, 10 ml. of the supported
>cutalyst was tipped into the catalvst tube, and
arranged evenly round the central thermoﬁeter tube
by tapping. A stream of dry hydrogen flowing ata

rate of 300 ml.tper minute was then passed over the

catalyst, the temperature of which was raised to 280°C{




- be adjusted and meintained at 280° and the various

- chamber had passed to waste during the redustion

to the system, and s standard experimental period

_agpirstor closed. The‘volume_of gas mixture passed
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Over 60 minutes, and ﬁaintained at that level for
a similar period. Without cooling the catalyst,

or ailowing any air to enter the system, the reaction
mixture was then set to flow through the catalyst tube
at a specific réaction raﬁe {this varied from test

to test). The gases issuing from the reaction

period, and this was continued for another ten

minutes, during which time the temperature could

pressure levels ag usted. o

The collecting aspirator was then connected

of ten minutes followed. At the end of that time

the gas supply was cut off and the collecting

in, and the volume of product collected over, the

experimental period were measured. The gas mixture

for test was snalysed immedistely before each

~ experiment, snd the products as soon as possible

afterwards. A fresh sample of catalyst was used

for each test to eliminate errors due to gradusl

changes in the catalsyt with prolonged use.

The following data for a typical experiment l
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show how the results were obtained and interpreted.

TABLE 20.

Experiment 3, Series 3.
Volume of gas'mixture passed, 5700 ml,

Both at N.T.P.
_Volume of gases collected 4950 ml.

Analysis of gas.

Initial gas Mixture. Gas produced.

COg . 15.0% 0 13.0%
‘foz - - - o -
i b B R
CHe - 4.2
He g5.0 82.5 , .
Ng B ' 0.5

Mass Balance.

~Iy. = oUm.
00, 1,600 gm. GOy  1.270 gm.
H,  0.435 H, 0.363

CH,  1.146
H,0  0.275 (Cale. on 0z).
Potal 2.035 Total 2.054
| Mass Recovery 102%.

- Rate ofiprodgction of methane 20.8 ml, per minute.
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It will be realised that the reaction causes
volume change, and that the composition-.and ?olﬁme
of the gas can only be kept constant in the initial :
stages. A basis of comparison between catalysts
of ﬁarying'actiVity‘is not easy‘tp obtain, as both thi
- gas weloclty and the gas cémposition in the later
‘stages of reaction vary with différent catalysts.

Any result must, therefore, be carefully scrutiﬁised,
and attempts made to ensure that conditions vary as
'iiﬁtle as possible. This is most‘easily effected
by passing the gas mixture so raﬁidly that tgere is
always a large excess of unreacted gas. The figure
which tThen seemed the most logical basis for com-
parison‘was the volume of methane produced per minute1
Unfortunately, the reaction is so rapid with
an aetive catalyst’fhat such gas velocities ﬁould
be difficult to obtaln, while the:exofhermic na%ure

. of the reaction would, at the same time, cause

- conslderable temperature disturbance.‘  In view

of prévioﬁs expérience with the methanol catalysts,
it ﬁas not expected that very close correlation

- between adsorptidnémi activity would be obtgined, S0
that'an,exact determination of relative activity wés3
hardly necessary at this stage. The figures given

below, showing the results obtained with the nickel
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and nickel-thoria catalysts at two temperatures,
were c¢onsidered sufficiently indicative of the

activities of the two catalysts.

TABLE 21.

Series 1. Inlet gas rate 170 ml. per minute. l
. ~ , |
Datalyst. Temp. Gas Analyses. - CH, = Mass

°C. Inlet Gas. Outlet Gas. ml/ Balance

—-

Ni-ThO; 300 14.8 85.2 0.8 64.0 35.2 26 100.3
280 14.7 85.3 5.6 67.3 29.1 22 99.1
WL 300 - 14.8 85.2 9.8 76.8 13.4 .15.8 100.6

280 16.4 83.6 14.078.4 7.6'10.3 100.5

The results above. show that the thoria eotivated;
' caﬁelysf‘is twice as active as the eimple nickel
type. The figures for the test at 300° for the
more.ective_catalyst 1llustrate the point above

concerning the inaccuracy of such dynamic tests.

The carbon dioxlde 'had hearly disappeared, and no-
doubtvthe reaction rate was’faliing of f owing to
this cauee. - Had thls not been the case, the
relative activities at 300° might well have been
the same as at 280°. However, there is no doubt
as to the superior act1v1ty of the thorla type and

Wlthout further measurement, the next stage of the

Work, viz. the measurement of adsorptive capacity, .
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was attempted.

At a lager stage in this work, these activities
were refdetermined on a much wider basis, in an

attempt to obtaln some 1n31ght 1nto the mechanism

of the reaction.

A full account of these tests will be found on p.‘3
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EXPERIMENTAL.

Part 6.‘

The Adsorption of Carbon Dioxide and Hydrogen on
' Nickel Catalysts. :

 The apparatus used for measurement of ’
adsorption haé already been described on p-qq ,
and. was the same as that for carbon monoxide
adsorptions on methanol éatalysts; The reduction
of the nickel cataljstslwas carried out in the bulb
of the adsarption unit. After whighing 5 ml. of
'tﬁe catélyst‘intp the bulb and connécting up the
appératué, the bath temperature was raised to 400°
in 60 minutes, while the air over the catalyst was
replaced by hydrogen. During the heatihg period
tﬁis hydrogen was twice removed by evacuétion and
‘replaced with a fresh supply, The catalyst was
then maiﬂ;éined at a te@perature of 400° for another
hour, chaﬁging the hydrogen three times during this
?eriod. Finaily, the hydrogen was removed by:
evacuaﬁion-to a pfessure of 0.007 mm., still
keepihg the temperature steady. The catalyst was
then‘ready for dead space measﬁrements With nitrogen,
as previously described. Final evacuatlion before
eéch test was from an atmosphere of nitrogen at a

temperature of 400°.

)
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It will be noted that both the final
reduction and the desorption temperatureé wére
lower than was the case with the meﬁhanol‘catalysts.
This chahge,was made because the reaction aﬁd‘
adsorptiOn temperatures were also, to about the |

same¢ degree, lower than those for the methénol |

synthesis. |

It was necessafj in fhe first place .to measure
the adsorptive capacity of the pumice used as a base
for the patalysﬁs. ‘ Two samples were teéted, both
Abeing treéted in exactly the same Way as the catalyst-

bearing pumice. It was found that, both at 250°

~and 300°C. there was no measureable amount of
adsorption of either carbon dioxide or hydrogen.
fhe émounts of these gases required to fill the
apparatﬁs to atmbspheric pressure were practically i
identical wifh the dead space.nitrdgen mea%urements. !
Neither with nitrogen nor with the two other gases ;
was there’any‘gradual change of pressure indicating
.graduél adsorption.

The pumice was then replaced by the nickel
.impfegnabed.material, and hydrdgen adsonbtion mea;uréd

at 250, 300, and 350°C., using the same sample for all

tests. Marked adsorptions were observed at all

three temperatures. A characteristic feature Bf




Figure 38.




ADSORBED ( ml/106

AMOUNT

HYDROGEN ON

NICKEL

CATALYST.

- HYDROGEN ON
METHANOL CATALYST

JiQ.
TIME IN MINUTES.

I00



125.

all these was that the adsorption was spread over
almuch longer period than was the case with’those
measured on mothanol catalysts. This poimt is
illustrateﬁiin Fig. 38., in which the graph of
amount adsorbed agalnst time 1is oompared with a
typlcal case in the . earlier work This made the
fixing of a proper time interval over which to
‘measure adsorption much more difficult than berore.
In order %o avoid confusion, the same systom‘wasl
adopted as in the earlier work. Adsorption at
each presgure level continued for twenty minutes,

. but‘onlﬁ the amount adsorbed over the first fivo
minutes was reckoned in the final calculations.

. It 1s obvious, from a study of Fig.38, that
this recognition of poriods of adsorption is quite
arbitrary,.andlfor the nickelloatalysts alone,
unjustifiaole. The monner of manufacture of the
.nickel catalysts is probably responsible for the
4difference in rate of adsorption. The followiﬁg
table showé the results obtained‘for hjdrogen
adsorpﬁion on the sample tested. The volumes are
those adsorbed 1n thebfirsf five minutes after

admitting'the gas for the three pressure levels.
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TABLE 22. j
Temperature. Adsorption in ml./100 ém. - Total._‘
°G. at 250 500 760 mm. - |
250 ' 46.5 10.0 1.5 . B8.0 |

300 35.5 9.5 4.5 49.5

350 40.0 11.5 3.5 | 55.0

These figures are also set out in Fig.39.
| The first noticeeble point with these figures 1is
;the large amount of gas adsorbed by a catalyst mase
which contains only ten ﬁer cent of nickel. On the
basis of ﬁickel weight'these amounts are Mubh higher

than those adsorbed by the most active methanol

catalysts. The bulk of this adsorptlon is at 1ower,
pressure levels, and the shape of the ado rpi on
curves, volume against time, suggests that the total

preesure in the system has very little effect upon

the amount adsorbed once a certain pressure level

has beén reached.  This is common to adsorptions

at all three temperature, as will be seen from a
study of Fig. 40. From the change in the
oharacteristics of the adsorption, iﬁ was hoped that
calculation of the heats of activation and adsorption
might give figures of more definite meaning than had
been oﬁtained with the methanol catalysts.v, The

method of calculation has already been given on p.¥¥
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and the results obtained in this case Were'as'

follows:~-

TABLE 23.

Heat of Adsorption.
(a) 250 - 300°C. 1990 gm. cals./gm. mol.
(b) 300 - 350°C. -1330 gm. cals./gm. mol.

Heat of Activation (for first (250 mm.)-adsofptibnc.w
only).

(2) 250 - 300°C. =-2380 gm. cals/gm. mola. -

(b) 300 - 350°C. 3490 gm. cals/gm. mol.

| Consideration of fhe Volumes adsprbed suggests
that a second type of edsorptien manifests itself at
temperatures of above 300°. .. As it is probable ‘that
some indications of this would appear in the
adsorptlon at 300°C., bothkhe heats of active tloh and
adsorption would be calculated on false premises,
end the discordant results probably arise from this

factor. = I& will ‘be noted that ohly the first

adsorption was used in the calculation of actlvatlon d
heat, as the much smaller guantities adsorbed at -
hlgher pressure levels made these measurements
relatlvely unlmportant.

Another. sample of the nickel catalyst was’

1ntroduced and treated with hydrogen for reductlon

exactly as stated on p. a3 - After dead space:
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measurement with nitrogen, an attempt was made to
determine adsorption ofcarbon dioxide at 250°C.
The adsorptive capacity was found to be negligible,
and similar results were found with tests at 500°
and 350°. A measurement of hydrogen adsorption at
300° gave a result (73 ml./100) very close to that
obtained with the first sample. These figures
were confirmed with a third sample of the catalyst.
*The nickel-thoria catalyst was now used for
adsorption measurements. In the case of hydrogen,
large adsorptions were again observed,, as will be

seen from the following table:-

TABLE 24.
Temperature Adsorption in gil./100 gm. at Total.
°c. 250 500 760 mm.
250 67.5 16.5 6.5 90.5
300 59.0 12.0 5.0 76.0
350 45.0 12.0 7.5 64.5

Pig. 41 sets out these results in graphical
form, while in Pig. 42 the volume of adsorption is
plotted against time.

The shape of the time-volume curves are similar
to those obtained with nickel catalysts, and the same
criticism of a five minute period for adsorption can

be made. There 1is no evidence-, in the total
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volumeé'adsorbed, of the existence of a second
form of adsorption, as the amount falls stegdily
with‘increasing temperature. The effects of
pressdre'are‘similar fo those observed wlth the
nickel catalysts,“and the bulk of adsorpﬁion‘is
at the léwer_pres;ufg.levgls. The heats of
édsorption and activation were calculated in the
same way as for the nickel catulysts, with'the

félloWing‘results:~

TABLE 25.

Heat of Adsorption.

(&) 250 - 300°C. 2190 gm. cals./gm. mol.

(b) 300 - 350°¢. 2210 gm., cals./gm. mol.

Heat of Activation.

(a) 250 = 300°C. ~3630 gm. dais./gm. mol.

(b) 300.- 350°C. 2970 gm. cals./gm. mol.
It is inﬁereéting to note that the discrepancy in
‘heats of activation is similar to that noted;in‘thé
case of the nickel cetalyst. This maylbe'a |
coinqideﬁée, dﬁe to the difficulty of measuring
'vefy rapid.initial adsorptions, but the shape of the
tiﬁe vélume'curves for the nickel-thoria catalyst

suggests some change in the nature of the adsorption

around 300°.
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Comparison of the tables 22 + ak shows bhat
the nickel-thoria catalyst adsorbs about 50% more
hydrogen than the unactlvated nlckel catalyst, and
‘an approximate parallel can be drawn between this
cppacity and the relative catalytic activ1ty of the
two types of catalyst.

A fresh‘sample.of the thorla activated catal&st‘
was now used for measurement of carbon dioxide
adsorption, and agéin-it was fduhd that the
adsorptive capacity, over the range 250 - 300°C.,
was immeasurably small. A test‘with hydrogen
showed the sample to be normal. The nickel«thoria 5
catéiyst was,'therefdre, very similar to the
ordinary nickel>8pecimen, and in particular shoWed

' the phenomehon of adsorption of only one reactant.
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 Experimentel.

Section ¥. The Conditions of Reaction between

Carbon Dioxide and Hydrogen on Nickel Catalysts.
Before discussing these results for adsorption

it was thought best to investigate moere closely the
conditions of resction for the reduction of carbon
dioxide. The apparatus for this work was already in
existence ( p.117), and the general experimental
proceedure iollowé that already described. In this
new investigation the gas rate waa,varied from 100 ml.
up to 500 ml. per minute, while working with wvarious
mixtures of carbon dioxide and hydrogen. The results

which Were”obtained are set out in the tables which

follow.
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TABLE 26.

Reaction Mixture 4% COg 96% Hg .

-

Experiment. Gas Kate. Analysis of Bxit Gas. Wethane  Wass Balance.

In. Out. COp%  CHy/e  Hp.o ml/min.

.<¢rb\\)<(f....
1 150 135 0.4 7.0 90.5 = 9.4 102.5
2 - 300 250 1,0 4.2 91,0  12.0 °  101.5
3 . . 600 560 1.8 4.0  93.0  22.6 97.5
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 Reaction Mixture 7.5% GO  92.5% Hg.

'TABLE 27,

mxvouwﬁmuwr, Gas Rate.

Analysis of Exit Gas.

Methane. Mass Balance.
Hurbmmw.. COz% CHy /o Helh mlo/min,

‘H 220 Hmo 4.2 8.8 - 80.0 15.4 9745
2 220 160 3.6  10.2 83.5 16,53 97.5 -

3 300 250 3.4 9.5 83.0 23.4 103.0

4 300 250 3.4 8.2 86.0 22.4 101.5
5. B70 500 7.0 5.8  80.0 30.2 93.5
6 .mmm ,mqo 500 18 5.8 83.0. 19845

30.2
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TABLE 28,

Reaction Mixture 15% CO, 85% Hj .
Experiment. Gas Rate. Analysis of Exit Gas.  Methane. mem.wwwwuom.
7 " 'Ine Out. COg "% CHy %  Hoof ml./min. : :
1 160 125  13.0  15.0 6640 18.9 97.0
2 160 125 12,0  16.1  68.0 20.1 103.0
3 507 300 9.2 5.6  77.0 19.4 97.6
4 307 300 9.0 6.1 76.5 118.7 98.5
5 - B70 500  13.0 4.2 82.0 20.8 101.5
6 570 500 18.0 4.2 785 20,8 98,5
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TABLE 29,

N

Reaction Mixture 30% COp - 70% Hg .
Experiment. Gas Rate. .Pbmp%mwrm. of Exit Gas. . zoﬁ,ﬂsm.f Mass Balance. -
O In. Out. C05%  CH %  Ho'o Mls/min.
1 160 120 22.4 12,4 64,0 = 14,9 97.5
2 280 240 26.0 6.8 62.0 - 16.4 101.1
'3 570 520 27.0 3.5 66.0 1844 9841

R L
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These‘results suggest, in the first place, that
wita low initial concentrations of carbon dioxide in

the reaction mixture the reaction rate is governed by

diffusion through a surface film. This film diminishes

in thickness as the gas velocity increases, and the
rate Qf reaction therefore appesars to be proportional
to some power of the gas wvelocity. This point is
illustrated in Figure 43.

When the initial concentration of the carbon
dioxide is increased beyond a critical value, around
10 4 by volume, the nature of the controlling factor
changes. The rate of diffusion no longer governs the
rate of reaction and reaction velocity becomeés
independent o: gas velocity or nearly so, as wiil
be seen from Figure 44.

The reaction rate is greater at low gas
velocities than that attained by mixtures poorere
in carbon dioxide. At high gas rates, however, the
reverse is the case, and the poorer mixtures exhibit

the greater reaction velocity. Comparison of

Figures 43 and 44 makes this point clear.

A more detalled discugsion of these results
and their implications will be given later in this

thesis.



EEWIEW OF RECENT LITERATURE.

In Section 1 of this work, a general
review was made of the subject of surface reactions,
- covering matter published up to 1936. A brief
account of subsequent work, and some further
comments on pfevious pﬁblications which seem to
~deal intimstely with practical work described in the
Preceding pages, is given below.

The action of a surface in promoting chemical
reaction is now generally believed to be through
formation of intermediate compounds. For instance,
Adking ( JeTeEeC.,1940.32.4189 ) 1aid down the
following criterias for hydrogenation catalysts.

(1) They must adsorb and activate hydrogen.

(2) They must adsorb and activate the hydrogen

| | acceptor.
(3) They must hold these two reactants in the
| proper ratio and space relationship.

(4) They must desorb‘the desired product.
The‘w;rk of Craxford and Rideal ( J.Ce8..1939.1604.)
illustrates these points. Their research on the |
Fischer-Tropsch eynthesia led them to suggest that

carbon monoxide is first chemi-sorbed on the surface
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reduced, in the first Place to an adsorbed methylene
nucleus. If the su;face is fully saturated with
hydrogen, then the methylene nucleus is completely
réduced to methane. When less hydrogen is present,
the methylene nuclei tend to condense to complex
hydrocarbone.vIt is known that carbide tends to
accumulate on the surfaee of a catalyst during this
reaction, and can be removed ﬁy substituting at
intervals pure hydrogen for the carbon monoxide-
hydrégen mixture. ( Fischer and Tropsch. Ges. Abh.
EKenn. Kohle 1930.10.313 ) As the reduction of the
carbon monoxide proceeda“smoothly throughout the
period of deposition of the carbide, it is at least
possible that this deposition is the product of a

side reaction. The change in character of the
products from methane to more complex hydrocarbons
during the‘same period, however, bears out the
theory of & step reaction through a carbide.

Farkas and Farkas ( JeAmeC.S. 1939.61.3396 ),
in a similar conneétion, gshowed that the hydrogengtion
of acetylene on platinum was retarded by increasing
the partial pressure of acetylene. An inerease in
the partial pressure of hydrogen had the apposite
effect, although the variation in relative amounts
might with advantage have been wider. The idea

of adsorption in the correct amounts was or volume
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proportions was extended by Adkins ( loc.cit.) to
hydrogenation catalysts which only function af high
hydrogen pressures. Only at these pressures is suffic-
ient hydrogen taken up for the adsorption to be active
in reaction. Ivanov and Kobozov ( J.Phys.Chem..U.S.3.R.
1937.10.1 ) studied the oxidation of earbon monoxide
to dioxide over an iron catalyst and postulated
reaction through a complex adsorption product of
Bhe monoxide on the iron oxide.

80lid surfaces are recognised to be markedly
uneven, active centres for adsorption, and presumably
;eaction, being scattered over the main area of the
- surface. All so0lid substances are probably composed
of small crystalline aggregates held together by
a variety of cohesive forces, and ia such aggregates
the centres of activity may be small in relation
' to the surface area of the catalyst as a whole.
Almquist and Black ( J.Am.C.S. 1936.48.2814 )
suggested that only ome atom in two thousand was
active in the formation of ammonie on an iron surface.
The position of these active centres with regard
to other atomgs of the surface seems to be of
importande, as éhown by the work of Adkins and
Millington ( J.Am.C.S. 1929.51.2449 ). Two titania

catelysts were prepared in an identicel fashion,
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but one was made from tetra ethyl and the other
from tetra butyl titanate. These two were use& in
the‘decomppsition of ethyld alcohol, and foumd to
give.widely,different results. Thisvsupp0rted the
evidence from other paié of catalysts, of similar
compogition but different surface characteristics,
that the configuration of the surface atoms determined
the .course of the reaction. From this it would
appear that the active atom is not an isolated peak,
ag visuslised by several other workers ( See, for
instance, Taylor. Proc.Roy.80c.1925.108+105.)

The relative rate of adsorption and deéorption

of the various molecules may be very important. In
8 notable'piece of work by Reia ( J.Am.C.S,Y1931;53
4553 ) yields of ofer 80% of ethyl acetate were
obtained by passihg equi-molecular asmounte of alcohol
- end scid over silica gei. The equilibrium concentretion
of gthyl acetate in such a gystem could not be more
than 67 4, and the results were criticised on this
sccount. They were, however, substantiated by further
work, and it Was'suggested that the explanation 1ay
in the rate of adsorption and desorptiom. If alcohol
and scid were ifieversibly adsorbed and water and |
scetate rapidly desorbed, then the yield of ester

would be 100%, and their‘seems no doubt that such
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a mechanism was responsible for the apparent shift

in equilibrium. Another instaﬁce of the relative

importance of desorptionlis found in the oxidation

of methenol over iron catslysts. With pure iron

oxide the reaction goes to completion, and omly

carbon dioxide is formed. Whem molybdenum oxide

is incorporated, the first product of reaction,

- formeldehyde, is rapidly desorbed; and the methanol

msy be oxidised almost quantitatively in this way.

,( Meharg and Adkins. U.SePat.1913404 ) Again, Taylor

(J.A@.C.S.1934.56.1685) suggested thaf the relstive

- rates of dehydratioﬁ and dehydrogenation of an alcohol

over zinc oxide are determined by the relative Krates

of desorption of water and hydrggen bylthe éatalyét.
Matsumara and others ( Inst.Phys.Chem.Res.Tokyo

1940.37.302 ) atteﬁpted to eorrelate activated

adsorption of reactants oﬁ cobalt and iron.catalysts

with the course of the Fischer-Tropsch synthesig.

They came to the conclusion that the mammer of desorption

of the various chemi-sorbed molecules determined the
rete of reaction and the nature of the final products
_obtaimeas |

In view of the notable effect of poisons on
catalytic activity, attempts have been made to measure
gimilar effects on sdsorption. Grigfin ( J.Am.C.S.

1939.270 ) stated that carbon monoxide in small
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quentities checked the adsorption of hydrogen: on

supported nickél'catalysts. Carbon monoxide was knomn N

to check the rate of hydrogenation of organlc sub-

stances on these catalysts. Maxted and Evans ( J.CeS.

1939.1750 ) also showed that catalyst poisons slowed

down adsorption rates and checked catalytic activity

in the same degree. Unfortunately, the adsorptions

on which these tests were based were all carried out

at low temperatures, much below the temperature of

reaétion. These adsorptions may have been activated

( Leipunskii, JePhyseChemeUsSeSeR.1937+94143 . detécted

'actlvated adsorption at a temperature as low as -145°C.)

but were not necessarlly concenned in the actusal reactlan.
It is nkt improbable that activated adsorption

at higher temperatures would heve been similarly

affected. The findings of Barwell and Taylor ( J.Am.C.S.

1936.58.1753 ) on the checking effect of water on the

' sdsqrption of;gaaes on zinc oxide have‘alregdy‘been

referred to, and'supported by the course of the praétical

work of this thesis. It wduld be very interesting to know

what effect water vapour concentration has upon the

rete of formation of methanol in the well known synthesis

but no work bearing on this point is known to the author.
In opposition to the above conclusions, it should be

noted that Pevnyi ( Ukraine Khem.Zhur.1937.12.317 )

SRR s .50 B
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claimed that oxygen»adéorption‘oﬁ 8 chromiuﬁ trioxide
surface poisoned with arsenic ﬁas greater than on the
fresh surface.
 The adsorbing surfsce 0f the catalyst need not

‘be considered as two-dimensional. There éeems,to be

a cohsiderable weight of evidence accummulating in

- favour of migration below the single molecular layer
.. postulated by Langmuir. Brunaﬁer and Emmett ( JeAm.CeS.
© 1940.62.1732 ) suggested thet cettain adsorbed atoms
can migrate bélow the surface of the catalyst. deakita
 (Rev.Phys.Chem.Japan.1940.14.1 ) Was of the opinion
that adsorbed molecules might migrate to centres of
- varying catalytic activity, and this would elearly be

~ eagier if the migration paths wefe not confined to

- the sufface, This migrstion would be affected by the
size of the indixidual molecules, and it is of interest
to nbte that Sartori ( Gazz.Chim.Ital.1937.67.98 )
claimed. that the rates of adsorption of carbon monoxide
and hydrogen on zinc oxide catalysts at 4300 were
proportional.to the squsre robtlof the individual
molecular weights. He also suggested that carbon
dioxide would not diffuse in the cataelyst and hence
showed no adsorption. This idea of diffusion in the
cataiyst shows some resemblance fo the older "thick
leyer" theory of adsdrption, and could be used for

explanation of such data as those of Bodenstein on
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the oxidation of sulphur dioxide.
0f late the importance of quality of adsofption
rather than quantity has béenvstresseé - fhis ig in
. agreenent with the author's five minute adsorption
period limitatiorn. Joris and Taylor ( J.ChemoPhys.
1939.7.895 ) working with ammonia synthesis catalysts,
suggested that the velocity of activated adsorption
 was in agreement with the catalytic activity, and this
was also the finding of Rusof and Roiter ( J.Phys.Chen.
 Ue8.8.R.1938.11.390 ) although the agreement did not
Seex very‘close in this case. These workers were more
fortunate than Klar (T%.Elebtrochem.1937.43.379 ), who
investigated the hydrogenation of ethylene on suéported
iroxn catalysts. His adsorption measurement s were
baged on quantity, and were at a much lower temperature
than that chosen for‘reaction. Perhaps for thése
~ reasons, 10 conﬁectioh could be traced between adsorption
and activity.
This-determination of adsorption at a low

tempefature hag, to the author's mind, detracted ffom 2

the value of much recent work done in Japan ( séé,-for}‘

ingtance, Iijima—ﬁpll-Inst.Phys.Chem-Res-Tokjo 1938.
17.286 ) Lewis and Taylor ( JeAm.C.S. 19384 60.877 )
worked ét higher téﬁperatures with a mixed catalyst

of cop?er on mégnesium oxidee They showed that the



145,

total adsgétion;of hydrogen on the mixed catalyst
was greater than on either component iz the pure
form; and this waé related to the effectifeness of
’ the mixtﬁre,és an hyd:ogenétion catalyst.

in the next section tﬁe p?acfical résults
obtained are discussed in the light of these more

recentAdevelopments.




146.

Discussion Of Results

The first completed curve for the adsorption
of hydrogen on zinc-chromium catalysts is’ao gsimilar
in fofm to the curve for catalytic activity'(Fig.25,pfq5)
.thdt it was hoped to correlate activity directly
ﬁith amount of adsorption. The form of the corresponding
curve for carbon monoxide ( Fig.34, p.'°7) was not in
~accordance with this idea, while éttempts'tb relate
decomposition’ﬁith‘amount of hydrogen adsorbed over
& range of temperature, instead of at 3600, were not
successful ( P. q7 }) . Experiments with the secénd
group of‘zipc?chromiﬁm cataiysts_definitely indicated
that the earlier results were in the nature of a
coincidence rather than the illustration of s gemeral
rule; Figure 36 shows this very clearly; according
to‘the hydrogen adsorptioh,ractivity should increase
gradually over the whole range of catalysts tested.
Instead, the chgracterigg%c sharp maximum with catalyst
composiiions of just under 707 of zinc was obtained.
’This optimum’éomposition was SO0 clearly

eastablished ( FiguréS'io aﬁd 35, D +60 +109) that'there .
should be some feature of the adsofption figufee
* corregponding to ihe maximum activity if adsorption-

" is to be correlated in any.way with activitys Examinapion
of the adsorption curves for both series of catalysts

(Figures 34 and 36) shows that in both cases the
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adsorption of carbon monoxide and hydrogen is
approximately equal in amount when the catalyst '
composition is between 60 and 70 % of zine(atomic)
From this it would appeér that the peak of c¢atalytic
activity and the range of equal édsorptive capacity
for the two reactants are within the same section

‘of catalyst composition. This rule holds for catalysts
- 0f varying activity.

It would seem that the magnitude of the total
adsosption is related to the catalyst activity. Thﬁs
a catal&st containing 654 of zinc, from the first
series, will adsorb 32 ml. of carbon monoxide and 35.
ml. of hydrogen - & total of 67 ml. Der 100 gm. of

catalyst - and decompose some 48% of methanol under

standard conditions. A catalyst of similar compositioﬁ'f

from the second series will adsorb 105 ml. of hydrogen '

and 120 ul. of carbon monoxide - & total of 225 ml.’
per 100 gm. of catalyst. The amount of methanol
decomposed was not measured under the same conditions
as in the first series, -but with a diluting’gas
present'— nitfogen - which could only slow down the
rate of reaction-,Nevertheless, some 847 of the
methanol flowing’was)decomposed,'With_approximately
similar‘timeé-of cohtact and the same reacfion

temperature as in the tests on the'first series.

i
i
H
i
1
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.

From this itAmay be said that thé relative ;ctivities
were roughiy in thé éame proportion és the totall
volumes of reactants adsorbed. |

The adsorption of one reactant only is no guide
to the activity of the catslyst. Consider in th&s
connection the case 6f a catalyst of low zine content,
such as catalyst A of Series 2. The capécity of this
sample for carbon monoxide is very large - 320 ﬁ&‘per
‘100 gm.- but it is comparatively inert, déspite'an
adsorptive capacity of 60 ml per 100 gm. for hydrogen.
| ‘The curves obtained by plotting catalytic activity
against catalyst COmpositioﬁ in the,décompOQition of
methyl salcohol are in close agreement with those
relating synthesis .0f the alcdhol at higher préssures
to these same compositions ( P.46 ) Such a relation
indicgtes a similar course for the twb'reactiona, and
& similar drientation‘of reactants on the surface of

the catalyst. If, in the synthesis reaction, the first

gtep is the formation of formaldehyde from one molecule i

of hydrdgen‘and ohe molecule of carbon monoxide, then .
there should be intimate agsociation of these pwo. |
molecules on the surface of the catalyst. When the gasés,
aré present on the surface in equiﬁoleéular amounts,

conditions are muéh more favourable for the occurrence A ;

of such associations than when unequal proportions of
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the gases are pPresent.

To take a numerical exampie, for cataiyst A
above, some five molecules of carbon monoxide .are
preseht on tﬁe surfaée for each4hydr0gen molecule.
~ As the proportion of zinc in the catalyst increases,
the'proportion of hydrogen also increases, until
approximately equimolecular proportions are present,
and the catalyst exhibits its maximum activity.
~Beyond the catalyst cbmﬁosition corresponding'to
about 704 of zinec, the proportion of carbon monoxide
diminishes‘Very rapidly, and this change is paralelled‘
by the drop in éatalyst‘activity.

. The form of the cétalyst surfaée cauéing thisg
orientation of reactants has clearly been influenced .
by the change in density of the solid catalysts. It
has been shown that with a composition of between'

70 and 80¢ of zine ( atomic ) the mixed catalyst
exhibits minimum demsity ( P. 54 ). This minimum
density is not coincident with thé point of maximum

activity, however, nor does the activity calculated

on a volume basis differ very much from that calculated
on weignt. e
 The form of the carbon fonoxide adsorption curve,
very similar for béth'séries of cetalysts, seems to |

determine the point of maximum activity by the very
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rapid alteration of adsorption with composition.
There is , howevér, an important discrepancy. fhe'
adsorptive capacity for carbon monoxide.falls to
immessurably smell values with catalyst C of the
second series - a varefully checked result. Thus
a maf?gial with no adsorptive capabity for one of
the reactants has a definite catalytic activity.
The synthesis for'a catalyst of such a composition
would appear to start by a reaction between carbon
monoxide in thé gaseous phase and hydrogeﬁ adsorbed
on fhe‘surface 0of the catalyst. Such a reaction has,
of course, been noted by other workers ( P.30 )
There is an alternative hypothesié, whicﬁ

will be }eferred to later, that the actual adsorptions
which are active in rgaction'occur on only a few of the
‘possible points for adsorption. The total amount
’ adgorbed may rquect the nnmber_of active adsqrptions,A
.but may vary independently of theﬁe; and will in any
case be very much greatet'than the amountvactually
involved in the chemical change- This would put
activated adsorptibn at reaction temperatures in -
very much the saue relationShip to catalytic sctivity
s ordinary adsorption of the"vaﬁber Wasls type.

‘ - It must, not be-overlookq@ that this argument

rests upon the assumption that the mechanisms of
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synthesis and decomposition are identical. In the

decomposition reaction

CH,O0H —Cco+ 2H,

’ the'first’steb must be the association of one
molecule of slcohol with the cataslyst surface. This
molecule ﬁill assuﬁe a staté of strain, leading to
the fission of the alcohol. This breeking up will
pfobabiy take ome of two forms

(1) fThe formation of for‘me.ldeh-yde and two
atoms of hydrogen, or
( 2 ) The formation of caibon monoxide and
four atoms of hydrogen.
From.the.synthesis.standpoint, the former course is
clearly the'more 1ike1y ifvthe medgﬁnism.of tﬁe two

‘reactions is the same. The lattér course pre—eubposesJ
a tri-molecular reaction in syntheéié, which is unlikely
and definifely_rules out the explanation given .above

. for the activity of catalyéfélcoptaining some 65 of
zine. » |

If this explanation is accepted, with the
reservatidn that it does mot seem to account for all
| cafalytié activity, then the most active‘catalysts

| for the,methanol syﬁthesis‘or,decomposition areAthose
which will give sa correct propdrtion of reactants

for the synthesis or decomposition of formaldehyde.

e =
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 The second step in the synthesis, or the first step
in the decompositibn, seems relatiVely unimbortant.
This is rather surprising in view of the well known
instability of fbrmaldéhydef These conélusions-are
in agreement with the third postulation.of Adkins
(loc.cit.) and the work which was cited in suppprt
of this view.

The weakness of the argument lies in the two
facts that some catalytic activity cen be detected
in surfsces which do not adsorb ome reactént at all,
and that it has been necessary to base reasoning as to
the mechanism\of synthesis upon experiments invoiving
only decomposition. This second criticism was met
by work upon a second reaction, the formatiom of.
methane from carbon dioxide over a supported nickel
catal&sto |

In this casé, as With the methanol catalysts,
gome cdnnection may be traced between the total amount
of resctant adsorbed and the activity ( Tables 2342w
‘The connection is so slight as to sﬁggest gs’to suggest
-tﬁat the twd Phenomena = patalytic_activity and smount °
of adsorption - are two subsidiary manifestations of
a paiticﬁia:,type of surface rather than two,iﬁtimately
7 connécted Properties.

With these nickel catalysts, there is the distinct
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- difference from.zinc-chromium mixtures thatfany~one

resctant (hydrogen) appears to be adsorbed in measurable

quantities. If all adsbrbed molecules are -intimately.

concerned in the reaction, there cén be very little

:change in the broportion of feaétants on the surface,‘

whatever the composition of the gaseous mixture above

it. There will always be a very 1drge prepondérance

of hydrogen. In view of the observations o; Craxford

and Rideal ( P.1379 on the effect of a surface aéturated

| with hydrogen, it'is not surprising that the main.

product of réaction over a nickel surface, even when

associated with other elements, is the fully reduced

metﬁane- |
The carbon dioxide may react with the adsorbed

" hydrogen, while itself remaining in the gaseous form.

It gppéars unlikely that the carbon dioxide would

react simultaneously with four adsorbed hydrogen

mdledules, and this mechanism would almest demand s

step reaction. Wefe this the case, then it would be

énticipated that, by such devices as high gas‘velocitieg;.

certain intermediate products would be obtaihed, such

as methyl alcohol. Alpo, as the hydrogen is strongly

adsorbed, and presumably activated, there should be

an increase in reaction rate as the percentage of

of carbon_dioxide ih the reaction mixture increases,

at any'rate up to a fairly high figure.



154.
By such sn increase, the number of colligions with.
-a surface which is~alwajs saturated with hydrogeni
wiil also increase, and theréby the reaction rate
should increasé also.

- This has already been dealt with on page 25.
- It was shown that the reaction rate in s bimoleeular
reaction passed through a mamimum when

Pa'

‘where F%;’ was the partial pressﬁre of thef more
strongly adsorbed of the two reactants. In fhe
j 1imitingystaté where one reactant is strongly adsorbed
» and the other noi at all, the value for IJ‘ approaches
’ infinity,-and the pressure for the maximum rate of
, reaction‘approachés zero in the case of the strongly
adsorbed reactant. This would appesr from adsprption
measuremenfsAto be the condition of the system under
revieﬁ, and the rate of reaction should therefore
be almost pr§portionalito‘the’conéentration of the
carbon dioxide, at any rate up to pressures at which
the Catalygtvsurface ceases to be sapureted_with
hydrogen. | | |
| Thgre_remains,'however, the secohd possibilitj

already referred to, that activated adsorption, as

meagured here, is no guide to the mechanism of réaction ‘

at all. In that csse activated adsorption will fall
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into line with édsorption at loﬁér teuperatures. It
was to gain sbme/insight into these points that the
work upon conditions for the methane synthesis was
commenced. | '

In congsidering the results set”ouf in Figuresv
43 and 44 it must be'remembered that the solid catalysp,
during each‘dynamic test, is covered with'a layer of
more or 1éss stagnant gas. This gas film comsists of
hydrogen; carbon dioxide, aud the products of reaction;
ag distinet from the sctual adsorbed layer, it is
certainly severél molecules in thiékness-vln layers
immediately adjaceht to the surface, there will be
. é tendency for the products of reaction to be con-
centrated. Through this inert filwm the rescting gases
- carbon aioxide and hydrogen = will have to diffuse.
If this diffusion isg at equal rates, then the two gases
will arrive at the surface in the proportionsloriginally
present in the reacting system.

It may be presumed that the two‘gasés will be
aséociated in gome way oun the surface, and the.rate
of reaction will be proportional in the first place
to the joint rate of diffusion, and in the second
place to some;limiting value, chaiactpristic of the
two gases mixed in these proportions. This limiting
value of reaction rate would be obtained if the gas

film hindering migration to the surface were infinitely
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thin, this condition beingrqbtained by.anminfinitgly
high gés veldcity. On the basis of this‘reasﬁning,
the reaction‘velocity, with any one mixfure of gases,.
would be proportional to the gas mivxture veidcity;
From the results obtained with mixtures rich in
carbon dioxide, this does not appear to be the case.
If the hydrogen diffuses faster than the carbon
dioxide, which éeéms very probable, then the surface
' will ‘always be périially covered with hydrogen molecules.
’_awaiting the.arrival of carbon dioxide. As the gas
vfilmvgrows thinner with increase in gas velocity,
the rate of @iffusion of the carbon diovids to the
surface would again inérease, and, as before, readtion.,.
would increase with gas velocity. |
If it be suppased thatf hydrogen is adsorbed at
the durface, and that this adsorPtion must precede
reaction, while adsprbed carbon dioxide does notvreact,
then thevaccumnlation of carbon dioxide on the sﬁrface
may check reaction in the same way as the adcumulation'
of the reaction products. Then, as the gas velobity' :

ig increased, the improvement in reaction rate due

to increased diffusion may be offset if too mﬁch

carbon dioxide israrriving at the surface. If the
proportion of'qarbon dioxide in the gas mixture is low

the carbon dioxide molecules arriving at the surface
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react immediately, and high gas velocity will make
for.high vel&{ﬁty of reaction,\As the proportion of
oxide in the original gas mixture increases, the inert
carbon dioxide adsorbed at the surface will also
.increase, and these adsorbed molecules, unaffected

to any marked.dégreé'by gas velocity, will remain

f as & barrier to reaction. Changes in reaction velocity
will then follow the lines actually determined experi-
mentslly. Here”the reaction velocity was proportiohal_
to gas velocity while the carbon didixde content of
the gas mixture was below 10%. It may be argued,

j thérefore, that both carbon dioxide and hydrogen

are adsorbed on the catalyst surféce.

If it is,supposed that carbon dioxide requires
to reacé simultaneously with more than one hydrogen
molecule, then the proviso made in the preceding
paragraph that adsorbed carbon dioxide does not resct
will not be necessary, but it is clear from the
éxperimental‘resﬁlts that the nuwmber of hydrogen
molecules willbe as high as gight.

The fheoretibai reagoning pursued on p.25,

and slready referred to in; this discussion, ignores

the effect of the thick gas layers formed -at relatively

high pressures in any dynamic test. Conditioms for the

highést gas velocities may most fittingly be compared
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with these theppetical considerations. It will be
geen from Figures 43ﬁand 44 that reaction velocity
inereases up to a maximumrat‘about 1074 df-éarbqn
dioxide and then falls off. This indicates that the
limiting state referred to on page |54has not been |
reached, and that both reactants are adsorbed for
reaction, as postuiated above; It is clesar, therefore,
‘that the evidence'available for the course of the
reaction is in coﬁflict with the meagurements of
'adsbrption. .

- It will be remembered that efforts to trace

. some definite plan for heats of activation and adsorption

have failed, probably because of superimposed adsorptions

and the diffiqulty“of measuring changes spread. over
a few seconds. The initial adsoﬁ?&ions, of these first
few seconds aftervadmitting the gas, have'admittedly
been masked by subséquént effects. The actusl reactions
which these catalysts bring about aBe rapid - the
contact time is measured in seconds 6n1y - and may
be confined to the reactants adsorbed during this
. ¢ritical first few seconds- Measurements of'the'
subsequent bulk adsbrptions may be of little value.

. Considering the evidence for the course of the
reaction on the nickel catalysts, it is of interest
to note that no evidence of the formation dflinter—

‘mediate compounds, of ‘the tyDe of carbon mounoxide,

e e R
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formaldehyde and methyl alcohol was forthcoming in_

an& test. If the reaction.had been a stepwise one,

as is usually supposed, then'with higher gas velocities
it would be anticipated that more df these compounds
would be detected in thne course of the reaction.

This is not f.he case, as a study of Tsbles Qﬁ:‘ﬁq shows.
Formation of carbon monoxide would be shown immediately
in the gas analysis ( 0.17 can be detected) while

the other products would be dissolved in the brine
solution of the gas holder, and cause & low masg.
balance. | | |

| It'might be suggested that the mechanism of
'reaction ié as follows. One molecule of carbon .

dioxide is adsorbed at the catalyst surface, surrounded
b& a symmetrical ring of eight hydrogen molecules.
Thege aré represented by Pattern @& in Figure 45.
Interaction then occurs as suggested by the closed
rings of Pattern B, leaving in the first stage of the
reaction methane, water, and four reformed hydrogén
ﬁoiecules. These reformed molecules cou}d then

distil from the surface with too much energy to
‘condense agsain imﬁediatély. In this case a maximum

rate might be expected for a gas. mixture containing
11.17% of carbon dioxide, which is roughly'in.agreement

with the practical results.
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GENERAL comcLstons

The scope of the work describpd in the preceding
Pages has been too narrow for any final conclusions.
to be drawn. It has been thpught‘desirable, howeverx
tovb;esent‘some tentativé findings from whichvguidance
‘ for future woik may be sought. These findings are>set
out below.
(1) The variation in catalytic activity with
'v¢ompbsition, observed by Frolich and others
(loc.cite) for zinc-chromium catalysts, has
been substantiated{ It has been.demonstrated
‘that the most active catalysts in the decomp-
osition of methanol contain about 704(atomic)
of zine.‘This'activity is not .to any great eitenpf :
due to the low relative density of catalysts of
.the aboﬁe composition.
~(g)'} ~ The phenomenon of activated adsorptlon has
| been found to be common to all catalysts tested,
| and‘may_lnvolve large volumes of reactant relatiyo:‘
‘to'the weight'of surface-active solid. .
(3) - Actlvated adsorptlon on surfaces cen onlj
| f be meaaured accurately when the ‘surface is
suitably c;eaned- This necesgltates some type
'vqf gscouring action as well as thordugh evacustion
at temperétures higher than the adsorption

temperature.
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(s)
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(7)

~ volumes of resctants adsorbed appears in

161.

Measurements of adsorption can be carried

out conveniently on an apperatus which hes

- been developed injthe course of the work.

( Figures 29 and 30, p. q99.)

| The actual amount of any 6ne rééctant
adsorbed at reacfion tempefatures on a
catalytic surface is not s measure of
catalytic activity.

The relation between the individual

gome ceses to determine catelytic activity.
Two series of zinc-chroumium catalyste showed

& well defined meximum of activity in

' methanol decomposition with adsorption of

equel volumes of carbon monoxide snd hydrogenm.
This maximum'occurred st an atomic content
of 70% of zinc.

In view of the close parallel between

. synthesis and éecdmposition of methanol

established by Frolich and others, the
adsorption- of equal volumes of carbon_monoxidéff

and hydrogen by the most active catalysts

indicstes 2 stepwise reaction in both cases.

In these reactions the first ( or alternetively

the last) step would be the associstion of
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(9

,(102‘

equal volumes of carbon monoxide and hydrogen.
Heats of adsorption and activation can

rarely be measured accurately,}owing to the

- interference causded by several types of

adsorption superimposed one upon the other.

Reection between two different molecules

~can occur at a surface on which only one of

these molecules is adsorbed in measurable
Quantiﬁy}'This has. been observed with both

zinc-chromium and nickel catalysts, and

\ confirms the parallel observations of ériffith

(1oc-c1t ) From this it is suggested that

‘reactions between adsorbed molecules and mole-
‘cules 1n the gaseous state are relat1Ve1y

commom phenomens; .

Following from (9) above, there is a
dimtinct possibility that both molecules

are associated with the surfsace, but'that '

‘ only one 15 adsorbed in measurable quantlty.

It is therefore suggested that only the .
molecules adsorbed in the first few seconds

of eny adsorption are active. for reaction.

Subsequent bulk edsorptions may not necessarily'y

reflect the first eritical gtages of adsorption.
This reasoning is supported by the evidence

as to the course of the methane synthesis.

L .
J N
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(11) - If the suggestion contained in (10) above
is correct, then the only section of an
,adsbrption of value as Q certain guide to
reaction mechanism is the first five seconds
or less. This is in accordance with the reaction
time'reqﬁired for catalytic reactions.
(12) Some indication hss been obtained that =
| surface reaction méy be of a high molecular
order, involving éeveral-adsorbed molecules.
In this comnection & mechsnism has been suggested
for the methgne synthesis on nickel cafalysts

whi¢h'is‘9upported by the.practicel resuldt.
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SUGGESTIONS FOR FUTURE WORK.

The direction which future work-on thig subject
might taske is towards a more exact meésurement of small
adsorptions at very low pressuress Thisywould'determine«
whether some slight adsorption of, for instance, carbon
dioxide on e nickel catalyst, does in fact occur; Even
 when low Pressures are used, Some mesans more rapid than
the Macledd gauge for tracing the course of adsorption
 will have to be devised-‘A gauge of the Pirani type
might bg‘suitable-

Ag volume measurementa‘are seldom so0 satisfactory
as weighing, it might be possible to utilise a Weighing
" method on the lines suggésted by McBain ( P.R.S.1929.
425A.579) In this connection, an ingenious hydrometer |
typé of instrumeﬁt deviged by Chambers and King (J.C.S.
1939.139) might be effective.

: Failihg the success of such methdds as these, it
would be necessary to revert to some alternstive process
fér investigation of reaction-‘A suggestion has already
been“madé in the Introduction ag to the effect of
variation in partisl pressﬁres of reactants. This method
hag been applied in the coursé of the work to the
investigation of methane fofmation, and might be more
fully developed. In particular, efforts might be made to

‘apply guch varistions to a study of the well known syn-

thesis of methanol at high pressures.



APPENDIE.

In the course of the author's industrial

, work an occasion arose for studying the gasific-

;'ation of carbon under pressures greater tham one

_ atmospﬁere. This imﬁortant industrial process had

~already been put on a semi-technical scale in

~ Germany, and since the time that the work described

below was carried out several papers have been

published on the subject, notably by the Research

Committee of the Institution of Gas Engineerﬁ.

It was this particulsr piece of work which first
turned the author's atténtion to the whole problem

of reaction at surfaces.

The industrial process, in brief, was to
gasify coal or coke by mea§n of a mixture of
oxygen and steam, conducting the reaction under
8 pressure of several hundred pounds per square
inche By this means a gas of high calorifiec wvalue
was obtained directly'from the gas producer.
Consideration of the primary reactions involved
shows that there is‘a possibility th@f they may
be greatly influenced by variations in pressure;

' Cobb and his co-workers ( Report of the Instit.
Gas Bngineers. 1927 ), iﬁ the course of investig-
ations upon the reacéions of the normal gas

producer, had suggested that the reaction between
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steam and carbon was of zero order i.e. not
affected by pressure. On the other hand, Haslam
(JoI+.£4C.1923.15+145.) had varied the total
bressure of é steam air mixture reacting with
carbon at a fixed temperature, and his results
indicated that the amount of steam reacting
varied With the pressure, or the reaction was
of the first order. It was this reaction of
gteam with carbon that the author investigated.

The reaction

C+H,0 —=>CO+H,

goes Practically to completion at temperatures
from 500° to 1300°C., provided that sufficient
~time is allowed. The effect of pressure on the
eéuilibrium should be small, whatever its effect
on reaction velocity. This possible éhange in
velocity could only be determined experimentally,
~and, as stated above, results obtained by previous
wofkers were conflicting. For these reasons it
was decided to investigate the problem afresh.

The apparatus used for these experiments
is shown in Figures 1 and 2 ( Appendix ) The
reaction vessel was a eylindrical container in
v mild steel, flanged top and bottom, and constructed
in 1/8" plate with 1/4" flanges. The diameter

of the cylinder was 4", while the flanges were
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7" in diameter. The covers, in 1/4" plate, were

held in place by 6 bolts of 3/8" diameter, closing

on a composition joimt. This construction was

» designed for working pressures up to 100 1bs./sq.in..
Through each cover passed one connection to the

1/2" éarbon electrode rdd which was used for reaction.

This rod, supplied by the G.E.C., was almost ash free.
One of the terminals was carefully insulated from

~the vessel by means of rubber washers and sheathing.
Iﬁhmight be added at this point that insulating

materials other than rubber broke down rapidly

under the operating conditions employed.

The end plate at the base of the unit carried
eight small insulated terminals for thermo-couples.
The :our couples used were of stout chromel-alumel
wire, and the tips were bent to lie immediately
adjacent to the carbon surface at suitable points
~elong the rod; Steam entered at the base, and the
mixture of unchanged steam and reaction products
- was drawn off through a valve from the top.

In assembling the apparatus, the bottom
cover was first fixed in position, and the carbon
rod, previously made & tight push fit into the
~solid braés carriers, was mounted on the lowver one.
The four thermo-couples were then fired in position,

followed by the top carrier. The top cover was then
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- put into place and screwed down, and finally the
.stuffing box round the inéulated electrode wag
completed and tighteled. The two electrodes were
nov"cohnected to the terminsle of an electtical
system capable of giving 200 amps (A6.C) at an
E.M.Fe 0of 5 volts. This current could bé varied

at wiil, and was'adjusted to give steady readings
to the thermocouples during a test. Actually it

wag found that very little adjuatmenf wWas necessary
when once conditioms had becoﬁe steady.

.'Thé pressure'vessel was coupled up to & sourée
of steam, a condenser, and reaction product receivers
as shown in' Figure 2. After the current chosen had
been passing fof about 15 minutes, steam was turned
oz, ard the preésure adjusted to the‘required level,
| while drawing off the equivalent of 10 ml. of water
~ per minute through the Qondensér, and diecarding
the reaction products. This gave & steady flow of
steam over the carbon surface, and brought out a
éteady streem of reaction products; while at the
séme_time a iarge excess of water vapour over &ll
other comﬁonents was maintained in the atmosphere
surrbundéng the carbon rode |

. After a further fifteen minutes, during

which time conditions became steady, samples of
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‘ reaction producﬁlwgre‘collected, taking readings
of vdlume égainst tiﬁe- Ag willqbé seen from the
log of a tyﬁical experiment given bélow;.the reac-
| tion rate seemed to be quite steady, and veryl
,consisient results were obtained.

Exper iment 4. Temperature 700 C, Press. 1,2 & 3 at.
Time. Temperature OC. Amps. Press, ~ Gas ~
ming. 1 2 3 4 1b/1x ml.

0 95 | '

5. 600 650 .635 645 95

10 645 680 655 635 85 ‘

.45 675 700 680 635 85 30

- 20 680 705 875 670 85 30
25 685 740 675 675 85 30
30 680 715 680 681 85 30,
1 710 680 85 30 15,5
.2 685 680 85 -30 30.0
3 745 685 85 30 . 45,5
4 690 690 .84 30 61.0
S5 . 715 685 84 30 76,0
-7 690 740 685 685 84 45 L em——
9 695 715 690 685 83 45 -
10 = 715 685 83 45 16.0
11 690 690 83 45 . 905
- 412 710 680 84 45 44,5
13 690 - 690 84 45 605
‘14"”‘ 705 .680 84 45 75.5
46 695 695 690 680 84 15 ——
18 MO0 715 605 685 82 45  =mm
. 20 700 715 695 690 8 15 —— .
82 700 710 690 690 82 15 - '
23 700 690 82 15 ———
284 T 705 - 685 83 15 15.5
25 700 685 83 15 31,0
26 705 690 = 83 15 46,0
27 700 . 690" 83 - 15 62,0
28 - 705 695 83 15 ’ 77 0
Average rate of gas evolution {
At 15 1bs. 30 1bs 25 1bs.

15.4 ml/min . 15.2 ml/min - 15,1 ml/min
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Experiment 4 (comt.)

~ Gas Composition

Bample 1 O 3
00,  32.2% 52,08 . . 32,08
oo 0.2 0.4  0.4%
- Hy 67.0% 6724 . 67.3%
' §,  o.ed . 2 4% 0.3%

Garﬁoﬁ_reacting ( Gm; per minute ) X 1000

(1) 2.7 (zh2.6 (3) 26
Equivalent rate in lbs. per sq.fto per hour X 1000
dwii)" 11.3 S (2) 10,9 (B) 10,9

A series of tests was carried out in which
‘the pressure was varied from 2 1bs. up to 45 1lbs.
per}sq,_in. (ébaﬁl. The results obtained, set out

ag pounds of carbom reacting per square foot of

surface per hour, are shown in Table 1 (Appendix)

',Table 1.}Appendix )

Test ‘ Reaction rate X 1000 Temperat «re
: st 2 5 10 15 30 45%[i.*  in oOC.
1 ' 2.3 2.2 242 650
e 3¢9 3e4 3.5 675
'3 , 1604 1641 1644 750
5 170 1642 16.0 750
6. 155 1501 15 0 750
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It ﬁas manifeat from these reéults that the
reaction between gsteam and garbon was of an apparent
" zero order. In no test was there any sign of an
increase in rate with incresse in stean Pressure.

As previously gteted, the concentration of the steam
in the reaction space was very gréat compared with
the.concéntratioﬁ of the reaction products. In |
particular, the partial pressure of the éarbon
dioxide wés roughly constant at about 1 mm Hge..

It may well bérthat this oxide, or the carbon
monoxide‘ﬁhich may have formed Iirét'at the surifsce,
determi&? the reactibnbraté by strong adherence to
the carbon surface. However this may 59, the reaction
provides a glear instance'of‘the lowering of the .
4‘9pparént regctiop or&er from monomolecular to zero,

as,spggésted in the introduction to this thesis (24)




