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RESUME .

The interaction between carbon dioxide and hydrogen was
studied in presence of nickel and nickel thoria catalysts at
atmospheric pressure and at elevated pressures of the order
of 150 1lbs. per sge.inch. In part I, the reaction is studied
at atmospheric pressure with nickel thoria catalyst. The
preparation of the catalyst is described in detail in Chapter
I. The description of apparatus employed, reduction of the
catalyst, and experimental procedure are dealt with in the
following chapters. In chapter V, the results and discussion
of the results are given. Here, the method of calculation
for a run is shown. Experiments were carried out by varying
the partial pressure of both the componentse. Equations from
kinetics of heterogeneous reactions are applied to interpret
the results and it is found that both the gases are adsorbed
on the catalyst surface. The trend of results obtained by
keeping the partial pressure of one component constant and
varying that of the other suggests that reaction takes place
by the interaction between adsorbed molecules of carbon dioxide
and hydrogen. Results when plotted on log log graph showed
that diffusion of neither reactants nor products through a
gaseous film seem to exert any great influence on the rate of
reaction.

In part II, nickel catalyst was employed. The apparatus
employed, experimental procedure, and method of calculation are
all the same as that in nickel thoria section. The reaction
is studied first by keeping the partial pressure of hydrogen

constant/



constant and varying that of carbon dioxide and then by
keeping partial pressure of CO, constant end varying that of
Hge The results suggest the same sort of mechanism as in
nickel thoria catalyst.

In section B, part II, a method is presented to determine
the most plausible mechanism out of a number of postulated
mechanisms. The complete derivation of the eguation for one
of the mechanisms is shown and the method of analysis using
experimental results also is Rllustrated. A final equation
is recommended for the hydrogenation of carbon-dioxide at
atmospheric pressure in presence of nickel catalyst.

In part III, the reaction is studied at elevated pressures
using nickel and nickel thoria catalysts. The general layout
of the plant and a detailed description of the parts are given
in Chepter I. In the next chapter is described the operation
of the plant. The results are discussed in chapter III.

The calculations for a run are showne. The effect of pressure
on yield through its effect on the density etc. is discussed.
The trend of results point out to the same conclusion as that

arrived at under reaction at atmospheric pressure.
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GENERAL INTRODUCTION .

An ordinary chemical equation gives only the final
result of change in composition suffered by two or more
elements or compounds when they react with each other to

produce the change. Thus the equation:-
mz + 4Ho = CHgy + 2H20

suggest that four molecules of hydrogen react with one
molecule of carbon dioxide to form one molecule of methane
and two molecules of water. The effect of pressure or
temperature changes on the system can be predicted, but
the equation does not show what exactly is the mechanism
involved in the transformation of carbon dioxide to
methane. A knowledge of mechanism is of paramount
importance in the full understanding of a reaction. Only
in this way is it possible to suggest modifications of an
accepted method which may be of great industrial importance.
In the present work an attempt is made to study the
mechanism of reaction between carbon dioxide and hydrogen

using nickel and nickel thoria catalysts.




CATALYSIS: GENERAL SURVEY.

The potentialities of the application of catalytic
methods in industry were foreseen by Ostwald when he
prophesied that a scientific knowledge of control of
catalytic phenomena would lead to great industrial
development. This prophesy has been fulfilled and to-—-day
problems associated with catalysis are of far reaching and
fundamental importance.

The fact that chemical action between two or more given
compounds may be influenced by the presence of a relatively
small quantity of an extraneous substance was recognised
very early in the development of chemical theory. Berzelius
in 1836 first termed it "Catalytiec force". A catalyst was
defined as a substance which in minimal amounts will bring
about the transformation of large gquantities of the reacting
substances and will be found unchanged in chemical composition
at the end of the reaction. This does not imply that the
physical state of the catalyst remains unaltered, for it is
known for example that platinum wire actually does ahange
during catalytic oxidation and becomes pitted or spongy.

A catalyst is generally supposed to modify the velocity
of two inverse reactions to the same degree and, therefore,

does/
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does not affect the final stage of equilibrium in any given
chemical system. The normal mode of action of a catalyst
is the acceleration of a reaction "“positive catalysis".
Sometimes the reaction itself develops substances which
themselves accelerate the reaction and then the process is
called "“auto catalysis™. The terms "negative catalysis"
(or retardation) and "auto-retardation" may be readily
understood as the reverse of the processes. "Promoters"
are substances which by admixture with the catalysts enhance
its positive catalytic effect. "Catalytic poisons" are
substances which reduce the activity of solid catalysts.
"Carriers"™ are porous materials like pumice etc. which when
impregnated with the catalyst afford it a greater surface
per unit of bulk.

The functions which a catalyst may perform depend upon
the nature and complexity of the reactions involved. These
functions may be grouped under two broad headings: (1)
increasing the rate of a given reaction or, as is usually
the case, a lowering of the temperature at which a reaction
will occur at a desirable rate, and (2) direction of reaction
along a particular peth when several are possible. The
digtinction between the two functions is not sharp since a
catalyst may perform both functions: such a catalyst is
called a "selective catalyst".

The/
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The energy contribution of a catalyst to a reacting
chemical system is zero, since the catalyst emerges from
the system without loss or chemical change and is ceapable
of inducing changes in an indefinite quantity of reactants.
Therefore a catalyst influernces the rate of both forward and
reverse reactions in a balanced system equally. This has
been proved experimentally and has been used in the selection
of proper catalysts for a given reaction. Lemoine (1) for

example, showed that in the system

the same equilibrium was reached from both directions for
all temperatures in presence of platinum catalyste.
Catalysts for the synthesis of methyl alcohol can be chosen
on the basis of activity in its decomposition(2)e

With regard to the second function, Sabatier and
Mailhe (3) showed that the route over which a reaction
travelled depended upon the presence of a certain catalyste.

Thus ethanol decomposes in two ways.
chSOH GH5GHO + H2

Thoria catalyses the first reaction almost exclusively; while

with/
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witnh silver or copper the second occurs practically alone.
This ability of a catalyst to direct & reaction over =a
certain route is due to selective influence in accelerating
the rate of a single reaction out of a number of competing
typese. This does not mean that the final equilibria in
the system are in any way affected but that relétive rates

of reactions are preferentially altered.

HETEROGENEOUS CATALYSIS.

The great majority of catalytic reactions that are in
use in industrial processes are those where gaseous or
liquid materials react on solid catalystse. This is one
type of heterogeneous catalyais. In these cases theoretical
considerations based on Laws of Mass action do not apply in
the same way as in homogeneous catalysise. In homogeneous
catalysis the catalyst tends to act by its mass, and in
many cases the velocity coefficient varies directly as the
catalyst concentraction; values for velocity coefficient
may be obtained and these provide an accurate basis for
estimating the relative activity of the catalyst in question.

However, in heterogeneous catalysis where the catalyst
cannot be in a true admixture with the reactants, it is
impossible to apply reaction velocity formula. It is known
that other factors than the law of mass action control velocity

of/
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of reaction. Bone and Wheeler for example (4) have proved
this by carrying out experiments on the system 2Hg + Og =
2H20. The operation of the law of mass action is completely
masked since it is impossible to determine the céncentration
of the reactants and products at the actual zone of inter-
action on the catalytic surface.

The kineties of heterogeneous catalytic reactions are
complicated by the composlte nature of the total process
involved. There are many factors which contribute to the
continuity of the change. Firstly, it is dependent on an
adequate supply of reactants at the catalytic surface and on
the removal of the resultants. Secondly, it depends on the
rate at which the product can disengage and diffuse from the
catalyst surface. This factor is very important since, if
the products were not removed from the active surface, it
would become poisoned and further reaction would stop due to
the impossibility of any reactants reaching the surface.
Thirdly, if reaction is to take place, the adsorbed molecule
must possess at least a certain minimum energy, and be
adsorbed at an area which possesses sufficient free energy -
together with that possessed by the molecule - to cause
activation, (4).

With a given reaction mixture and catalyst, the rate

of heterogeneous reaction will be directly proportional to

.areq/
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area of active catalyst surface exposed, whereas the rate

of homogeneous reaction by its very nature will be

independent of surface area (5). In heterogeneous

reactions the character of the surface of the material used
as the catalyst is & very critical factor in determining the
activity. Because of this sensitivity, it is very difficult
to prepare two batches of same catalysts of the same activitye.
The method of preparation and treatment prior to use go a
long way in determining activity.

First attempts to understand the mechanism of contact
catalysis (gas=-solid interphase) were concerned with
adsorption. At the surface of a solid, forces exist of the
same order of magnitude and variety as those which are
responsible for holding the atoms together in a compact masse.
These factors are responsible for the adsorption of gases
and vepours at the catalytic surface. Therefore, &8s a
consequence of adsorption of the gases by the catalyst, &
layer is formed in which the reactants are at a higher
concentration than in the bulk of the gas. There were at
first doubts as to the thickness of the layer, but a much
clearer outlook has been obtained as the result of Lengmuir's
work. He suggested (6) that the adsorption on a solid
surface involves forces similar to those concerned in chemical
valency and that since such forces are exerted over distances

of/
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of the order of 2 - 3 x 10.8 cms. only a unimolecular layer
of adsorbed gas will form. This view is now widely accepted
for adsorption at low pressures or at moderately high
temperatures. However, the adsorbed molecules can hold
other gas molecules by Van der Waals forces, so that
miltimolecular layers are possible; +this seems to occur
only at relatively low temperatures and at pressures
approaching the saturation value.

Adsorption takes place in different ways and these are
clagssified into three main divisions (1) purely physical or
Van der Waals adsorption (2) physical-chemical or activated

adsorption and (3) purely chemical or chemisorption.

(1) Van der Waals adsorption.

This is a term applied to the fully reversible adsorption
of a gas or vapour due to weak physical forces which attains
equilibrium very soon. It does not bring about the dis-
soclation of the adsorbed molecule. It occurs at relatively
low temperatures and decreases with temperature rise.

Adsorption in these cases is regarded simply as an
accumulation of the gas at the surface of the catalyst and
increase in activity is assumed to be due to an increase in
velocity of reaction arising from an increase in concentration
of one or more of the reactants at the surface and hence a
greater probability of collision. If this is true, catalytic
activity/
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activity should vary directly with adsorption. Exhaustive
investigations on this aspect of the subject were made.

(a) The results of McBain (7) and other investigators
on the smount of different gases adsorbed by.one gme of
activated charcoal when compared with their respective critical
temperatures suggest that the most easily liquefiable gases
are the most readily adsorbed. When dealing with gases that
are most easily liquefiable, the adsorbed layer may be more
than one molecule thick (8) for at this stage there are
attractive forces between the molecules of the gas themselves,
which will enable thicker layers to be built up. Therefore
in dealing with gases that are readily liguefiable one should
expect greater adsorption and hence greater catalytic
activitye. The results however show that this is true only
in certain cases.

(b) An adsorbent should not show specific adsorption
for different gases and so the catalytic activity should
remain the same. Here the exact opposite had been noted so
frequently that selective adsorption seems to be a rule
rather than an exception so that the catalytic activity varles
for different gases.

(¢c) The affinity of the adsorbent for the adsorbed
would be of the nature of mass for mass and so would be un-
affected by the presence of minute quantities of foreign

substances/
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substances, and thus the catalytic activity should also be
unaffected by their presence. This too is not in accordance
with actual facts of experiments. Other deductions are also
equally untenable and therefore it is reasonable to conclude
that the mechanism of catalysis cannot be fully accounted

for on the basis of purely physical adsorption.

(2) Activated adsorption.

Without wholly discarding the above conceptions, a
second group of scientists like Taylor and others proceed
to explain adsorption on a physical chemical basis. They
suppose that the surface attraction of the catalyst on one
or more of the reactants is not merely a mass for mass
attraction, but that some sort of loose chemical reaction is
also involved.

Activated adsorption takes place at a higher temperature
than the Van der Waals; reaches equilibrium much more slowly,
and has a velocity characterised by a temperature coefficient
from which an apparent energy of activation can be calculated.
It is reversible only by the combined effects of pressure and
temperature changes.

The difference in catalytic activity due to different
conditions of physical aggregation of the surface of a catalyst
is generally conceded by this school of thought to be due to
difference/



difference in the number and degree of unsaturated fields

of force. This fact is supported by experimental evidence
on certain lines. Palmer and Constable (9) consider that
the solution of the problem lies in the orientation of the
surface atoms and in this way attempt to explain the
difference in activity due to different methods of preparation.
Another theory explains the difference in activation as due
to differences in the actual distances which exist between
active atoms, which would depend on the size of molecular
porese. This theory is supported by a large number of
experimental results. For example Adkins (10) studied the
catalytic effect of alumina prepared by different methods on

the reaction:-

Al,0
2CH, C00C H; 23— (CHz),00 + 2CoH, + 00y + Ho0
He used eleven varieties of alumina and showed that the
velocity varied, being greatest in case of alumina (particle
size 4'vcms) prepared by heating hydrated alumina obtained
from water and aluminum amalgam, and least in case of alumina

6cms) prepared from the branched chain iso-

(particle size 8~
propyl alkoxides. Frolich (11) attributed the difference in
catalytic activity to the internal crystalline structure of

the catalyst.
y V4



A gradually increasing weight of evidence as to the
lack of uniformity of the catalytic surface led Taylor (12)
to put forward the idea of active centres, that is to say,
specific limited parts of the surface which have a very high
activitye. The distribution of such centres is pictured in
terms of peaks and valleys. The atoms in these parts were
imegined to be very loosely attached to the bulk of the
catalyst so that their valency bonds were not completely
satisfied. In support of such views he cited the following
facts:

(1) The catalyst surface is sensitive to heat, 80
sintres and loses activity at temperatures below normal
melting point of the compound. Schwab and Martin (13) found
ammonia is unchanged by contact with zinec, antimony, or
cadmium at their melting points.

(2) The surface is often poisoned by very small
concentrations of an impurity.

(3) The adsorption of different gases is affected to
varying degrees by the same poison.

(4) Chemical combination takes place between the
catalyst and a gas under conditions where the massive com-
ponent would not react.

(6) The heat of adsorption of a gas on the catalyst is
not uniform. Garner and Kingmen (14) found that the heats
of/



of adsorption of hydrogen and carbon monoxide in contact
with zinc oxide, or chromium oxide are not uniform.

(6) The heat of activation of adsorption on the surface
is not uniform. The results of Taylor and Sickman (15) for
the adsorption of hydrogen on zinc oxide serve as an example
of this phenomenon.

(7) Different parts of the surface are involved in
specific reactions as emphasised by Hoover and Rideal (25).

(8) Saturation capacity of certain metals for hydrogen
varies with temperature indicating that the number of spaces
that could be occupied by gas molecules are less at high
temperatures than at low temperatures.
| A modified view concerning the location of activity in
the catalyst has been expressed by Schwab and Pietsch (16-18)
in which the active centres of Taylor's theory are replaced
by phase boundaries. That is to say, reaction will take
place mainly on a series of lines in the catalyst and this is
known as "Adlineation Theory". The following facts are
cited in support of this theory:-

(1) There is ample experimental evidence for the
preferential adsorption of ions on crystal edges.

(2) Pietsch (19) and others have demonstrated the fact
that reaction on crystal surfaces occurs at linear discon-
tinuities of the solid. These two examples may not be
strictly/
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strictly comparable with gas-solid system, but illustrate
the point in a qualitative manner.

(3) Extensive calculations as to the results to be
expected on the assumption of this theory have shown the
equations derived therefrom are in good agreement with
experimental data.

(4) The examination of the behaviour of zinc oxide -
ferric oxide mixtures by Hilttig, Tschakert, and Kittel (20)
lends support to this theory. They heated equimolecular
amounts of the two oxides to different temperatures and
determined the activity of the products for the decomposition
of nitrous oxide. Increased catalytic activity was observed
and was shown to coincide with incipient appearance of a new
phase.

(5) Maxted's observations (21) on the linear effect
of poisons on catalyst activity are compatible with Schwab's
adlineation theorye.

A further development of the concept of active centres
is the "Multiple adsorption" theory suggested by R.E. Burk
in 1926 (22) and in 1929 by A.A. Balandin (23) and by others.
According to this theory; it is supposed that the molecule
is activated only when it is adsorbed at two or more of the
active centres, so that a direct strain is produced in a
particular bond or bonds. This hypothesis provides an
interpretation/
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interpretation of the alternative modes of decomposition of
substances such as alcohols and formic acid vapour according
to the spacing of the active centres, and other properties,

of the catalytic surface. Two simple types of attachments

can be postulated, namely,

(@) \ W N
—C—o0 AN
;‘ |

-
\
S __

n----——T

.

where S represents the active centres, which are not
necessarily identical. In case (a) which would represent
the behaviour on a dehydrogenation catalyst, it is evident
that removal of two atoms of hydrogen would be favoured; in
case (b) the reaction would clearly be dehydration. Evidence
for the theory that a particular part of an alcohol molecule
must be attached to the surface for it to be activated, is
provided by the work of W.G. Palmer and F.H. Constable (24)
on the dehydrogenation of alcohols on & copper catalyste.

They found that the rate of decomposition of the primary
alcohol on a given cataslyst at a definite temperature is
independent of the hydrocarbon chain lengthe. The activation

energy of the reaction is also the same for the different
alcoholse.

(3)/



(3) nhemisorption.
In the preceding discussions it will be noted that

while the ldea of chemical attraction has been introduced to
explain selective adsorption, no attempt has been made to
define the chemical character of any of the combinations that
result from the union of the catalyst and the reactants.
So another school of thought attempts to define the nature of
addition products by the so called chemisorption. This
takes place at high velocities when & gas reacts with a solid
to form a surface compound which has a very considerable
stability. The bonds formed between the material of the
surface and the adsorbed gas are thus almost as strong as
those existing in stable stoichiometric compounds.
"Chemisorption™ may thus be defined as & process involving
the greater part of the surface of & solid by which a new
solid surface is formed at a very high velocity with a very
high collision efficiency, this new substance having
considerable stability at temperatures higher than those at
which it is formed and under low pressures. Chemisorption
iill not produce a higher catalytic activity except when a
second component in the gas phase reacts with the chemisorbed
component easily and without itself being adsorbed. Thus
chemisorption frequently accounts for catalyst poisoning.

A falling off in catalytic activity during use was

observed/



—17-

observed by the earliest investigators and has led to the
recognition of catalyst "poisons". Poisoning may be due to
the presence of impurities in the catalyst which gradually
impair its properties, or to impurities in the reactants, or
to secondary, or side reactions which produce substances
depositing on, or reacting with the catalyst. In any cease,
the effect may be permenent or transitory. The specific
nature of poisoning was emphasised by Hoover and Rideal (25).
Small amounts of chloroform check dehydrogenation of ethyl
alcohol to aldehyde, but accelerate the dehydration to
ethylene over a thoria catalyst. This suggests that
different parts of the catalyst surface are concerned with
the alternative reactionse.

The mechanism of poisoning is obscure and probably
varies with the catalyst as well as the poisons. It hss
long been appreciated that very small concentrations of
poisons had a marked effect on the surface of the catalyst.
Vavon and Husson (26) showed that there could be progressive
poisoning resulting finally in complete supression of activity.
Later investigations by Maxted (27-30) showed that the effect
of the first additions of the poison was considerably larger
than that of the final amounts. The activity first decreases
at a rate which is a linear function of poison concentration,

but addition beyond a certain amount gave much smaller effects

and/
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and complete suppression of activity is seldom attained.
he activity of any particular poison may be expressed as

a poisoning coefficient  which is given by the relation
K, = K (1 ~-&C)

where K, = reaction velocity constant in presence of
a concentration C of poison and

where KO = reaction velocity constant in absence of
poison.

An interpretation of Maxted's results by Herington and
Rideal (31) shows that the character of the poisoning curve
(relative activity plotted against milligrams of poison) for
a gset of completely uniform sites of catalytic activity would
be expected to change from a simple straight line when the
reactant is a small molecule occupying a single site on the
surface, to a curve for reactants of larger molecules that
would occupy more than one active site. A surface saturated
with large "“poison" molecules will still contain gaps large
enough to adsorb small reactant molecules so that certain types
of reaction would still go on. This reasoning suggests that
catalytic activity resides in the presence of a number of
active centres on the catalyst surface.

Retardation is the suppression of catalytic activity by

means of either reactants or reaction products and should not

be/
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be confused with poisoning. It has been suggested that
poisoning may be regarded as due to chemisorption on the
catalyst, while retardation is due to activated adsorption.
Chenisorption leads to the formation of a surface completely
lacking the catalytic properties, while activated adsorption
prevents adsorption of one or more reactants by cevering in
a physical sense all or part of the effective surface.

A pronmoter is a compound which can increase the activity
of a given catalyst which by itself is inert or of
negligible activity in the reaction concerned. When the
activity - promoter concentration curve rises to a sharp
maximum very sharply and then falls steeply again; graph (a),
unlike graph (b), the case is supposed to be one of true

promoter action.

% 3com COMpONENT. W

FIG L

It is possible that the first action of a promoter may be a
lowering of the activity when a process involving two

reactants/
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reactants is in question. If the first additions of
promoter increase the adsorption of one reactant so strongly
that 1t causes retardation of reaction, then the mixed
catalyst will be at first less effective than that of the
catalyst itself. The further addition of promoter, however,
may then restore the balance of adsorption of both reactants
and lead to & pronounced increase in activity of the catalyste.

For the decomposition of hexane, Griffith (32) found
that in case of an oxide promoter, the optimum promoter
concentration is a function of the catalyst and not of the
promotere. Although the atomic ratio of promoter to catalyst
was constant for maximum effect, actual rate at this maximum
varied with the promoter. Another fact of importance
revealed during this investigation is that the addition of a
second promoter to & mixture already containing the optimum
amount of a first promoter, would lead to a lowering of
activitye. The decomposition of hexane concerns a reaction
involving a single type of molecule. In cases where there
are two types of molecules, the results are different. Under
these conditions the optimum concentration varies with change
in promoter. Again the concentration required is different
from the previous values on the similar catalystse.

It is not possible to give the mechanism of promoter

action in a single explanation. H.S. Taylor (33) as a result

ot/



-21-

of his studies on nickel thoria catalysts in the reduction

of carbon monoxide suggested that a promoter acted in three
different ways (1) by supporting existing active centres

(2) by creating additional active surface and (3) by altering
the proportions in which the reactants and reaction products
were adsorbed.

A promoter does not generally affect crystal structure
of catalyst. After detailed X-ray work, Wagner and Staeger
(34) showed that no change in crystal structure occurred when
an increase in catalytic activity was observed. In certain
cases there is a striking relation between crystal structure
and catalytic activity, but this is due to compound formation.

In certain cases the promoter prevents the decay of the
catalyst. This was shown by Appleby (35) studying the
promoter action of the oxides, especially aluminsa, in iron
catalysts used for ammonia synthesis. It was found that iron
by itself is an active catalyst but rapidly loses its
efficiency, and that the promoter prevents this decsy.

The effect of promoters may be considered in the light
of the two alternative theories of catélysis, the "active
centre" theory and the "adlineation" theory. In the case of
active centres the promoter may be expected to function either
by increasing the number of these or by preventing their
coalescence. The former possibility is excluded by results

obtained/




obtained in carrier action. There are three altermative
functions in carrier action. Curve A (Figure 2) shows the
simplest function in which straight dilution occurs. The
activity of the catalyst may, however, remain unaltered by
the addition of quite large amounts of carrier, until it
eventually falls as indicated in curve B; this may be termed
delayed dilution. Sometimes addition of a carrier leads to
& rise in activity, as represented by Curve C, and is due to
prevention of physical or chemical changes which would other-

wise lead to a lowering of the catalytic activitye.

.%cnam‘

ACTIVITY,

The difference between delayed dilution and instant dilution
must lie in the fact that some catalysts contain very large
numbers of active centres while others have relatively few.

Therefore, if a promoter increased the number of active centres

it/
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it would be expected that the dilution effect, on addition

of an inert carrier, would occur at a smaller catalyst
concentration with the promoted catalyst than it did with one
component catalyst. This was investigated with chromium
oxide—silica catalysts and magnesia as carrier using
dehydrogenation of dekalin as the reaction. The results
showed that the promoter has not increased the number of
active centres (36-38). Hence, two types of promoter action
must exist if active centres are responsible for catalytic
effects. In one, the promoter functions by creating a new
type of active centre where the energy of activation is
materially lower than is the case with simple catalyst. In
the other, the promoter merely preserves an existing point of
high activity.

The action of promoters on the basis of adlineation
would be due to an increase in interphase boundaries on the
addition of the second component; this is equal to an increese
in the active area of the surface, which has been already shown
not to occur. If, on the other hand, the optimum quantity of
promoter is determined by its solubility (the capacity for
actual entry into the crystal lattice) in the main catalyst,
there might be a decrease in the number of active centires
simultaneously with a change in their quality.

Thus the promoter activity may be due to three distinct

causes/
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causes (1) Interaction between the two components leads to
the separation of a new phase with a higher activity (2)

The growth of crystals of the active catalyst is prevented

by admixture of an inert material (3) The creation of.a new
type of active centre but by a mechanism quite different from

compound formation.

Conclusion.

The precise nature of activation is not fully understood,
yet all recent experimental work on catalysis leads back to
ideas closely approaching the 0ld intermediate compound theory
and gives stronger support to the view that valency forces are
involved in activated edsorption. There appears to be no
reason to abandon the concepts of active parts of the catalyst
having specifié adsorptive effects. Application of existing
methods of study of kinetics and of energy relations might

clear up the various points that are still obscure.



FUNCTION OF CATALYST IN PRESENT WORK.

For the study of the reaction between carbon dioxide
and hydrogen to form methane, the catalysts used here are
nickel and nickel thoria. It is known that nickel catalyses
hydrogenation and dehydrogenation and adsorbs hydrogen stronglye.
So the possible mechanism may be, that hydrogn is adsorbed on
the catalyst by activated adsorption, and the carbon dioxide
then diffuses through a stagnant film of the reacting gases
and reacts with the adsorbed hydrogen to form methane. This
methane is then desorbed leaving the active spots to adsorb
fregsh hydrogen and the cycle is repeated. The desorption of
methane might be the controlling step. Or the mechanism could
be that both carbon dioxide and hydrogen are adsorbed on the
catalyst surfaée. Interaction of the adjacently adsorbed
carbon dioxide and hydrogen molecules may then proceed
resulting in the formation of methane. In this case surface
reaction might be the rate controlling step. Chemisorption
of carbondioxide could play a part. Oxygen of a carbon
dioxide molecule might be removed by hydrogen molecules and
result in surface carbide formation. This carbide when
reacts with hydrogen will give rise to methylene radicals
which by combination with excess hydrogen produce methane.
- Here the oxygen removal could be the rate controlling factore

Or, an intermediate compound like methanol is formed, which

on/
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on dehydration gives methylene radicals and then methane
as before.

From the equation: 002 + 4H2 = CH4 + 2Hz0, it is seen
that water is one of the products of the reaction. According
to Le Chatelier's principle, the effective removal of water
would shift the equilibrium and more methane would be formed.
Nickel has very poor dehydrating property and the addition of
thoria which adsorbs moisture very strongly at temperature
of reaction should increase the catalytic activity of nickel.
Thoria is known to act as a promoter in a nickel thoria
catalyst.

A considerable amount of work has been carried out on the
mechanism of the promoter action in the nickel thoria catalyst
mentioned above. Medsforth (47) considered that promoters
like thoria increase the catalytic activity of nickel by
effectively adsorbing the water, one of the products of the
reaction due to dehydration. To prove this dehydration
theory, he classified the functions of the promoters thus:-

(1) The promoter decomposes the intermediate compound
formed by the catalyst.

(2) The promoter combines with one of the reacting
substances producing a high concentration of the latter upon
the surface of the catalyst.

Contrary to Medsforth, Armstrong and Hilditch (39)
sttribute the accelerating effect of the promoters to the

increase/



increase in the active surface of the catalyst and not to the
dehydration effect. They illustrate this theory by the
increase in the catalytic activity of the nickel promoted by
metallic copper. Baxter (40) showed that a small addition
of the promoter increases the surface of the catalyst to an
appreciable extent. According to Baxter, certain oxides
penetrate the interstices of the metallic particles resulting
in a less compact surface. This increases the surface and
consequently the catalytic activity.

W.W. Russell and H.S. Taylor (41) worked on nickel and
nickel thoria catalysts. The conclusions drawn from their
results are that, the greater the irregularity of the metal
atoms (i.e. the further they are removed from their regular
crystal lattice) the greater is the force by which they can
hold molecules by adsorption due to the greater valency forces
available and hence the greater catalytic activitye. The
lower the temperature of reduction the more unsaturated are
the metal atoms. Molecules of thoria which are more or less
electrically neutral act as insulators between the changed
metal atoms and prevent coalescence of unsaturated nickel
atoms on the surface. This has been confirmed by Wyckoff
and Crittenden (42) by X-ray examination. Taylor and Russel
also observed that thoria has a specific action of adsorbing
Qg and this shows the influence which promoter may exeri on

ratio/
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ratio in which reacting gases are adsorbed. Adsorption

of hydrogen on either catalyst shows comparatively little
change with temperature. Amount of 002 adsorbed decreases
with temperature rise, but gains by the presence of promoters.
Nitrogen is adsorbed to a small extent at 285°C on nickel
catalyst and to still smaller amounts on nickel thoria
catalyst.

A falling off of the activity of the nickel catalysts
has been noted. This could be due to impurities introduced
in the preparation of the catalyst, like alkaline impurities
which meke itself felt gradually. Or there could be sulphur
containing vapours or gases in reaction mixture which would
poison the catalyst. Water vapour is supposed to have a
poisoning effect on nickel catalysts. But the reaction is
reversible and so the catalyst could be easily reactivated.
Finally, there may be poisoning from side reactions, as in
deposition of carbon on nickel. This carbon could come from

the decomposition of carbon dioxide thus:

mg = CO + C.
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INTERACTION OF 0O, AND Hy AND ALLIED

CATALYTIC REACTIONS .

A considerable amount of work has been carried out on
the mechanism of reaction between carbon monoxide and
hydrogen, but relatively little has been done on the mechanism
of carbon dioxide and hydrogen reaction. Probably this is
because of the waste of hydrogen involved in the hydrogenation
of carbon dioxide compared with that of carbon monoxide from
an economic view-point.

Perhaps the pioneers in this field are Jahn (43) and
Bach (44). They studied the accelerating effect of palladium
in the reaction between carbon dioxide and hydrogen. Later
Sebatier end Senderens (45) investigated the reaction in
presence of finely divided nickel catalyst. They noted that
hydrogenation begins at 230°C and is complete at 300°cC.
Sabatier (46) showed that when hydrogen was present in slight
excess (80%) of carbon dioxide excellent yields of methane
were obtained.

Medsforth (47) did work on the reduction reaction of
both carbon monoxide and carbon dioxide by hydrogen in
presence of nickel catalyst accelerated by promoters like
cerium, thoria, etc. According to him, an intermediate
compound of the methyl alcohol type 1is formed which is
dehydrated/
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dehydrated to give methylene radical which is immediately

hydrogenated to methane

OH dehydro enationco + 2Hg

/
C
2%, — CH,0 — CH,OH

OH dehydration Gy = Gy

COz-ﬂ'H

This representation also explains the presence of
carbon monoxide found in product in small amounts. Probably

a simpler step might be:

(a) Ni + g + H2~—-)N1(HCD.0H)~>N1 + CO + Hy0

(b) 00 + 2Hy —— > HCHOH — ,3CH, —> CH,

Here, the catalyst takes part in an extra hydrogenation
and the promoter in an extra dehydration. This would
account for the higher temperature required in case of carbon
dioxide, and also for the lower accelerating effect obtained
by the use of promoters in the 002 reaction compared to the
CO reactione.

Ipatieff (48) worked on COp and Hg reaction on nickel
catalyst at atmospheric as well as at high pressures and
came to the following conclusions:-

At ordinary pressure,

(a) In presence of excess of carbon dioxide (150%) there
wag complete removal of hydrogen.

(b) With theoretical emounts of g and H2, a considerable

amount/
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amount of H, remained unreacted.

At high pressures,

(a) Hydrogen in excess with respect to 00, does not
reduce 002 completelye.

(b) Nickel oxide and nickel are both equally activee.

Ipatieff (48) suggests & mechanism which differs from
that of Medsforth. He points out that an intermediate
compound of the type methyl alcohol is formed from carbon
dioxide and hydrogen. This on dehydration cannot give

methylene radical, but dimethyl ether.
20H30H —> Gy - 0 = CHgz + Hg0.

In support of this he shows that this ether is very stable
and even at 520°C very little decomposition takes place.

He used alumina as promoter; if under its influence methyl
alcohol is dehydrated to methylene radical, some ethane and
ethylene would be expected in the product. Ipatieff agrees
that methyl alcohol is first formed, but he differs from
Medsforth in that he considers that methyl alcohol forms an
ester with alumina hydrate which under the influence of the

strong hydrogenating catalyst gives methane.

A10(OH) + CH.OH —> AlO(OCHa) + HO.

3 2
210(0CHz) + Hp ——> A10(OH) + CHy.

Je Nicolai, M.D'Hont, and J.C. Jungers (50) studied the
synthesis/



synthesis of methane from oxides of carbon and hydrogen on
nickel catalyst. They found that in case of CO; and Hy
mixture the surface of the catalyst is equally shared
between the reactants, whereas carbon monoxide seemed to be
notably much better adsorbed than carbon dioxide. The
reduction of CO by deuterium D2 was effected more rapidly
than with hydrogen. This is explained by the fact that D2
in view of its higher mass is bound up more strongly to the
catalyst than hydrogen and presents stronger opposition than
hydrogen to being displaced by carbon monoxide. In case of
002, due to its less coefficient of adsorption, the difference
between Dy and Hg is less marked.

The products of reaction affect the reduction of
very feebly while they wholly retard the reduction of 002.
This could be attributed to the stronger resistance of CO in
virtue of its higher coefficient of adsorption, to displacement
by the reaction products. In regions of low temperatures the
reduction of CO is much less than CO, (since CO occupies more
of the catalyst surface), but as the temperature rises the
difference diminishes and the two reactions tend to become
equale. The energy of activation was found to be much higher
for CO than 002.

These observations by Jungers and others make it possible
to predict the mode of reaction that would take place in the
hydrogenation of a mixture of carbon monoxide and carbon

dioxide/
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dioxide. As the CO is adsorbed more readily than 002, the
latter will be able to react only when the first would have
disappeared in a major quantity. This was confirmed by
experimental results.

F. Fischer and H. Pichler (51) studied the simultaneous
reaction of CO and 00y during hydrogenation. Experiments
with nickel, cobalt and iron catalysts indicated that the
presence of CO in a Oo2 and H2 mixture retards the catalytic
hydrogenation while the presence of 002 in a 00 and Hy mixture
exerts no influence. This could be explained in the light of
Junger's results and explanation.

A number of investigators have studied the water gas

equilibrium:-

CO + H 0:=2002 + H2 + 10.1 K cals.

2

A number of papers concern themselves with the reaction
conditions and constants of this equilibrium. In 1912,
Wieland (52) suggested that the change from CO + H,0
002 + H2 takes place by way of intermediate formation of
formic acid. Sabatier and Mailhe (53) showed that formic
acid can be decomposed according to the catalyst used, either
to form C0 and H0 or 00, and Hy. Armstrong and Hilditeh (54)
observed traces of formic acid in the condensate from the
water gas shift reaction. Fischer and Prziza (55) obtained
formic acid from C0g and Hy at high pressures by electro-

chemical/
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chemical methods. Later, Fischer and Schrader (56) were

able to get 0.1N. HCOOH, starting from CO and H2 at 135
atmospheres pressure and 300-400°C. These above observations
go to prove Wieland's suggestion that CO + Hn0 005 + Hg
takes place by way of formic acid.

The components CO, H,0, 05, and Hgy at equilibrium may
give different products by way of intermediates, which do not
appear in the water gas equilibrium, according to the type of
catalyst employed (57). These could be the starting point
for the synthesis of organic compounds containing high oxygen
contents. In connection with these changes we can
differentiate between three groups of catalysts, (57).

First are those with whose help the left hand side of the

equation,
0 + H20 :—*——‘HOOOH;‘—--‘CX)E + H2

could be catalysed. Secondly, those which catalyse the

right hand side and thirdly, those whose action lies between
these two groups. Sulphuric acid and phosphoric acid etce.
belong to the first group. The second group comprises
hydrogenating catalysts like nickel, cobalt, ruthenium etce.

The third group of catalysts are oxides whose hydrogenation
activity is not so great as the metals of group 2, while their
ability to act as dehydrator is not so great as the acids of
group 1. These are generally used for the hydrogenation of CO

to/
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to alcohols and other oxygen containing compounds.

Starting from 002 and H2 the catalysts of group 2,
give only methane (57). If the 0, is first reduced to 00
using & catalyst of lesser hydrogenation activity like copper,
then higher hydrocarbons are formed. Thus it is found by
the use of proper catalysts higher hydrocarbons, higher
alcohols, fatty acids, etc., could be produced from CO and

Ho; whereas starting from 002 and H. only the first member

2
of the homologous series could be produced, that is of the
hydrocarbons methane, of alcohols methanol, and of fatty
acids formic acid. This shows that the formation of methane
etc. from 002 and H2 proceeds according to & basically
different mechanism than of the higher hydro-carbons from CO
and H2.

The direct hydrogenation of 002 to methane may take place
by way of formic acid, giving methanol and then methane (58).
The course could be shown thus:

carbon hydrate

0O H OH H H H
/ / N/ HoG-OH —fip» Gy + Hgd
c\\*l-l——-—-? C\-‘Hé———) C = O—Hg‘) \ '2') 4 + HgOe
0 H ’\\IOH . H

H.COOH H20

Fischer and Tropsch (59) explained the difference in the
mechanism of the reaction between 002 and Hz; and QO and H2.
They said that the formation of higher hydro-carbons from CO

and/
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and H2 takes place with the help of carbides, whlle the
methane formation from 002 and H2 takes place by changes
in the chemisorbed hydrogen.

Fischer and Pichler (58) observed that CO, does not
react in the presence of CO in the Fischer-Tropsch synthesis
and that hizher hydro-carbons are synthesised when the cobalt
in the catalyst surface is in the form of carbide. They
also noted that during the formation of higher hydro-carbons
very little chemisorbed hydrogen 1s present on the surface of
the catalyst. They supposed that, for the hydrogenation of
002, atomic hydrogen is necessary.

S.R. Craxford (60) investigated the hydrogenation of CO
using a Fischer-Tropsch catalyst and his results fit in with
and confirm the above observations of Fischer. He showed,
by observing the ortho-para hydrogen conversion, the
intermediate formation of atomic hydrogen in those cases
where the reaction took place with the formation of methane.
If higher hydro-carbons are formed, little atomic hydrogen
is noticed. The carbide formed under these conditions
reacts with molecular hydrogen to form higher hydro-carbons,

S.R. Craxford and E.K. Rideal (61) envisaged the
formation and utilisation of the carbide in the Fischer-
Tropsch synthesis as follows:-

(1) Co + CO — Co-CO (chemisorption)

(2)/
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(2) CoCO + CO — Co-C  (surface carbide) + o,
(3) CoCO + H2 — CoC ( » ) + 320
(4) CoC + B, — CH, ——  higher HCs.

The fact that the oxygenated product of the Fischer
synthesis is water and not CO, suggests that (3) proceeds
more rapidly tham (2). It is impossible that the water
could have been produced by the water gas reaction, for
at 200° the equilibrium concentration of water vapour
would be extremely small, This point was confirmed by a
series of experiments, the catalyst used being Fischer
catalyst containing cobalt, thorla and kieselguhr in the
proportion 100:18:100. Carbide formation was rapid at
first, showing surface carblde formation and this was
followed by a second slow stage which is the formation of
the carbide in the bulk of the metal.

The next stage of the Fischer synthesis 1s the
reduction of the carbide so formed to give higher hydro-
carbons or to give methane. This can be distinguished
through ortho-para hydrogen conversion. It was noticed
that when the Fischer synthesis is proceeding at about 200°C
the ortho-para conversion does not occur to any marked
extent, but that it does occur where there is no reaction or
else methane is being formed. Thus synthesis of higher
hydro-carbons proceeds by way of molecular hydrogen, while

methane/
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methane synthesis by way of chemisorbed hydrogen. {
According to Craxford and Rideal (61) the above results |
along with other experimental results indicate that the
mechanism of Fischer reaction involves the following steps,
where - X represents chemisorbed radical and---Y represents

a molecule Y adsorbed by Van der Waal's forces:-
(1) Chemisorption of CO

co co
—_ — N
(2) Reduction of Chemisorbed CO by 32 to give carbide
co H2 c gzo

\ |

A

(3) Reduction of the carbide to chemisorbed methylene
groups
c o, cm
| |

If at this stage there is a large amount of chemisorbed

H2 on the catalyst surface, the next step is
H —_—> —_> ] H
| : | 1 R i

and methane is the product; but if on the other hand only

a little chemisorbed 32 can be present, association of the

methylene groups occur to give mono molecules.

(b) CE, CH, CH, - CHy~~~CHy -~~~ CHp—

| | — s
(4) These mono molecules are then disrupted by inter-
action with 32 progably as,
.2
[ 2= |\

Al
[}
L]

I
and/

2
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and the chain length of the products will depend on the
amount of 32 avallable for the process which is given by the
amount of chemisorbed H2 present on the surface.

The inhibition of the conversion during the synthesis
may be due to elther the surface being completely covered
with carbide, or to the presence of chemisorbed hydro-carbons.
The saturated hydro-carbons do not inhibit the conversion,
but Farkas, Farkas, and Rideal (62) found that ethylene,
which is very strongly chemisorbed, does so act.

S. Weller (63) carried out work on kinetics of carbiding
and hydro-carbon synthesis with Fischer-Tropsch catalyst.

He agrees with Craxford and Rideal and points out that at
present the possibility that oxygen removal may be a rate
limiting step cannot be ruled out.

J.E. Hofer and W.C. Peebles (64) carried out X-ray
diffraction studies on the action of CO on Co-ThOz-Kieselguhr
catalyst. Reduction of catalyst at 400°C leaves cobalt atoms
in the face centred cubic (B) from which they do not convert
readily to'thg hexagonal close packed (&) form. On carboni-
sation of the reduced catalyst, cobalt carbide 1s formed; the
rate of carbonisation of #and B cobalt proceeds at nearly the
same rate and results in the same crystalline carbide.
Hydrogenation of this carbide forms methane and the stable
& cobalt. This cycle of reduction and carbiding and hydro-
genating the carbide can be repeated indsfinitely at 210°.

J./
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J.T. Kummer, T.W. Dewitt and P.H. Emmett (65) by using 1

cl4

as a tracer in the study of Fischer Tropsch synthesis

came to the conclusion that only about 10% of the hydro-

carbon products appear to come through the carbide using CO

at 200°C. They consider that it is possible that an
incipient surface carbide formed on the surface during
synthesis may be an intermediate. Such carbon atoms formed
may be bound to the metallic phase by the same type of chemical
bond involved in the formation of metal carbides and may react
with hydrogen to form CH2 groups which then polymerise.

Elvin and Nash (66) suggested that certain oxygenated

compounds could be an intermediate because of their presence

in small quantities along with the hydro-carbons even at low
pressures, Smith (67) suggested the possibility of acetone

as an intermediate. In 1942 Ya.T.Edins and N.D. Zelinsku (68)
declared that cobalt carbide is neither an intermediate product,
nor a catalyst in the synthesis of gasoline from CO and Hz in
presence of Fischer catalyst. However, intermediate formation
of methylene radicals during the synthesis had been confirmed.
In 1943, Ya.T.Edins (69) postulated intermediate formation of
methylene radical without assuming intermediate formation of
carbide by the help of Balandin's multiple theory of
adsorption in catalysis. According to Warner, Denig, and
Montgomery (70) ketene could be the source of methylene
radicals. Rice and Glazebrook (71) have shown that methylene

and/
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and carbon monoxide can combine to form ketene in detectable
quantities.

Though it had not been possible to reduce 002 to higher
hydro-carbons than methane, Fischer, Bahr, and Mensel (72 &
73) found that this can be done with a ruthenium catalyst to
which small amounts of strong alkali are added. Gaseous and
liquid hydro-carbons are obtained. At first a colourless
low boiling o0il, later a high boiling oil, and finally
paraffin like products are formed. The most favourable
temperature range seemed to be 200-25°c. Above 300°C only
methane was formed. The formation of higher hydro-carbons
by alkalised Ru is believed to proceed through CO, to which
the catalyst first reduces the 002. From anology with the
metals of the iron group it would seem possible that the
catalyst is a carbide, although no ruthenium carbide is as yet
known.

H. Pichler and H, Buffledb (74) said that the activity of
the Ru catalyst was the same whether reduced by hydrogen or
synthesis gas under pressure. Addition of alkall (K2003)
to the catalyst, had little influence on its activity or on
the ratio of liquid to solid hydro-carbons in the product.
They {75) also observed that only methane and water are
produced by passing 002 and E2 over unalkalised Ru catalyst.

Kyowa (76) prepared a catalyst consisting of one mole
each of Mn, Zn, and Cu hydroxides (or oxides or carbonates) -

Cx/
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Cr may be substituted for Cu- 0.2M F9203 (or oxides or
carbonates) and 0.125 M KOE (or oxide or carbonate) and kiesel
gubhr. In presence of this mixed catalyst a 25%»002-75% H,
mixture at 400°C and 150 atmospheres pressure gives 3%9.5%
ethyl alcohol, 35.5% propyl alcohol, 8.3% ise-butyl alcohol,
and 18.7% methyl alcohol.

C.R. Prichard and C.N. Hinshelwood (77) as a result of
many experiments on the interaction of CO2 and Ha on the
surface of tungsten came to the conclusion that the adsorption
of each gas is independent of the other. This shows that the
whole surface is not active. Only certaln parts are able to
adsorb hydrogen and carbon dioxide and cause them to react.
The parts that adsorb hydrogen in this way are different
from those that adsorb carbon dioxide. Interaction takes
place when molecules of the two gases are adsorbed on adjacent
centres of the appropriate kind. They found that platinum
also adsorbs both 002 and H2°

Fryling (78) has shown that in case of a promoted nickel
catalyst the fi:st portions of hydrogen added are dissociated
into atomic hydrogen before adsorption, after which more
hydrogen is adsorbed to saturation in the same manner as the
unpromoted nickel catalyst. Se ROginska (79) by photo-
electric studies of nickel and tungsten surfaces showed that
the adsorption of atomic hydrogen from 180° to 150° 1s very
strong while that of molecular hydrogcn is very weak,

Kistiakowsky/
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Kistiakowsky (80) confirmed Wolfenden's (81) assumption
that adsorbed hydrogen on ths surface of nickel is present
partly in the atomic state. He showed that nitrogen is
also adsorbved.

Kimio Kawakita (82) has observed remarkable chemi-
sorption of carbon dioxide by reduced iron at 300° - 400°C.
From experimental evidence he showed that (83) adsorbed
carbon dioxide molecules after their diffusion into inner
surface of a catalyst through minute cracks or grain
boundaries of small dimensions, acted upon the iron atoms
according to a heterogeneous chain reaction as:

(1) TYe + (002) adsorbed*g:FexoY + CO
(2) 2coads. = C+ (002) ads,

Reaction (1) takes place only in strong active centres as
minute cracks and (2) even in weak active centres on the
surface of the catalyst.

A number of investigators have studied the polisoning
of the hydrogenation catalysts. W.B. Binford and J.C.¥.
Frazer (84) found that even a small amount of water vapour 1is
a poison for nickel hydrogenating catalyst. The reaction 1is
reversible and so the catalyst could be reactivated by
heating in a current of hydrogen.

Another reason for falling off of the catalytic activity
may be the deposition of graphitic carbon on the catalyst.

M./
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M. Randall and F. Gerard (85) have found that a possible
reaction may be between carbon dioxide and methane to form

graphitic carbon and water vapour.

CO, + CH, —> 2C + 2320

2 4
They showed that the free energy of methane calculated from

experiments on:-

CO, + 4H, =— CH, + 2H,0
reaction is in agreement with the value found from the direct
synthesis from graphite and hydrogen in the same temperature
range. The negative values of the unaccounted for carbon
are used by the synthesis of methane from the hydrogen and
graphite previously deposited.

J.A. Tebboth (86) worked with promoted and unpromoted
nickel catalyst supported and unsupported. He suggested
that the conditions of CO and H2 reaction were very favourable
for elementary carbon formation as follows:-

381 + 200 — Ni3C + 002 (carbiding reaction)
N13c —>C + 3Ni (elementary carbon)

G.L. Clerc and H.Iefebore (8T) studied loss of catalytic
activity in reduced nickel catalyst when a mixture of CO
and 32 is passing. They observed that the loss of activity
is accompanied by transformation of nickel from the

ferromagnetic cubic to the nonmagnetic hexagonal form.
K./
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K.M. Chakravarty and P.B. Chakravarty (88) found
the Fischer Tropsch catalysts and other catalysts containing
traces of K2003 were found to lose their activity after
passage of small volumes of CO and H2 mixture. The presence
of K, CO

2°73
than hydro-carbons.,

favours the formation of C, 002, and water rather
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SIMPIE KINATICS OF HETEROGENEQUS REACTIONS

Two Reacting Gases:-

In a system consisting of a so0lid surface and a single
reacting gas, the gas molecules will strike the surface and
as a general rule will "condense®", that is, adhere for an
appreciable period. As a result of thermal agitation the
gas molecules will evaporate, that is, leave the surface from
time to time, and eventually an equilibrium is reached when
the rates of condensation and evaporation are equal. When
a reaction involves two or more gases a number of possibilities
may arise according as one or the other of the reactants or
products are adsorbed. Let it be assumed in the first place,
that the products are not adsorbed and the surface is sparsely

covered with both reactants. Suppose the reaction is:-
aA + bB — > products

The mass of a given gas, and hence the number of
molecules (), striking one sq. cm. of catalyst surface per
second is proportional to the pressure (p) of the gas. If
o 1is the fraction of the molecules striking the surface which
adhere, then « v molecules condense on each sq. Cm. of
available surface per second. If 0 is the fraction of the
total surface covered with gas molecules at any instant, then
1 -0 is the fraction of the surface which is bare; assuming
that/
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that only a single layer of gas molecules can form on the
solid, the actual rate of condensation will be (1l-6)xXmw
molecules per sq. cm. per sec. The rate of evaporation
will be proportional to the number of molecules on the
surface, that is to the area covered, ¢ , and so may be
represented by v8 , where v is a constant for the given gas
and‘surface. At equilibrium the rates of condensation and

evaporation will be equal, so that

(1= 6 )Ap = vl oo 1

Since in the reaction aA + bB — products, it is
assumed that the products are not adsorbed and that the
surface is sparsely covered with both reactants, it may be

assumed that 1- § to be unity. Thus according to equation 1

O‘AFA = VABA and O(B g = Vg BB ---2
for the gases A and B respectively, QA and GB being the
fractions of the surface covered by these molecules. The

rate of reaction on the surface is given by

I N T 3.

and substituting the values of §, amnd BB in equation 3 from
equation 2, we get that:-
' b b
ax EO('A ;a/baéoén)’“
xi—2 (" Pal—B)Fp
at v VB)
a b
= kky Jp X5 Fp

ot %fx' kl P: pg """""""""""""" 4,
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On the other hand, if one of the reacting gases is
firmly held on the surface it may have the surprising effect
of retarding the reaction as its pressure is increased.
Consider a reaction in which'one molecule of A and one
molecule of B take part. Suppose the gas A is strongly
adsorbed and O the fraction of the surface covered by it
where 0 is nearly unity; then the fraction covered by B
is negligible. VWhen equilibrium is reached:-

(l-e)dA/"A SVA """"""""""" 5.

tbe U on the right hand side is taken as unity. The rate
of reaction is taken to be equal to the rate of condensation
of B on the free surface, since there 1s always sufficient A

avallable to combine with B; hence:

g% = k(1 -8)dgpg
“p A . kB
X

= k
A Fa

. dx pB 6 o

o o = k m—— @400 meacocacoaamcoaeme
at 179,

where p, and pp are the partial pressures of A and B. The
rate of reaction is thus inversely proportional to the
pressure of the gas strongly adsorbed.

In some cases the products are capable of retarding the
reaction. This results from the products being preferentially
adsorbed/
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adsorbed on the surface. On a similar reasoning as in the
retardation by the reactant, it could be seen that whichever
reactant is present in excess probably occupies most of the
surface not covered by the products, and reaction may occur
when molecules of the second reactant meet those of the
first already on the surface, the rate of reaction tms being
proportional to the pressure of the second reacting gas, but
inversely proportional to the pressure of the strongly

adsorbed product.
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CEAPTER I.

PREPARATION OF CATALYST.

General condlitions for preparation of catalysts:-

The catalysts employed were nickel and nickel thoria
supported on pumice. A detailed account of preparation of
catalysts 1s of great importance from its practical
conseguences. The preparation of catalysts falls into three
stages: (1) selection of starting material for the catalyst
in suitable form, (2) formation of this material into
particles, grains, or deposition, (3) activation by conversion
into the element or compound which is actually the catalyst.

It is preferable to select as the starting material a
compound that will undergo some sort of chemical change before
it is actually converted into the form that acts as the
catalyst. So nickel nitrate was selected as the starting
material, for it is first oxidised to nickel oxide before it
is reduced to nickel which acts as the catalyst in the
reduction of carbon dioxide. Preliminary reactions have to
be carried out under very carefully controlled conditions in
order to get reproducible results, particularly in cases where
the catalyst consists of more than one component. For
example, Boswell and Iler (89) showed that the particle size
of nickel oxide obtained by heating the hydroxide in nitrogen,
increased/
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increased with temperature according to the equation,

log D= KT + C

where, D = crystal diameter.
T = temperature.

K &C = constants.

A catalyst with a high specific surface like nickel
adsorbs various impurities easily and as such, strict pre-
cautions have to be observed in its preparation. Farther,
the composition of the catalyst is known to be influenced by
the conditions of its preparation. Great care is necessary
in the preparation of promoted catalysts, for it 1s very
important to obtain a uniform distribution of the promoter.
This condition is very difficult to fulfil when the promoter
is present in very small amounts as compared with the main
catalyst. The general methods of preparation of the promoted
catalysts are (1) co-precipitation from mixed solutions and
(2) evaporation of mixed solutioms.

The main defect in preparing catalysts by co-precipitation’
is the possibility of incomplete precipitation because it is '
very rare for both components to be precipitated simnltaneously:
and in a steady ratio. The second method of precipitation
suffers from the same defects, but to a lesser extent. The
evaporation of a mixed solution leads to a preferential

deposition of the major component and this results in a larger

concentration/ ~ .
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concentration of the lesser component in the remaining
liquid towards the final stages of evaporation and in the
s0lid deposited from 1it.

Carriers are used to economise in the consumption of
expensive materials; further, they enable the catalyst to
be obtained in a form that would stand mechanical shock.

The ideal carrier must be cheap, abundant, mechanically strong,
porous enough to be light and give a high concentration of
catalyst on surface, and be inert to chemical attack by the
catalyst, reactants and products. It should not contain any
material that would be a poison to the catalyst. Pumice
possesses most of these propertlies and so was selected as a
carrier for the nickel catalysts.

The temperature of reduction of the catalyst 1s also of
importance as the catalytlc activity varies with temperature.
Thomas (90) obtained catalysts by reduction of nickel hydroxide
deposited on kieselguhr and determined their efficiencies for

the hydrogenation of olive oil with results shown below:-

Relative activity of
Ri catalyst

Reduction temperature

250  =-----mmemmemmommeee-- 1.00
350  —---==mmmememmecoooee- 1.18
500  m--==--=--=-ece-ooooe- 1.25
650  m--mcmemememcmcconoean 0.23
T50  —--------mmemmomeoooe 0.00

Preparation/
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Preparation: The details.

The pumlice was crushed and sieved between 5-8 B.S.S.
sleves to give uniformly sized particles. The pumice was
found to contaln many foreign visible bodies. These were
separated by a panning motion in a basin placed under a
tap of running water. The pumice being lighter were carried
off by the stream of water into another basin kept below the
first. This eluted pumice was bolled with 1:1 HCl acid to
remove alkalies and other soluble impurities; the pumice was
washed free of the first acid, and boiled twice more with
fresh lots of acid