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Summary.

A study has been made of the synthesis of nickel
'cafbonyl from carbon monoxide and nickel. No evidence
was found to support the previous conclusions of Mittasch
that the reaction is of second order with respect to
carbon monoxide, but, on the contrary, the reaction ap-
pears to be either zero or first order with respect to
the monoxide, depending on the activity of the nickel
involved.

Attempts to correlate this synthesis with the Fischer-
Tropsch synthesis of hydrocarbons by calculating the
approximate rate of carbonyl synthesis &t 190°C. and
comparing with the experimentally determined rate of a
Fischer-Tropsch reaction at this temperature, suggested
that it was possible for the two reactions to have a
common intermediate.

Qualitative experiments showed that during the
hydrocarbon synthesis there is no nickel carbonyl in
the effluent gas, although when argon is substituted
for hydrogen and &ll other conditions are the same,
nickel carbonyl is formed.

¢** tracer investigations showed that there is no

14
exchange of C between hydrocarbons and labelled carbon/



carbon monoxide or labelled nickel carbonyl at 190°C.
Addition of Cié labelled nickel carbonyl to the inflowing
gas reactants of a Fischer-Tropsch reaction and analysis
of the effluent gas showed that nickel carbonyl, or some
stage before the final step in its decomposition,
participates in the Fischer-Tropsch reaction, although
no evidence was obtained as to the identity of this
intermediate.

" qu the purposes of this tracer work, an accurate
meth6d~ef estimating the 01* content of solid materials,
- and aléo;a very useful end-window gas counter have been

developed. .
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I.

METAL CARBONYLS AND THE FISCHER-TROPSCH REACTION
BETWEEN HYDROGEN AND GARBON MONOXIDE

INTRODUCT ION

Although the catalytic hydrogenation of carbon
monoxide to Methane was first achieved by Sabatier
and Senderens in 19021 it was not until 1922-26, when
Fischer and Tropsch published papers on the reduction
of carbon monoxide by hydrogen to higher hydrocarbons,z
that a real interest developed in this reaction because
of its new-found economic importance. Since then

innumerable investigations have been undertaken to

further the technical development of the process by

improving the catalysts, ratio of reactants, pressures,
temperatures and flow rates involved and a differentiation
was made between reactions at higher pressures which

gave oxygen-containing compounds and reaction at lower
pressures which gave rise to hydrocarbons. More

recen?ly research into the mechanism of the latter reaction
(the Pischer-Tropsch reaction) has become more active

as evidehce was gradually produced that the original
hypothesis of Fischer and Trqpscﬁlfailed to £it all the

. . 8
observations.



Because this original theory postulated the inter-
mediate formation of a metallie carbide, it has been
named the carbide theory and it was more fully formulated
in 1932 by Fischer and Koch as follows. After carbon
monoxide is chemisorbed on the aétive metal surface, the
carbon~-oxygen bond is broken by reduction with either
hydrogen or further carbon monoxide to give water or
carbon dioxide respectively, leaving a carbon atom bound
to the surface, thus forming what is in effect a surface
carbide. More hydrogen then converts this carbide to
the radicals CH, CHp, and CHg, which then polymerise and

desorb to give a wide variety of hydrocarbons.

The following considerations gave evidence for this

theory:-

1) During the synthesis the metal catalyst
(nickel, cobalt or iron with carrier and
promoter) is gradually converted into
metallic carbide.

2) Metallic carbides give hydrocarbons on
acidification. This is & common property,
e.g. aluminium carbide gives methane,
calcium carbide gives acetylene -~ similarly

" iron carbide gives methane and higher

hydrocarbons.s



3) The above mechanism explained in part
how cobalt catalysts could give water and
yet iron catalysts give carbon dioxide
as the principal oxygenated product.

4) Since the higher hydrocarbons would take
longer to form, in effect they would be
longer in contact with the catalyst before
desorption and hence would be more fully
hydrogenated than those of lower bolling
point. This is exactly what is observed.

5) Two stage synthesis over a cobalt catalyst
_with preliminary passage of carbon monoxide
followed by passage of hydrogen gives rise
to methane. This is hydrogenation of
cobalt carbide made by the action of carbon
monoxide on cobalt at the synthesis
temperature.s However, iron carbides
are apparently immne to hydrogenation under
Fischer-Tropsch conditions.

The catalysts used in a Fischer-Tropsch synthesis

- eventually ‘become inactive due 'to an accumulation of wax

on the surface. Removal by solution in a solvent, and

examination, showed that the wax consisted of high boiling
point hydroearbons and further work on the removal of the

(o]
wax by hydrogen at 210 C showed that the chain length/



FIGURE 1I.

CRAXFORD'S VIEW OF THE CARBIDE MECHANISM.

1) Carbon monoxide reacts with the metal surface.
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4) The polymer "epacks" to give volatile hydrocarbons.
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length distribution curve for the products had the same
shape as the distribution curve for the actual Fischer-
Tropsch synthesis produets?. This observatlon led to an
alternative to the carbide theory in which the first steps
were the same but the final step differed in that a large
polymer of methylene groups actually existed on the
surface and this polymer was "eracked” by the action of
the hydrogen of the synthesis gas giving rise to a mlxture
of hydrocarbons in a similar manner to the hydrocracking
of the wax.: It was further postulated that the hydrogen
must be chemisorbed before it could crack the giant
molecule and so if the number of chemisorbed hydrogen
atoms were small the fragments breaking off would be large,
‘whereas if chemisorbed hydrogen were sbundent the polymer
would be converted mostly into methane. This idea was
supported by the work of Craxford and Rideals, who, using
the para-ortho conversion of hydrogen as an indicator

for chemisorbved hydrogen,'showed that conversion took
place under conditions favourable for methane synthesis
but was apparently prevented when larger hydrocarbons

were being produced.

An immediate criticism of the first carbide theory
o 9
was made by Elvins and Nash who pointed out that, as it
stood, there was no explanation of how oxygenated hydro-

carbons could e formed and yet they had isolated such/

4.



such compounds during a Fischer-Tropsch synthesis.
They therefore stated that the intermediste should
be an oxygen containing compound and that the hydro-
carbons were formed by the secondary process of de-
hydration and hydrogenation but a possible explanation
was later offered by Craxford and Rid.eal8 who suggest-
ed that the oxygenated hydrocarbons were formed by the
incorporation of cerbon monoxide molecules into the
hydrocarbon from the second adéofbed layer on the
~catalyst - a view that was substantiated by the observ-
ation that more oxygenated compounds were formed as the
ﬁressure of the gas in the reaction chamber was raised,
i.e. as the probaebility of formation of a second layer
rose. However, in more recent years evidence at variance
with the carbide theory has come to light and it has been
established that metallic carbides do not take part in
the synthesis at least in so far as the bulk material is
concerned, although it was not possiblé to prove that
surface carbide took no part especially if the catalyst
surface was irregular as has been shown.10 The
observations which brought about this change of view-
point made use of many different techniques as can be
seen from the following summary.

1) Kinetics. It was found that the velocity

of synthesis was greater than the velocity of/

5.



2)

of carbide formation on iron, nickel and cobalt
14

catalysts and that the presence of substantial

amounts of cobalt carbide severely impaired the

12
ablility of a cobalt catalyst to form hydrocarbons.

X-rays. Both spent and freshly prepared catalysts
contained cobalt in a cubic form but hydrogenation

i3
of a cobalt carbide gave a hexagonal form of cobalt.

Thermodynamies. When calculated equilibrium con-

stants for the synthesis of n-paraffins (C, to Cg)
were compared with those from yields obtained it

appeared that these products could not have been

14
formed by reduction of iron carbide.

14
C _ Tracer Investigation. After iron and cobalt

catalysts were carburised with carbon monoxide
containing CMO the rate of appearance of ('}:Hr in the
products of a subsequent Fischer-Tropsch synthesis
suggested that hydrogenation of carbide was slight
but it could not be completely ruled out that
carbide was an intermediate if only a small part of
the surface were in.volved.:"5

After addition of labelled methane to the synthesis
reactants, examination of the products showed that

15
the methane was not incorporated in the reaction.

When methyl-labelled and methylene labelled ethyl
alcohol were added to synthesis gas passing over an

iron catalyst there resulted negligible activity in the/
6.



the methane produced but high activity in the
Os - Cyo range suggesting that either ethyl
alcohol or its adsorption complex behaves as a
Fischer-Tropsch intermediate and, furthermore,
analysis of the Cz product showed that chain
addition was to the alpha-carbon of the ccmplex.:'6
Later work gave confirmation by extending this
'to n- and iso- propyl and butyl alcoholsiv
although other workers gave conflicting eviden.ce.:l'B
- Addition in separate experiments of labelled
carbon dioxide, methyl alcochol, and formaldehyde
to the synthesis gas before passing ovér the
catalyst% showed that neither carbon dioxide nor
formaldehyde took part in the reaction, and that
methyl alcohol or its adsorption complex could
initiate but not propagate hydrocarbon chain
formation, although its abili£y fof initiation
was much less that of ethyl alcohol.19

The inevitable conclusion from the foregoing and

especially from the results of the powerful tracer

technique is that the idea of a carbide intermediate is

untenable and carbide must be supplanted by an oxygen

containing complex analogous to an adsorbed alcohol which

gives rise to a long chain oxygenated hydrocarbon, sub-

sequently reduced/

7.



by dehydration and hydrogenation. Examination of the
isomeric distribution of the resultant h,ydrocar'bonsao
shows that the propagation must take place by addition

of a C; unit, but the nature of this intermediate is as
yet uncertain.

Since optimum conditions for the Fischer-Tropsch
synthesis prevail at pressures Jjust below those at which
the tendency towards formation of metal carbonyls becomes
1arge21 and moreover since it is known that the 0XO
‘reaction (i.e. hydroformylation of a double bond in a
hydrocarbon by reaction with hydrogen and carbon monoxide)
'is homogeneously catalysed by metallic carbonyls,22 it
" seems likely that a study of metal carbonyls would offer
a profitable way of obtaining information gbout the
complexes involved in the hydrocarbon synthesis. It is
remarksble that in spite of the intensive work done on the
mechanism of the synthesis no attempt has been made to
investigate the possibility of metallic carbonyls being
involved either in bulk or as a surface intermediate.

Such an attempt was the aim of the present work.
Outline of the Programme.

The main project was a variation of the tracer
experiments outlined previously, viz, to pass hydrogen
and carbon monoxide together with about 1% of 014 radio-
active nickel carbonyl over a metal catalyst and to
determine a Gz* balance to see whether the carbonyl had

taken part or not.



Nickel carbonyl (and nickel catalyst) was used
because of the relative ease of synthesis of the radio-
active form.

This was supplemented with a study of the carbonyl
whereby it was hoped to establish whether bulk
carbonyl could exist as such during the Fischer~Tropsch
synthesis and whether there was any relationship between
the kineties of formation of nickel carbonyl and-the
kinetics of hydrocarbon synthesis over a nickel catalyst.

9.



II.

I.

A STUDY OF THE KINETICS OF FORMAT ION
AND DECOMPOSITION OF NICKEL CARBONYL.

Introduction.

If the rate of synthesis of hydrocarbons in a

Fischer~-Tropsch process is greater than the rate of

synthesis of nickel carbonyl under the same conditions

of pressure (% atmosphere of carbon monoxide) and

. (o]
temperature (200 C) then it is quite obvious that

nickel carbonyl as a bulk material can not be an inter-
mediate in the synthesis of hydrocarbons. However, when
the probability of a five body collision is considered

it is most likely that the synthesis of the carbonyl
tekes place in several consecutive steps and it is quite
feasible that some intermediate in this synthesis is also
an intermediaste in the Fischer-Tropsch synthesis. For
example, the synthesis of the carbonyl could take plk ce

in four steps.

Ni(cO) .c.eevevee. (1)
Ni(CO)s vevveeee. (2)
Ni(CO)g eovvocees (3)

Ni + CO

i

Ni(co) + €O
Ni(co), + CO

Ni(co)S + 00 = Ni(CO)* e e eeveeovce (4)
and the Fischer-Tropsch reaction could follow the

sequenceg -

10.



Ni + CO = Ni(co) ee. (a)
Ni(co) + H,
nNi(CHOH)

Ni(CHOH) eee (D)

il

Ni(CEOH)n + (n~1)Ni ... (ec)
Ni(CHz )n eee (@)
Ni + CHg(CHg ) oCMg ... (e)

1]

il

Ni(CHOH), - nO
, Ni(CHg ), + Hp

These two hypothetical reaction schemes have the
same initial step, the formation of Ni(CO), and if this
.stage:were rate determining for both processes then they
would show the same kinetic properties and hence a
comparison of the kineties of synthesis of nickel carbonyl
and of the Fischer-Tropsch synthesis might give rewarding
results and could perheps show whether some steps in the
former can or can not be applicable to the latter.

. It is worth while noting here that all theories so
far pubiished concerning the mechanism of the Fischef-
Tropseh synthesis automatically assume that the first step
in the process is the formation of Ni(CO) surface compound
although there is little experimental justification for
such an intermediaste apart from the fact that it is
"obvious".

On the other hand it is claimed by Mittasch = that
nickel carbonyl is formed via Ni(CO); and that the
synthesis is second order with respect to carbon monoxide
concentration/

11.



concentration, i.e. that
Ni + 2C0 = Ni(CO),
is the rate determining step.

This would suggest that the Fischer-Tropsch reaction
might incorporate Ni(CO); as its first intermediate and
give rise by hydrogenation to a C; unit for chain
initiation and propagation. Moreover, this idea is
supported by the previously mentioned Gi* tracer work
of Kummer and Emmett who showed that the complex formed
by ethyl alcohol could initiate chain building much
better than that of methyl alcohol although their
evidence also requires a C; propagation unit which is
different from the methyl alcohol adsorption complex.

Reference to the literature shows that there has been
neither confirmation nor contradiection of the results of
Mittasch from any source and his original paper "The
Chemical Dynamics of Nickel Carbonyl" gives the im-
pression that the kinetic study was complicated by
experimental difficulties and that he was doubtful of the
validity of his conclusions for he actually gives an
example of how his data for the synthesis of nickel
carbonyl could give rise to a fourth order dependence on
carbon monoxide pressure. Furthermore, his conclusion
that the reverse reaction, nickel carbonyl decomposition,
is a unimolecular process can be simply shown to be

mistaken/
12.



mistaken since it is a recognised procedure to store

nickel carbonyl under carbon monoxide to prevent spontaneous
decomposition?* and therefore the decomposition must be
dependent in some way upon the pressure of the carbon
monoxide in the system. PFurther proof that this is not

a unimolecular reaction comes from the work of Bawng5
(confirmed later by Tonosaki and Suginnmaze) who shoﬁed
that the decomposition was mostly homogeneous but partly
heterogeneous and that the following expression fitted

well his data for both types of reaction.

ax . kmi(cold]
dat 1 - k, [CO]

“where k and k,; are constants and the expression dx/dt refers
to the rate of production of carbon monoxide (or the loss
of nickel carbonyl) in the system.

In view of the possibility that Mittasch may have
been wrong also in his conclusions on the kineties of
the synthesis of nickel carbonyl, since no verification
has been published, it was therefore felt worth while
to investigate the reaction afresh.

Extrapolation of the data produced for the equilibrium
constant ét various temperatures of the system

Ni(CO), = Ni + 4C0

by Mittasch and also by Montgomery and Tomlinson?7 whilst
not in agreement, predict that under the conditions of a
Fischer-Tropsch synthesis, the rate of decomposition of
nickel carbonyl is vastly ?n excess of the rate of its/

13.
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its synthesis and that the maximum value attainable

for the vapour pressure of the carbonyl in the effluent

gas will be 10-15 atmospheres according to Mittasch and
10--9 atmospheres according to Montgomery and Tomlinson.
This value is obtained by substituting % atmosphere for the

concentration of the carbon monoxide and the extrapolated

0
value for Kp at 200 (see opposite) in the expression

% = Fco )4

and evaluating Ni(CO)s.

: Suéh a quantity is in fact immeasurable when using
normal simple experimental methods and therefore there is
no likelihood of making a direct measurement of the rate
of carbonyl synthesis under these conditions, and further-
more it is the absolute rate of formation and not the eff-
ective rate which is desired and such a measurement would
be impossible without evaluating also jbhe rate of
decomposition and the position of the system as regards
equilibrium. Use must therefore be made of kinetic
measurements at various lower temperatures where the
difficulties caused by the back reaction are negligible,
by extrapolating as an Arrhenius plot, the observed rates
to the desired temperature of 20000. Comparison of this
calculated rate with the rate of a Fischer-Tropsch
synthesis will show whether the two synthesis have any-
thing in common and moreover if the kinetic study of the/

14.
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the carbonyl leads to an understanding of the mechanism
of its synthesis, then it will be possible to state
whether certain steps are possible or impossible in the
Fischer—Troﬁsch synthesis and perhaps to substantiate
the view that Ni(CO) or Ni(CO), is the primary stage.

As stated above, the equilibrium figures available
postulate that the maximum content of the exit gas from
a hydrocarbon synthesis over a nickel catalyst is 10—9
atmospheres. This value is inconsistent with the report
that a nickel catalyst can not be used in a Fischer-
Tropsch synthesis with pressures of reactants greater
than atmospheric because of the formation of nickel
car‘bonyl?aé 29,30 Therefore it would seem probable that
either the equilibrium figures are erroneous or the
nickel catalyst for the Fischer-Tropsch process is an
extremely efficient source for nickel carbonyl or else
the hydrogen present plays a part by affecting the
stability of the carbonyl preventing decomposition perhaps
by formation of a carbonyl hydride or by speeding up the
synthesis. In any case it would appear worth while
investigating whether the presence of hydrogen has any
effect on the kinetics of synthesis or of decomposition of
nickel carbonyl.

II.2 The synthesis of nickel carbonyl.

a) G@eneral Procedure.

Since the apparatus used in this section of the work

(shown opposite as a block schematic diagram) is fully/
| 15.



fully described in the experimental section only the
,general principles and manipulation are described here.
The reacting gas or gas mixture was circulated by
means of a pump round a closed cyele in which it passed
through a flowmeter, then into a constant temperature
reaction chamber containing the active solid nickel, then
via several cold tmps for removing the products and back
to the flowmeter again. Since all the products were
condensed out, and the system had a fixed volume, there
was subsequently, as the reaction prbgressed, a gradual
drop in the pressure of the gases within the apparatus
which could be followed by manometric measurements. From
pressure readings at known time intervals, the variation
of pressure (P) with time (%) could be found, and since
the rate of reaction is directly proportional to the rate
of loss of pressure (-dP/dt), the dependence of the rate
of reaction upon pressure of the reacting gas, and hence
the kinetics of the synthesis, can be readily derived.
Such an operation has the attractions that the only
experimental readings necessary are made quite simply
with reasonable prec1s1on, viz:~ Time by stopwatch, and
pressure by cathetometer, although complicating factors
do arise as outlined below together with the steps taken
to surmount them.
1) The stroke action of the pump gave rise to pulses in

the flow of gas round the system. These surges could be/

16.



be prevented by placing on both sides of the pump a
large béllgst bulb which smoothed the stream of gas but
Wh;ch naturally, by increasing the effective volume of
the system foﬁrfold, had a marked effect on the rate of
drop in the pressure. The bulbs were attached in such
a manner that they could be isolated by using by-passes
and a much fastervrate of fall of pressure could then be
obtained, but only at the expense of reintroducing
spasmodic gas flow.

2) With the exception of the reaction zone and the cold
traps, the major part of the apparatus was at room
temperature which fluctuated in the normal manner,
necessitating a temperature reading when the pressure
measurement was meade. All pressures were corrected for
temperature deviations to a standard temperature (gener-
ally 20-0°C.).

5) The pump employed to produce flow had a constant
volume strgke and hence, as the pressure within the
apparatus varied, so also did the resultant rate of flow
unless the rate of stroke was altered suitably - a
method of compensation which was at best rather crude.
In actual practice this complication was not serious
since in runs where the flow rate was critical there

was no need to maintain a constant value, provided the

change in flow rate was regular and predictable.

17.



4) The construction of the pump imposed a maximum
pressure range upon the runs of between 800 and 400 m.m.
of mercury. Where it was desirable to work with
pressures of-carﬁon monoxide less than 400 m.m. it was
essential to have present a diluent gas such as argon
to bring the pressure of the system above 400 m.m. and
in this way it was possible to use carbon monoxide

at pressures down to zero.

5) In the synthesis of nickel carbonyl, since the active
nickel metal present does not act merely as a catalyst
but actually partigipates in the reaction, the possibi-
lity is quite large that the rate of reaction will be
dependent on the amount of active metal present, a
quantity which might well lessen with time thus adding
another variable component to the system. Also the.re-
action may be affected by poisoﬂing of the nickel by
impurities and hence the plot of pressure against time
would give a false picture of the progress of the true
synthesis.

It was therefore standard practice to raise the
pressure of the system at the end of a run and to repeat
part of the run. Only if the two resultant pressure=-
time curves were identical could the run be considered
satisfactory.

This susceptibility of the nickel to loss of activity
caused the greatest difficulty in the work on the syn-
thesis of nickel carbonyl, there being no apparent/
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apparent method of avoiding break downs in the runs.

In fact throughout this entire research this compound
proved to be a somewhat unpredictable substance to
handle - for instance, distillation even in a vacuum
system was never once accomplished without some de-
composition occurring. It seems highly probable that
the reason for the lack of really detailed research and
the apparent incompleteness of, and inconsistencies in,
published data on this compound is its essential in-
stability.

b) Preparation and Reproducibility of the Nickel.

The active nickel was prepared in situ by the thermal
decomposition of a weighed amount of nickel formate with
continual removal of the gaseous products formed either
by means of an applied vacuum or by a stream of pure
hydrogen. PFull details of this preparation are given
iﬁ the experimental section together with the preparation
of nickel formate (commercially available nickel formate
(B.D.H.) was found unsuitable because of the presence of
ammonium salts which poisoned the reaction.)

Unfortunately the reproducibility of the activity
of the nickel from specimen to specimen as measured by the
rate of its subsequent reaction with carbon monoxide gas
was very poor and even although precautions were taken as
far as possible to ensure that all the variable factors

were kept as constant as possible, it was only by/
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by coincidence that the activity of a nickel specimen
was identical with any previous one.

Nevertheless it was noticeable that the catalysts
fell into two distinctive groups, those that were relatively
inactive and those that were highly active, and further,
that the majority of the first type resulted from thermal
decomposition under vacuum, whereas the more active class
were generally, but not always, prepared in a hydrogen
stream. This rather suggests that some of the products
of the decomposition (e.g. water or carbon dioxide) can
poison the resultant nickel (e.g. by the formation of
nickel-oxygen bonds) and that this is less likely to
happen if hydPOgen is present to counteract it by reduction,
but the extent of poisoning varied from one preparation
to the next because of slight variations in the temperature
and other 6onditions.

It is proposed to classify the following experiments
according to whether they are "fast" or "slow", and to
deal with each type separately starting with those of

relatively inactive catalyst.

c) Synthesis of nickel carbonyl at 35°C. - "slow" reaction.

c.l. Pure carbon monoxide.

Nickel was prepared in situ and the reaction cheamber
isolated under vacuum whilst the remainder of the cycling

apparatus was filled to above atmospheric pressure with/
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with pure carbon monoxide (for preparation and purification
see experimental section.) By opening the appropriate
taps to allow the gas into the reaction chamber, starting
the circulatidh pump and taking an immediate reading of
pressure, a zero time value of the pressure of the carbon
monoxide could be found (P, ). Since the nickel carbonyl
formed was removed by passing the effluent gas from the
reaction chamber through two traps immersed in liquid
oxygen, the rate of synthesis was directly proportional
to the rate of carbon monoxide consumption, i.e. to the
rate of drop of pressure within the systems this was
conveniently followed by making pressure measurements

at noted time intervals éfter zero time. No nickel mirror
was deposited on heating the glass commection from the
treps to the pump ballast bulb, even when the glass was
almost at its softening point, showing that the traps

were 100% efficient.

Throughout the following work, the reaction chamber
was maintained at 5500. by means of a jacket of the vapour
of boiling diethyl ether.

The reaction was slow, the internal pressure of the
system taking four days to fall from 800 to 400 mm. of
mercury, as can be seen from the plot of pressure against
time, ( Pigure 3, line A ), where the time axis is measured
in units of hours. The resultant straight line suggests

that the reaction is kinetically of zero order.
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By.raising the pressure of the carbon monoxide back
up to 770 mm. and repeaﬁing the run, it was demonstrated
that the nickel had remained constant in activity, since
this repeat gave a straight line (1ine B, figure 3) for
the plot of Pcobagainst t, with the same slope as the
previous line A, although deViation became noticeable
below 530 mm., where the rate of reaction slowed down.

A further repeat showed that the nickel was now inactive
“as regards nickel carbonyl synthesis (1ine C).

The eventual loss of activity in the nickel is not
surprising when it is considered that the rate of reaction
was constant for the consumption of approximately é litres
of carbon monoxide at N.T.P., corresponding to the removal
of over 5:5g. of nickel from the reaction bed, and yet
the original mass of nickel in the system was only about
7g. | |

Two repeats of this experiment with fresh nickel in
each case gave similar results, the plot of pressure
against time being linear, but the slopes were distinctly
different (lines D and E, figure 3), although the same
weight of the same starting material had been used, and the

temperature of ngaction had been the same as for line A.

Ce2. Carbon monoxide mixtures with argon.

Since the criticism may be levelled that the experi-

- mental range (P, to 4P, ) of the previous type of run was/
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was too limited to give unambiguous conclusions as to
“the kinetics of the process involved, runs were made

in which the consumption of carbon monoxide was extended
to from P, to a small fraction of P, by adding argon to
the system to make the total pressure at the end of the
run more than 400mm. of mercury, whilst the carbon mon-
oxide pressure was less than 100mm. Argon was used

as a diluent since as an inert gas it was less likely
to interfere with the reaction than other gases, e.g.
nitrogen might well adsorb on the active sites of the
nickel, block the &pﬁroach of carbon monoxide and hence
prevent the desired reaction.

The reservoir bulbs were filled with a mixture of
argon and carbon monoxide by admitting the monoxide to
a pressure P, and topping up with argon to a suitable
‘ pressure P,, giving a carbon monoxide to argon ratio
of P,/(P;~P,). Preliminary experiments gave results
which were erratic, suggesting that the two gases were not
mixing properly in the reservoir even on standing over-
night. The reservoir consisted of four 5-litre bulbs
joined together by a fairly narrow neck piece which
presumably acted as a constriction limiting natural
diffusion. To counteract this effect & Topler pump
was attached to the bulbs whereby the gas was converted

to homogeneity by circulation for two hours.

23.



300

PCO

200

100

FLOW RATE

DURING RUN H

20

I
30 4]0 50 60 70
TIME IN HOURS

ElGURE 4




This uniform mixture was then circulated over a
freshly prepared batch of nickel in precisely the same
manner as in\the previous experiments,and the variation
of pressure with time was followed.

The results for this experiment and for several
repeat runs, each made with a different nickel speciren
are shown in figure 4 as the lines F,G,H,L and M. It
is worth noting that the plots G,H,L and M are linear
until a small fraction of the initial pressure of carbon
monoxide is left, and the slope is reproducible for
each individual nickel specimen but not from one to the
other. Run F was the first occasion on which the nickel
produced by thermal decomposition of formate under a |
vacuum was of the highly active type and will be discussed
laters; Otherwise the conclusion is that the reaction
is zero order with respect to carbon monoxide at least
until the pressure of this gas is less than a hundred
millimetres of mercury. The deviations at lower pressures
could be caused by .-

1) The reaction becoming dependent on the partial
pressure of the carbon monoxide in the reaction
vessel. |

2} The flow rate becoming too small to bring
carbon monoxide into the reactor as rapidly
as it is consumed, and hence the reaction

becomes flow rate dependent.
24.



3) Lack of homogeneity in the circulating gases,
so that the pressure of carbon monoxide in
the gas passing over the nickel is less than

its calculated value.

C.3. Dependence on flow rate.

During all the previous runs, as the rate and the
volume of the stfoke of the circulating pump was main-~
tained constant, the flow rate produced gradually decreaséd
in proportion with the total pressure within the system.
To ensure that this variation in rate of flow was not
concealing some effect of the carbon monoxide pressure
on the reaction rate, the flow rate in run H was deliber-
ately changed at various points of time by altering the
speed of stroke of the pump, and then the rate of>reaction
was compared with the rate of flow of gas. But, as
can be seen from figure 4, (page 24), there was no inter-
dependence provided the flow was not reduced to an in-

significant value.

c.4. Effect of argon and of hydrogen.
The possibility of argon affecting the activity of

the nickel by adsorption on active sites was investigated

by meking a run in two parts, in the first/
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- first of which, the consumption of pure carbon monoxide
passing over the'nickel was followed, and then this rate
compared with that obtained in the second part where the
circulating gas had been changed to a mixture of argon
and carbon monoxide. Between the runs the apparatus
was completely evacuated and then refilled from the res-~
ervolr with a previously prepared homogeneous mixture

of carbon monoxide and argon ( 1:1 ).

Figure 5 illustrates the results in the normal menner
as a plot of the pressure of the carbon monoxide
remaining against time, where the pressure of the carbon
monoxide was obtained in the second case by subtraction
of the pressure of argon (a constant value ) from the
total pressure of the system. Since the line N for
pure monoxide has the same slope as the line P for the
mixture it appears that argon exerts no effect on the
rate of synthesis of nickel carbonyl under these
conditions.

Comparison of the slopes of plots of the pressure
against time for pure carbon monoxide and for a mixture
of darbon monoxide andihydrogen in a similar experiment
showed that hydrogen likewise neither accelerated nor
deccelerated the feaction at this temperature ( cf.

figure 5. )
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c.5. Bxtension to lower pressures of carbon monoxide.

It is noticeable from the results depicted in
figure 4, that when the pressure of carbon monoxide
falls beloﬁ 100mm. of mercury, the plot of pressure
against time begins to deviate from linearity. For
a closer examination of this effect an experiment was
made in which the starting pressure of carbon monoxide
was just over 100mm. of mercury ( together with an argon
pressure of ca. 660mm. ) and the rate of consumption of
gas was followed in the usual mamner.( Figure 6. )
From the pressure of 85mm. downwards, the plot was a
curve. Inspection of this curve suggested that the
reaction was now of first order with respect to carbon mon-
oxide pressure since the time taken to fall from pressure P
to #P was reasonably constant for all pressures below
90mm. , as can also be seen from table II.1l. (page 28.)
The plot of 1og10Pco against time confirmed this con-
clusion since it is linear. ( Figure 6.)

It is worth noting that during this experiment the
flow rate was proportional to the total pressure and
not to the partial pressure of carbon monoxide, and
»since the total pressure only'fell byblz% over the entire
run, then the consequent 12% change in flow rate could

hardly be responsible for the noted results although it/
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it may have exerted some effect to a much smaller degree.

Table II.l1. Half-life values for carbon monoxide.

Pressure %Pressure Time taken for change
mm. ) (rm. ) (in minutes)

108 . 54 523
100 50 485

% 45 460

80 40 440

70 35 440

60 30 | 440

50 25 240

40 20 435

30 15 415

20 10 390

That these results are not fortultous éan be seen
from figure 6 where the individual points marked represent
readings taken on a repeat run made after evacuating

and refilling the apparatus with the original mixture.

c.B. S ry.

When the nickel surface is of the less active type
the foregoing results from this series of experiments

have demonstrated that:-
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1)

2)

3)

5)

6)

Provided the pressure of carbon monoxide is
sufficiently high the rate of synthesis of nickel
carbonyl is not dependent on the amount of carbon
monoxide in the circulating gas stream, nor on the
rate of flow of this gas.

| The pfesence of hydrogen and argon neither
accelerates nor deccelerates the reaction."v

When the pressure of carbon monoxide falls
té a point below 100mm. of mercury there is a
transition to dependence of reaction rate on the
concentration of the carbon monoxide present inv
the reaction vessel, and the kinetics now take first
order form. |

The point at which this change takes place
varies from one nickel specimen to the other but
the general trend is for more active nickel powders
to have a higher value of carboh monoxide pressure
at the transition point ( e¢f. lines H,G' and L of
figure 4.)

It has not proved possible as yet to get a
standard preparation for the nickel which gives
reproducible activity from one specimen to the
other. |

The activity of an . individual nickel specimen

29.
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remains constant for a surprisingly long time when
it is considered that the active sites must be .
continually being abstracted from the surface.

IOne possible manner in which this could occur is
illustrated in figure 7, where the active site is

in effect a series of sites joined together -~ the
edge of a screw dislocation- and as a nickel atom
is removed from this edge, it leaves exposed behind
it nickel atoms or atom , to which it has begqueathed
its activity and thus the extraction of several
nickel atoms will merely cause the edge to rotate
around the axis of dislocation, as shown by the
arrow in figure 7, and not reduce the number of active
sites to zero. The number of nickel atoms exposed
in this way will fluectuate unless the crystal face
is perfectly circular - which is éxtreﬁely unlikely.
However the observed activity will be due to a very
large nunmber of such faces, and each will show a
regular rise and fall in activity so that the
statistical average of their acfivities will remain
constant. Therefore , provided there is a sufficient
number of faces involved, the observed activity of

a nickel specimen could well remain constant.
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d) Synthesis of nickel carbonyl at 35°C. - "fast' reaction.

d.l. Pure carbon monoxide.

On circulating carbon monoxide over a more active
nickel catalyst, it was found that the plot of the pressure
against time was not a straight line as it was for
specimens of low activity, but that, as can be seen in
figure 8 from a typical result for such an experiment,
the rgaction was first order with respect to carbon
monoxide, fér the plot of the logarithm of the pressure

of gas remaining was linear.

d.2. Effect of varying flow rate.

The curve 8 shown as a broken line in figure 8,
resulted from an experiment, which, although it failed
in its prime object of determining the dependence of
reaction rate on carbon monoxide pressure, was of
considerable‘interest since it accidentally showed that
the reaction rate was dependent on the flow rate of the
gas.

Immediately before making a pressure measurement,
it was the invariable practice to f£ill up the Dewar
vessels of the cold traps with ligquid oxygen to a

standard level, so that there would be no errors caused

by variation in temperatures from reading to reading.
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In this run the side arm leading into the first cold
trap was accidentally cooled with refrigerant during
this operation and, as was discovered later, some of the
nickel carbonyl product from the reaction vessel was
solidified here, producing a constriction which,
although it did not completely block the tube, gradually
- affected the rate of flow by building up a back pressure
in the exit ballast buldb of the pump. The reaction.
rate began to lessen and although at first it was assumed
that the nickel was losing its activity, observation

of the flowmeter led to an understanding of what had
oceurred, the constriction was removed by warming the
tube; and the run continued for a while to ensure that
the nickel was still active. The points at which the
constriction developed and was removed are shown in the
figure 8 as U and T respectively, andrit is-apparent
that the restrietion of the flow rate had also affected

the velocity of the synthesis of the nickel carbonyl.

d.3. A new approach.

Since the rate of flow of the carbon monoxide was not
maintained constant in the runs of section d.l., but
fell gradually as the internal pressure of the system

dropped, then in view of the fact that the reaction/
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reaction rate is dependent on flow rate, the conclusion
based on these runs that the reaction rate is of first
order“ with respect to carbon monoxide concentration,
must now be considered invalid. Because of the Aiffi-
culty of accurately controlling the rate of flow in the
apparatus used up till now, it was necessary to modify
the procedure before any real quantitative evidence
could be obtained as to how the reaction was dependent
on pressure and on flow rate.

The most desirable arrangement would be one where
the flow rate could be kept constant and the dependence
of the reaction rate on pressure be measured and then
vice-versa. This requirement was readily met by attach-
ing to the apparatus a gasometer which could be filled
"with a gas mixture containing carbon monoxide together
with any desired proportion of argon, équipped with a
"constant head" device to expel this mixture from the
gasometer at a steady rate over the flow meter which
served as an indicator of the consistency of the flow,
and into the reaction chamber. The exit gas could then
be led either through a by-pass outlet to the air vent of
a Bunsem burner to destroy the poisonous materials, or
else down a long Pyrex glass tube heated electrically

to between 400 and 500°C., where any nickel carbonyl/
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carbonyl would be decomposed leaving behind the nickel
as a metal film.on the walls of the tube or else as a
powder which was filtered from the gas by means of a
glass wool plug at the outlet. The exit gas was then
collected under watér in a graduated flask, and by timing
this it was possible to measure the rate of flow.

From the duration of the péssage down the tube and from
the weight of nickel deposited ( estimated as described
in the experimental section ) it was a simple matter

to calculate the rate of synthesis of nickel carbonyl.
By using the same gas mixture each time but varying the
flow rate from run to run, it was possible to determine
the manner in which the rate of reaction depended on

the flow rate, and similarly, by using a constant flow
rate and varying the éomposition of the gas, the depend-
ence on pressure of carbon monoxide in the reaction

vessel could be found.

d.4, Constant pressure - varying flow rate.

Aftef filling the gasometer with pure carbon monoxide,
this gas was caused to flow through the by-pass at a
constant rate for over ten minutes, allowing the system

to reach dynamic equilibrium. The direction of the/
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the exit gas from the reaction chamber was then changed,
by means of a three way tap, to the hot tube line and
the gas allowed to flow for a noted length of time

- before being returned to the by-pass outlet. The hot
tube was then removed, cooled, and the nickel deposit
was dissolved in nitric acid and the solution retained
for analysis. The tube was replaced and the procedure
repeated at a different flow rate.

To minimise the error imposed during the first few
seconds of the decomposition as the system built up to
a steady state, the runs were made of a duration of at
least half an hour. During the run the pressure within
the reaction chamber was read from a manometer and it
was found to vary slightly from run to run but to a
negligible extent as can be seen from the table II.Z2.
overleaf, which contains a summary of the reéults.

These results are also illustrated graphically in
figure 9, where it can be seen that the rate of reaction
is directly proportional to the rate of flow of the carbon
monoxide, since the plot of the one rate against the othgr
is a straight line. However the outstanding fesature of
this graph is that not one of the lines resulting from
this (Ly) and other similar experiments, (L, end Lg,

- using different nickel specimens), passes through/
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through the origin but each makes an intercept on the
rate of synthesis axis. While it is obvious that with-
out flow no nickel could possibly be transferred as
carbonyl from the reaction tube to the decomposition
tube, so that the extrapolation is theoretically
unjustified, yet, if the quantity Ni/sec. is viewed
not as the amount of nickel deposited per second in the
hot tube but as the amount of nickel removed per second
from the metal surface in the reaction chamber, then

it is probable that the intercept has a éignificance
viz. - that it represents the rate of synthesis that
would occur in the reaction vessel where there is no
flow and where the pressure of carbon monoxide is

770mm. of mercury.

Table II.2. Results of experiment Lp.
Weight (of ni)ckel 24% 342 483 448 553
mg.
Time of run 2700 2100 2160 2040 1980
(seecs.).
Rate of synthesis 90 173 223 220 279
( Ni used/sec.) ‘
Flowme'(cer re>ading g5 63 112 133 170
Mm. .
Calculated flow rate (Qr18 1°30 2°30 2°74 -
( ml./sec.)
Observed flow rate 0°19 1°44 2°:°30 2°78 3°80
( mi./sec.)

Pressure. in reactor 771 3 779 782 785
( mm. of Hg )

Run number 1 2 3 4 5

6.



Results for series M runs -~ total flow rate constant.

Pao Nickel deposit Total flow rate
(mm. ) (mg. (1/br.)
39 12-1 14°7
110 14-1 148
206 17-1 14-6
as . 335 14-5

795 48°2 14°6

- e G e e Gn e



a.5. Constant flow rate -~ varying carbon monoxide

ressure.

The reciprocal experiment was then made, in which
the rate of flow of gas was kept constant during runs
with various pressures of carbon monoxide and'argon
diluent.

A gas mixture of argon and carbon monoxide in known
proportions made in the gasometer was expelled ( by
displécement with water ) through the reactor and into
the Bunsen at a known constant rate, until a steady
state could be assumed within the system ( 15 mimutes ).
The gas was then altered in direction into the heated
tube for a known length of time, and by estimation of
the resultant nickel deposit, it was possible to
determine the rate of synthesis of nickel carbonyl under
these conditions.

The run was repeated several times with a different
ratio of carbon monoxide to argon in each case, but
with the total rate of fiow maintained constant through-
out, as can be seen from the table opposite summarising
the results for this series, where the experimentally
determined rate of flow for each run is noted. These

results are depicted in figurelO , where it can be seen/
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seen that the rate of reaction is directly proportional
to the first pbwer of the carbon monoxide concentration
except where this becomes very low, for the points near
the origin show a marked deviation from the line, having
values for the rate of synthesis which are over 100%
greater than the expected value. Such a deviation
is outwith the experimental error and can not be caused
by the slightly higher flow rate associated with this run.
( The points for this experiment are marked by crosses
in the figure 10.)

The bést straight line through these points makes
an intercept on the rate of synthesis axis; suggeSting
that no carbon monoxide is necessary to synthesise the
carbonyl. A run was therefore made using pure argon
to see whether the line made an intercept on the axis
or not, and it was found thaﬁ even althoughrno carbon
monoxide was supplied to the nickel, a substantial amount
of nickel was transferred to the hot tube. At the
end of this run argon was allowed to flow from the cylinder
over the nickel and out through the by-pass into the
Bunsen where it imparted to the flame the yellow-grey
coloration charactefistic of nickel carbonyl. This
colour persisted after two hours of argon flow, showing

that carbonyl was still present in the exit gas/
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gas suggesting that either desorption of carbonyl from
the metal surface is a slow process or that the synthesis
was being continued by carbon monoxide still adsorbed
on the surface.

The results of the foregoing experiment are
paradoxieal in that they show that the reaction rate
is proportional to the carbon monoxide concentration
provided.the total rate of flow is maintained constant,

" and yét it would be expected that the reaction rate
would be dependent on the carbon monoxide concentration
only if the flow rate of carbon monoxide were maintained
cbnstanj. - Keeping the monoxide flow rate constant

. from run to run is a Aifficult task if the percentage
of monoxide in the gas is varied. A relationship exists

between the flow rate of carbon monoxide ( £ ) and the
flow rate of total gas f‘b>’ pressure of carbon monoxide

( Pco ) and total pressure ( Pt ) in the gasometer such
vhat feo = gg-gft .

Pt
Hence, since the fraction of gas which is carbon

monoxide is known, the total rate required to give a
desired flow rate of carbon monoxide can readily be
calculated. However, it was not found so easy to adjust

the total flow rate with great precision but, since a/
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a cylinder of carbon mohoxide fortunately became avail-~
able, it was possible to use a different technique.
-Using this cylinder and a needle valve attachment,
it was possible to maintain an sbsolutely constant rate
of flow of carbon monoxide. This gas could be diluted
with argon from another cylinder by letting both fl&w
into a mixing‘chamber and then leading the mixture over
the nickel in the normal manner. By experimental
determination of the total rate of flow, and measurement
of the total pressure of gas in tﬁe reaction vessel,
it was possible to calculate the pressure of carbon

monoxide gbove the nickel since f,, is a constant, and

_ Eco :
Teo = Pt Tt therefore Pco = fgg;gi
t

Using this technique and varying the amount of argon
flow from run to run, it was possible to determine the
dependence of the rate of reaction upon the carbon mon-
oxide pressure when.the flow rate of carbon monoxide is
constant. Results for this series of runs (N) are
shown as a broken line in figure 10, page 38, where
the relationship is again first order with respect to
carbon monoxide concentration, but the line d4id not

pass through the origin.
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4.6, Dependence on pressure of nickel carbonyl.

Onemasna——

The rate of synthesis of nickel carbonyl was
determined for the passage of pure carbon ﬁnnoxide
over nickel at 5500. at a rate of 5°20 litres per hour,
in terms of mg. of nickel deposited per second on the
decomposition tube. The run was then repeated under
identical conditions except that the gas was bubbled
through nickel carbonylrliquid, then through two cooled
traps ( -24°C. ) where it was saturated with a known
amount of vapour and then into the reaction vessel.
This technigue of imparting a constant partial pressure
of nickel carbonyl to a gas stream is described fully
in the experimental section. The rate of deposit of
nickel in the hot tube was found in this case to be equal
to that of the previous run plus the amount of nickel
picked up by the gas stream as carbonyl vapour, i.e.
the rate of synthesis of nickel carbonyl is apparently
indepehdent of the partial pressure of nickel carbonyl
vapour présent in the reaction vessel. The results
are summarised overleaf showing that an increase of
over 200% in the carbonyl vapour concentration in the
reaction vessel had no apparent effect on the rate of
synthesis. _
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Table II.3.

Ni deposited Ni picked up Ni from

( g./sec.) ( g./sec.) synthesis
( g./sec.)
Pure CO 123 0 123
co + Ni(co), 409 290 , 119
o e (

il.e. _ Summary.

The foregoing work has shown -
1) Decomposition of nickel formate gives rise to either
an active or a less active form of nickel.
2) The iess active form reacts with carbon monoxide
to form nickel carbonyliat a rate which is independent
of carbon monoxide concentration, nickel concentration,
and flow rate of gas provided they do not fall to a
very low value.
3) The rate of reaction between the more active nickel
and carbon monoxide is dependent on the first power
of the carbon monoxide concentration if the flow rate
of carbon monoxide or the total flow rate is kept constant,
or if the flow rate of carbon monoxide is directly pro-
portional to the carbon monoxide pressure. Moreover
the rate of synthesis is independent of the amount of/
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of nickel or of nickel carbonyl vapour present in the
reaction zone.
4) Nickel cafbonyl continues to be produced when the

supply of carbon monoxide to the catalyst is discontinued.

II1.2.F. Digcussion of the results.

£.1. "Slow" synthesis.

This regction is apparently of zero order since
its réte is independent of the pressure of carbon
monoxide and of the flow rate in the system. ( cf. fig.3.)

Application of the normal explanation of zero order
kinetics is quite satisfactory here, if it is assumed
that the reaction takes part in three stages.

1) Adsorption of carbon monoxide on the nickel

to form some complex.

2) Reaction of this complex to give nickel carbonyl.

3) Desorption of nickel carbonyl.

Because the rate of (l) is dependent on the pressure
of carbon monoxide in the gas phase and this varies
throughout the run, then stage (1) can not be the slowest
step in the feaction. In a similar manner since step
(5) is dependent on the pressure of nickel carbonyl

in the gas phase, and this in turn is dependent on the/
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the rate of flow of gas through the system, since the
higher the flow rate the lower will be the partial
pressure of cgrbonyl above the nickel, then stage (5)
can not be the slowest stage of the synthesis, since
the latter is independent of flow rate. By elimination,
step (2) must therefore be the rate determining stage
of the reaction, but the experimental data shed no
light on the actual mechanics of this stage.

For zero order reactions it is normal to assume
that the acﬁive surface is saturated or nearly saturated
with reactant, so that considerable amounts of reactant
can be removed by chemical change without affecting the
amount in the adsorbed layer since that which reacts
and leaves the surface is immediately replaced from the
gas phase. When the pressure of reactant is sufficiently
reduced, however, a point must come when the surface
is no longer saturated, and the zero order reaction
passes into one of the unimolecular type. Although the
reaction under consideration here differs from the usual
zero order reaction in that the nickel surface participates
actually to the extent of being removed by the reaction,
there seems little reason to doubt that it is normal
in so far as there is a very high extent of coverage of

the surface by carbon monoxide. The relative/
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relative slowness of the reaction can be taken to be
caused by the fact that only a small number of active
sites exist. The results obtained at lower carbon
monoxide pressures agree with the normal case, since
the reaction becomes dependent on the carbon monoxide
pressure, suggesting a transition to a state in which
there exists a number of unoccupied sites on the nickel
)and the overall reaction rate is now dependent on the
rate at which carbon monoxide is adsorbed on these
sites.

It is probable from consideration of this change
- from zero into first order kineties, that classification
of the nickel specimens into "fast" and "slow" types
is one of degree rather than of kind and that the only
difference between the two is that the "fast" nickel
has many more active sites per unit weight than has
the "slow" type. If it had been possible to raise
the pressure of carbon monoxide in the cyecling unit
to well above atmospheric, then it is probable that
all the "faster" nickel specimens would show a change
in kineties from first to zero order at some higher
pressure of carbon monoxide, different of course for

each individual sample.
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Key to symbols used in the discussion opposite.

r = rate of reaction
P, = opressure of carbon monoxide
Py = total pressure
'fi = flow rate of carbon mohqxide
fs = total flow rate
n, = number of carbon monoxide molecules
ng = total number of molecules
t =

time
_The symbols k, k;, ky, kg, etc., represent different

constants.
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£.2. "Pagt" Synthesis.

The experiments outlined have shown that this reaction
is dependent on the pressure of carbon monoxide and
also on its flow rate. The results suggest a relation-
ship of the type

rate of reaction = kP, + k;P, ceeeeee(1)

whefe k and k, are éonstants, P, and £; are respect-
ively the pressure and flbw rate of cafbon monoxide.

(A key'to all the symbols used in this discussion

is given on the opposite page. )

£.3. Applications of this expression.

a) Cyeling experiments.

In these runs an empirical relationship was found

-dP, /dt = k3P, ceceeees(2)
where no allowance was made for the varyingrrate of flow.
Since the volume of the stroke of the pump was constant,
from the relationship PV=nRT where V, R, and T are
.constant, the total number of gram-molecules n of gas
transferred per stroke of the pump is dependent directly
on the total pressure. Therefore

fB =k3P8 0-...--0(5)
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Also when a mixture of gases is cycling

Pi
£, = Ty fg

and equation (1) can be modified to

]
i

P
KP; + kBt £,

=P (k+k f£5 )
Ia

and from equation (3)

P,k + X k5 )

*

Since in the cycling experiments the rate of reaction
is given by -dP/dt, it is apparent that the equations

(1) and (2) are equivalent.

b) Variation of flow rate of carbon monoxide at

constant pressure ( £, varied, P, constant,

Equation (1) was suggested by the results of these
experiments when plotted as in figure 9, page 35, the
linear relationship

Yy=mx + C

beeoming r = k;f; + ¢

Since P; is constant here, ¢ can be replaced by kP,
and equation (1) results

r=Xk¥f + kP,
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c) Variation of carbon monoxide pressure with constant

flow rate ( i.e. £, constant, P, varied.).

This is analogous to the previous case (b) since
from the linear relationship shown in figure 10, page 38,
y=mx +c (broken line)
becomes r=XP, +¢
and again , since £, is constant, ¢ can be repiaced

by k, £, and equation (1) results.

d) Variation of carbon monoxide pressure with total

flow rate constant ( f3 constant, P, varied.).

These results are shown in figure 10, page 38, where
the line (marked by crosses)
T = k.sP + C ....o..-(s)
passes almost through £he origin.
Since fg is constant and P; is constant,
| £, = kgP,
. and therefore equation (1) becomes
|  r=XkP, + kK, kP,
= kP,
This is identical with (5) if the constant ¢ is
?zero. Since figure 10, (lower line) suggests that
,c has a small positive value, a modification of (1)

is suggested.

48.



r=%kP, + kK, f; + kgfy creceecee(6)
but application of this equation to case (a) and to |
case (c) showed that it only held provided kg was
extremely small, so that kgf; only became significant

when P, was very small.

Assuming that
r =kP; + kT,
holds, then application to the experimental data shows
that constants k and k; have different values for
different nickel specimens, otherwise all the results
should give riée to only one straight line on figure 9

and not several as shown.

f.4. Explanation.

The physicel explanation of this eduation is not
obvious. A normal first order reaction in a flow
system is dependent on pressure and flow rate of reactant
but in an entirely different manner, the two factors
being interrelated in such a way that an expression
of the type (1) is not possible, However, the fact
that nickel carbonyl synthesis does not conform to rule,
is not surprising for it is not a true flow reaction

in the generally applied sense of the term since only/
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only one of the reactants is flowing the other being
stationary.

Qualitatively the synthesis would be expected to
be dependent on P, and £, since it is a gas/solid
interaction and the rate of_reaction could be expected
to be dependent on the number of collisions between
the reactants i.e. on the pressure P, of the gas in
the reaction vessel, and without flow the value of P,
would fall rapidly. The puzzling feature is not the
existence of the relationship (1) but the remarkably
high value of the constant k, ( cf. figure 9 ), where
the reaction rate is increased by a factor of some 35%
when the flow rate is increasedkby a factor of 100%.

If the function of flow were merely to replace the carbon
monoxide molecmles used up, such a rapid increase of
reaction rate with rise in flow rate suggests that most
of the carbon monoxide molecules in the reaction vessel
are being consumed as fast as they can be replaced.

Since at a flow rate of 1 litre per hour only 11% of

- the carbon monoxide passing through is consumed, it

is apparent that the flow has some other funétion apart
from replacing the lost carbon monoxide.

One possible such function is that the rate of syn-

thesis is dependent on the rate of removal of nickel/
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nickel carbonyl from the system. Increase in the flow
rate would decrease the partial pressure of nickel
carbonyl in the system and speed up the rate of desorption
of the carbonyl. However there is a good reason why
this can not be valid here, ,since the passing of nickel
carbonyl vapour over the catalyst together with the
carbon monoxide showed that increasse of the partial
pressure of the carbonyl in the reaction vessel had
little repressive effect on the reaction, since the
synthesis rate fell by only 4% for a rise of 350% in
the nickel carbonyl vapour pressure. ( ef. page 41.)

A tentative explanation of the significance of equation
(1) can however be made as follows:~-

Considering the case where there is no enforced
flow of gas, the number of collisions between carbon
monoxide and the nickel will become rapidly dependent
on the rate of diffusion of carbon monoxide towards the
metal powder bed from outside it. After a few seconds
of reaction a concentration gradient will be set up
at the ends of the bed in which the amount of nickel
carbonyl at the bed will greatly exceed the amount in
the gas at some distance from the metal, and this situ-
ation will be reversed for carbon monoxide concentrations.

Hence the overall rate of reaction will become dependent/
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dependent on the diffusion coefficients of the two gas
molecules concerned i.e. on the rate at which nickel
carbonyl can diffuse through and away from the metal
bed, or on the rate at which carbon monoxide can diffuse
into the meta; bed. These rates of diffusion are not
known but it would appear safe to assume that for both
gases the average displacement of a molecule is less
then 1 em./sec. (For instance, in a table of diffusion
coeffiéients given in Farkas and Melville's " Experimental
Methods in Gas Reactions", ( page 16 ), only one of the
rates of diffusion in over thirty quoted examples eXxceeds
1 em./sec., and that is diffusion of hydrogen in hydrogen. )
The temperature in the present case ( 35°C. ) is only
slightly higher than for these examples ( 0°C. ), and
therefore the rates of diffusion are not likely to be
mach higher at 35°C., and 1 cm./sec. appears to be a
reasonable upper limit.

If now flow is applied to the system, the natural
result will be to increase

a) The rate at which carbonyl is removed from the

bed.
) The rate at which carbon monoxide molecules
come in contact with the metal bed.

Consideration of the dimensions of the reaction/
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reaction chamber shows that a flow rate of 4 litres

per hour is equivalent to an average diéplacement per
molecule of gasbéf 1l cem. per second into the reaction
zone, followed by a very much higher rate of flow through
the bed ( fairly closely packed so that the volume of
space through which flow is possible is small compared
with the overall volume of the reaction tube) and then
reverting to 1 cm. per second at the outlet end of the
vessel.

This means that nickel carbonyl produced within the
bed will be removed extremely rapidly by comparison
with the speed at which it was removed when there was
no flow, and therefore the overall rate of reaction
will now be dependent on the rate at which carbon mon-
oxide molecules collide with active sites on the surface
of the nickel.

The chances of any particular carbon monoxide
molecule hitting an active nickel site and being retained
there will be governed by two factors.

1) The probability of it making a collision whilst

within the nickel bed.

2) The chances of it hitting a nickel atom at the

inlet end of the bed before entering the bed.
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Since the cross-sectional area of the metal exposed
to the flow remains constant then factor (2) will remain
constant per moiecule. Factor (1) will be dependent
mainly on the time for which the molecule is within the
catalyst bed and this will be dependent in turn on the
total flow rate £ through the bed, and if a gas mixture

is involved (1) will be proportional to fg i.e. to

P
B, Tu,

If'carbéﬁ monoxide at £, ml. at N.T.P. per second
is led into the reaction vessel in a stream of gas
mixture flowing at a total of fg ml. per second, then
the average number of carbon monoxide molecules entering
the bed is n per second where

n = f,/22,400

and the average time each of these molecules spends
within the metal bed is V/f;, where V is the volume
of the gas space within the bed.

Let A be the cross-sectional area of the metal ex-
posed to the gas at the inlet end of the bed, and let
kg be the constant fraction of molecules entering the
bed which make & successful collision with the end of the
bed. Further let k;, be the constant of proportionality
between the time a molecule spends in the metal bed

and its chances of making a successful collision.
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Thé rate of reaction is therefore given by the sum of
reaction within the bed and reaction at the end of the
bed if it is assumed that the fraction of the entering

molecules lost at the end of the bed is small.

P = Koy + nykyoV/fy ceeeeee(7)
=X fy 4+ 0k oVB,
22,400 Psfy
o
= ky4F5 + k4022,400VP,
. v PS

If V and Ps‘are constants this expression can be

written
r =k, f, + kP,

This is expression (1).

In the cycling experiments there is a further
relationship between £, and Py, ( £, = kgP; ), and the
equation now reduces to

r = Pyky

so that the rate of fall of pressure in the apparatus

at time t is proportional to the pressure of carbon

monoxide at time t.

The ratio of k, to k will depend on the disposition
of the metal and will vary from specimen to specimen.

The high ratio observed in the three experiments of/
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of figure 9 suggests that the amount of reaction from
end collisions is a high proportion of the whole and
therefore that the gas is passing through the metal
bed via channels, so that not all the active sites on
the nickel are exerting their utmost effect, that is

to say that the flow effect of sweeping out the nickel
carbonyl formed is localised to several main streams,
and there are many side passages ( pores etc. ) in the
metal bulk in which contact between carbon monoxide
and nickel is dependent on diffusion. The experiment
in which nickel carbonyl was produced by passing pure
argon over a previously used nickel specimen gives evi-
dence'for this conclusion, since this carbonyl could
have been produced by slow diffusion from these side
passages.

Unless the passages are pores in the individual
nickel grains, then this effect could probably be over-
come by meking the powder bed more "fluid", so that
even the low rates of flow which are possible at the
pressures obtainable within the apparatus could prevent
such chamnelling by stirring end sifting the metal

particles.
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I1T.2.2. Anomalous data.

It is worth noting that in a few cases, observed
data for the cycling experiments did not fit in with
the general run of results, An exemple is given by
line P on figure 4 page 24, where the plot of Pco
against time was a curve suggesting the "fast" type
of run, but the plot of log Py, Was not linear as is
normal with such runs. This also occurred in another
"fast" expefiment but in neither case were the results
reproducible, and in actual fact the repeat of the

second case gave rise to a normal "fast' run.

IT.2.h. )Conclusion.

Whilst quite consistent in itself,Athe foregoing
work is of little value in determining the mechanism
of the'synthésis of nickel carbonyl from carbon monoxide
and nickel, since it indicates merely that the rate
determining step of the reaction is collision between
nickel and carbon monoxide to form a surface complex
probably of the form Ni(CO).

However it has shown that Mittasch was probably.
mistaken in his conclusion that the synthesis was in

two stages with formation of Ni(CO), as the first step.

o7.



It seems likely that his results were fortuitous since
he took no steps to remove the nickel carbonyl formed
from the system,‘and moreover even carried out some

of his observations with the system under conditions
where volatilisation of the product was not high, é.g.
at 0°C. where the vapour pressure of nickel carbonyl
is only 1l44mm. of mercury. Therefore the nickel carbonyl
produced would block further reaction until it diffused
away from the nickel, and it seems probable that in
such a system the rate determining step of the reaction
would‘be removal of product from the surface meking

the reaction dependent on the diffusion coefficient

of nickel carbonyl under these conditions.

II.3. The thermal decomposition of nickel carbonyl.

a) Introduction.

The spontaneous decomposition of nickel carbonyl
at various temperatures has been studied by Garratt
and Thomson3? by Bawn;° and also by Tonosaki and
Sugin.uma.26 Their results all concur in showing that
the kineties of decomposition in a static system are

given by/
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by

dx _ k[Ni(co) ]
de  1-k, [CO)

B an equation which was
interpreted as showing that the decompositioh took place
in more than one step, and that the first step is

| Ni(CO)s = Ni(CO); + CO
Nevertheless, since in the present work the system under
study ié a flow system, it was considered worth while
investigating this reaction afresh by a flow technique
before'any attempt was made to apply the results to

an interpretation of the Fischer-~Tropsch synthesis

mechanism.

b) General procedure.

A gas carrying a known constant proportion of nickel
carbonyl vapour was passed through a reaction vessel
' maiﬁtained at the desired temperature, where some of
the carbonyl decomposed. The effluent gas was then
passed through a long strongly heated tube where the
remaining carbonyl was decomposed. From the rate of
deposit of nickel in these two places, and from the
flow rate of gas and the volume of the reaction vessel
it was possible to determine the percentage decomposition
of the nickel carbonyl in passing through the reaction

vessel. By varying the flow rate of carrier gas from/
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from run to run, it should have been possible to deter-
mine the kinetiecs of decomposition of carbonyl, and by
varying the amouht of carbon monoxide in thé carrier gas,
the retardation of the decomposition by earbon monoxide

could be followed.
&. Results.

The results were very disappointing for, although
a considerable amount of time was spent on this work
(over two hundred runs were made ), the reproducibility
of the results was remarkebly poor. Although the re-
action vessel was cleaned with meticulous care between
“the runs and precautipns were taken to maintain all poss-
ible variable factors constant, the deposit of mnickel in
the reaction vessel was often visibly uneven, bare patches
of glass showing amongst the nickel coating. The reason
for this is not known but is probably related to the
known heterogeneity of the reaction, so that the reaction
is highly susceptible to the effects of vefy small traces
of impurity, or to variations in the direction of flow
into the reaction vessel.

The work was not however completely without reward
" since several qualitative results were obtained, and fur-

ther, a method of maintaining a fixed percentage of /
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of nickel carbonyl vapour in a gas stream was found

and this was made use of later.

4) gualitative results.

1) ©Nickel carbonyl at pressures of up to 1l44mm. of
mercury, could be carried in a stream of dry nitrogen
through a tube at 350C. without any decomposition
occurring, although traces of oxygen were sufficient.

to start decomposition even at this temperature.

2) In the absence of nickel catalyst in the system,
apparently none of the nickel carbonyl ( 6% by volume )
survived the treatment of being carried by a stream
of pure carbon monoxide at 5 litres per hour through
the reaction vessel used for carbonyl and Fischer-Tropsch
synthesis at 190°cC.

However passage of this same mixture, through the
sdme vessel at 190°C. but with a nickel catalyst present,

and then through the hot tube gave rise to a definite

nickel deposit, suggesting that either some of the original

earbonyl was getting through or else that nickel carbonyl

can be synthesised under these conditions.
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1I1.4. Correlation of the synthesis of nickel carbonyl

with the Figcher-Tropsch svnthesis.

8. Synthesis of nickel carbonyl from a nickel Fischer-

Tropsch catalyst at 35°C.

A nickel catalyst for use in the Fischer-Tropsch
synthesis was prepared as described in the experimental
section. Passage of carbon monoxide over this catalyst
at 35°C. and through the heated decomposition tube
showed that the‘catalyst was active in the synthesis
of nickel carbonyl. |

Cycling carbon monoxide in the closed system over
this catalyst at 35°C., showed that the synthesis of
nickel carbonyl gave zero order kinetic results and that

the catalyst could be classified as of the "slow" type.

. The synthesis of nickel carbonyl under Fischer-

Tropsch conditions.

As previously mentioned, according to the equilibrium
data of Mittasch, when carbon monoxide at % atmospheric
pressure is passed at 190°C. over nickel, the amount
of nickel carbonyl present in the effluent gas should
be negligible. However it was found that on passing

a stream of argon and carbon monoxide in equal/
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equal proportions at 5 litres per hour over the nickel
Fischer-Tropsch catalyst at atmospheric pressure and
at 190°G., that é considerable amount of nickel was
deposited on leading the exit gas down a heated decom-
position tube for two hours.

The same catalyst was flushed with hydrogen for
twelve hours and then a similar run was made but this
time substituting hydrogen for the argon. . After passing
this gas for. the same length of time, there was no
deposit in the hot tube.

Another passage of argon and carbon monoxide gave
a nickel mirror as before, showing that there had been
no change in the ability of the catalyst to produce
nickel carbonyl, and therefore during a Fischer-Tropsch
reaction, since there is no carbonyl present in the
efflueht gas, either it has been formed and then decom-
posed or else its formation has been suppressed.

To complete this evidence, the cycling unit was
filled with the hydrogen/carbon monoxide mixture ( 1:1 )
to atmospheric pressure, and this gas was circulated
over the nickel at 190°C. for two hours, over which
time there was a loss of pressure of 48mm., which is

equivalent to a contraction of 5% in the passing gas.
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This showed that the catalyst was active in the Fischer-
Tropsch reaction,vthe contraction being comparable with
values reported by other workers with this type of

cataa.ly‘s*l:.l'8

c. The rate of synthesis of nickel carbonyl at 190°C.

Since there is considerable decomposition of nickel
carbonyl at 190°C., any determination of the rate of
synthesis of carbonyl’at this temperature will give
the apparenf rate and not the true rate. An attempt
was therefore made to extrapolate an Arrhenius plot
from rates determined at much lower temperatufes and
to calculate the absolute rate of synthesis at 190°cC.

The rate of synthesis of carbonyl from a nickel
Fischer-Tropsch catalyst was determined at wvarious
temperatures using the cycling technique with a gas
mixture of hydrogen and carbon monoxidé inrthe ratio
1:1, flowing at 5 litres per hour.

For each individual determination, the cycle was
evacuated to & hard vacuum, then filled to 760mm.
pressure with the gas mixture, which was then circulated,
and the time taken for the pressure to fall to 740mm.
was determined. Since the catalyst was a "slow" one,
the kinetic formula -dP/dt = k was valid, and hence the

rate constant k was readily calculated for each case.
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Summary of the results Table II.4.

Temperature Time for fall k Log k¥ 1 x 10°
°c. °a. in pressure mm. /hr. T
(hours)
28 301 523 382 0°582 332
35 308 425 4°68 0°:670 325
49 322 3°33 5-99 0774 311
57 330 2°30 6°81 0°833 303
65 338 2°28 695 0-:842 296
35, 308 437 457 0° 660 325
-80 353 332 6.-02 0786 283
354 308 491 4°06 0609 325
100 373 6.:02 332 0521 268

S Wt e e Wews  SNNS  Semm e G smS  hemw  eew

As can be seen from the above figures, the plot
of log k against & x 10° was non-linear even for the
three lower values of T. This deviation from linearity
is probably caused by decomposition of nickel carbonyl
taking place simultaneously with the synthesis. Extra-
polation to 190°C. of the best straight line through
the points for the four lowest values of T gave an
approximate value at this temperature for k of 7Omm./hr.
A run at 35°C. was made between the run at 65°C. and

the run at 80°C., and was found to give almost the same/
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same value for k as in the previous run at 35°C. ( 4-57

and 4°68 respectively ). However a similar repeat

between the 80°C. and the 100°C. run gave a value for

k of 4°06 which was much lower than the previous case.

The interpret&tion of this observation is that the

catalyst has changed in some way by this treatment at

80°C. losing part of its activity, and therefore the

calculated value for k at 190°C. is of doubtful

validity. -Nevertheless it is substantially greater

than necessary to account for the loss in pressure during

the Fischer-Tropsch synthesis previously described,

( 24m. per hour, i.e. 8mm. of carbon monoxide per hour.)
An estimate of the extent to which the catalyst

lost its activity by heating it to 190°C.,was made by

determining k at 35°C., raising the temperature to 190°C.

and cycling the gas mixture for 15 minutes, then redeter-

mining the vélue of k at 35°C. The values found were

3°92 and 2°17 mm. per hour respectively, and it is apparent

that the catalyst had lost roughly half its activity

by this treatment, and hence the true rate constant

for carbonyl synthesis at 190°C. will be nearer 30mm.

than the previous estimate of 70 mm. per hour.

d. The decomposition of nickel carbonyl in the presence
of a nickel Fischer-Tropsch catalyst.

A stream of argon and carbon monoxide ( 1:1 ) which/
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II.5.

which contained a constant amount of nickel carbonyl
vapour ( produced by the bubbling technique described
in thé experimental section ) was passed over the
Fischer-Tropsch catalyst at 190°C. and at 5 litres
per hour, and the exit gas was then led down the heated
decomposition tube. After 30 minutes, the flow was
discontinued and the decomposition tube was found to
have a nickel deposit.

This procedure was repeated after substituting hydrogen
for the argon, but in this case no visible nickel mirror

was found on the hot tube.

Summary.

The results obtained from all the experimental work
so far described lead to the following‘conélusions.

a.

No support has been provided for the results of
Mittasch which suggested that Ni(CO)2 existed as an
intermediate in the synthesis of nickel carbonyl.

b.

During a Fischer-Tropsch reaction, either the

formation of nickel carbonyl is suppressed or any

carbonyl formed is consumed immediately by some process/
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process other than decomposition, suggesting that the
Fischer-Tropsch reaction either incorporates nickel
carbonyl or somé intermediate in the formation of nickel
carbonyl to such an extent that no carbonyl is present

in the effluent gas under the normal conditions for

hydrocarbon synthesis.
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I11. INVESTIGATIONS USING G - TRACER.

III.1. Introduction.

As stated earlier ( page 8 ), the main project in
this work was}intended to be a variant on the theme
of passing Fischer-Tropsch reactants with a small amount
of radioactively tagged other substance over a Fischer-
Tropsch catalyst and determining how the radioactivity
was diStribﬁfed in the products of the reaction. It
had been planned to use C** labelled nickel carbonyl
in this mammer, but on consideration of some of the
preliminar& work described in section II, it is apparent
that the scheme must be modified. The significant
points ares-

1) 'Nickel carbonyl is synthesised by passing a
stream of argon/carbon monoxidé mix?ure over
a Fischer-Tropsch catalyst at 190°%¢C.

2) Nickel cafbonyl iﬁtroduced into the above gas
stfeam is decomposed at least partially on
passing through the reaction chamber.

3) No nickel carbonyl appears in the effluent gas
on passing a stream of hydrogen/carbon monoxide

mixture over a Fischer-Tropsch catalyst at 190°C.
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4) No nickel carbonyl is present in the effluent
gas after passing hydrogen and carbon monoxide
containing nickel carbonyl over the catalyst
at 190°C.
From this last observation it seems that either
all the carbonyl is decomposed into nickel and carbon
monoxide, or that some other reaction to form hydrocarbon
takes place with either carbonyl or an intermediate
of its decomposition. If the latter were the case,
then if the nickel carbonyl were labelled with C*¥,
all the 01* in the effiuént gas should be found in the
hydrocarbon fraction and none in the carbon monoxide.
If the former were the case, then the c** would appear
in the carbon monoxide and also in the hydrocarbon
fraction. The quantity of activity in the carbon monoxide
would be fixed by the amount of active carbonyl picked
up per unit volume of carbon monoxide, and also by the
activity of this carbonyl. The amount of C** in the
hydrocarbons would be determined by the relative position
in the catalyst bed where each reaction took place.
For example, if all the carbonyl decomposed in the first
centimetre of the catalyst bed, and if all the resultant
hydrocarbons were formed in the last centimetre of the

bedthen the hydrocarbons would contain the same amount,/
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amount of Ci4 as the carbon monoxide. If the positions
were reversed, then the hydrocarbons would have no
activity, unless there were Cii exchange between the
hydrocarbons and the carbon monoxide or the nickel
carbonyl. Therefore any degree of Cié content from

0% to 100% of the carbon monoxide activity could be
found in the hydrocarbons depending on the extent of
overlap of the reaction sites. Fuarthermore, if both
complete deco@osition and reduction of the carbonyl
occurred side by side, the picture would also be obscure,
since estimation of the Ci* content of either the hydro-
carbons or of the carbon monoxide will give no information
as to what has happened in the reaction bed.

All the same it is possible to distinguish in the
following manner between the case where there is no
interaction of nickel carbonyl nor of any stage before
the final step of its decomposition, to form hydrocarbons,
and the case where there is some such reaction.

1) By determining the Ci* content of the carbon
monoxide in the effluent gas of a system in
which argon and carbon monoxide plus labelled
nickel carbonyl are passing over a Fiseherf
Tropsch catalyst at 19000.

14
2) Then by comparing this value with the C  content/
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content of carbon monoxide from a system of
hydrogen, carbon monoxide and the same labelled
nickel cérbonyl passing over the samé catalyst
at 190°C.
In such parallel experiments carried out under
exactly analogous conditions, if the Cié content of
the monoxide is less in case (2) than in case (1);
it means that not all of the carbonyl has been converted
to nickel and carbon monoxide, but that some has been
prevented from complete dissociation and has been con-
verted to hydrocarbons.
| This compearison will be valid only if no Gi* exchange
occurs between
1) Carbon monoxide and hydrocarbons.
2) Nickel carbonyl and hydrocarbons.
3) DNickel carbonyl and carbon monoxide- before
. entering the reaction bed.
The programme was therefore modified to
1) lMaking the appropriate experiments to give the -
‘gbove comparison.
2) Checking the validity of any conclusions by
investigating whether any of the secondary

exchange reactions take place or not.
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IIT.2. Preparation of radioactively labelled materials.

The 01* radiocactive carbon monoxide was prepared
from 01* active sodium formate supplied by the Radio-
chemical Centre, Amersham, and the labelled hickel carbonyl
was in turn prepared from this carbon monoxide. Full

details are given in the experimental section.

I11.3. Exchange reactions.

3.8. Exchange between carbon monoxide and methane.

With the ballast bulbs isolated, the‘cycling apparatus
was evacuated and then filled to a known pressure with
C14 labelled carbon monoxide. Methane was next admitted
to the system, again to a known pressure. The gas
mixture was then cycled round the apparatus by means
of the circulating pump, passing through the normal
reaction vessel ( no catalyst was present ), at 190°C.
After circulating for 48 hours at 5 litres per hour
( at least 50 complete cycles ) a sample was drawn off
and the Clﬁ content of the carbon monoxide compared
with the original value. Since they were found to

be identical ( within 1% ), this experiment shows that/
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that no significant exchange of 01* takes place between
carbon monoxide and methane under these conditions.
This run was repeated but having in addition a
nieckel Fischer-Tropsch catalyst present in the reaction
vessel. Again no exchange took place. Since slight
amounts of nickel carbonyl are produced under these
conditions, this experiment suggests also that under
Pischer-Tropsch conditions there is no exchange of Ci*

between'hydrocarbons and nickel carbonyl.

3.0, Exchange between nickel carbonyl and methane.

Pure methane was circulated round the cycle which
contained a nickel catalyst at 190°C. Before entering
the reaction vessel, the gas was bubbled through some
radioactive nickel carbonyl and then th;qugh a cooled
trap which ensured that a fairly constant amount of
carbonyl was entering the reaction vessel. The gas
was cycled for 5 hours at 1 litre per hour and then
a sample was drawn off and the methane examined for
radioactivity. As far as could be seen there was no
activity present, the methane sample giving only the
normal background count on estimation.

In both these exchange experiments the methane and

the carbon monoxide were separated by absorption of/
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of the latter in ammoniacal cuprous chloride solution.

3eC E;chagge between carbon monoxide and nickel carbonyl.

c.l. Cycling e mixture of radioactive carbon monoxide
and inéctive nickel carbonyl vapour through the empty
reaction vessel at 190°C. resulted merely in the decompos-
ition of the latter and subsequently in the dilution of

the active carbon monoxide with inactive monoxide.

C.2. A repeét of the previous run at room temperature

but with a nickel Fischer-Tropsch catalyst present in the
reactioﬁ vessel, showed after 12 hours that althbugh radio-
active nickel carbonyl had been formed (fall in pressure
within the system of nearly 40 mm. of mercury), there was
no loss of sctivity in the carbon monoxide since its count-
ing rate remained the Same as it was originallyf For

the purpose of this estimation it was freed from nickel
carbonyl by means of immersing in a liguid oxygen bath

for ten minutes.

Cedo To speed the process up a static system was used
in which mll the gas was maintained at the reaction temp-
 erature all the time, instead of part at a time as was the

case in the previous runs. A glass bulb fitted with a/
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a capillary lead, was filled with G = carbon monoxide
and inactive nickel carbonyl - each to a known pressure.
The bulb was immersed in ligquid oxygen to freeze the
carbonyl, and then a sample of the carbon monoxide
was transferred into the'gas counter ahd its radiocactivity.
was measured, after which it was returned to the bulb.

The bulb was next immersed in a thermostat at 35°C.
for 12 hours, and then after immersion in liquid oxygen
once more, fhe pressure and the agtivity of the monoxide
were determined. The monoxide was found to have lost
9% of its activity although there had been no rise in
its pressure, showing that no overall decomposition
of the carbonyl had taken place and therefore that
exchange of 01* had taken place between the nickel
carbonyl and the carbon monoxide.

This experiment was repeated at 57°C. It was found
that after 12 hours, exchange had taken place to 100%
of the possible extent, although again no overall
decomposition of the carbonyl had occurred. This
conclusion was verified by pumping off all the carbon
monoxide, allowing the nickel carbonyl to warm up,
heating the bulb in a flame to deéompose the carbonyl,
recooling in liquid oxygen and estimating the activity/
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IIT.

activity of the carbon monoxide produced. This activity
was found to agree with the expected value calculated
after assuming that the maximum possible exchange between
carbon monoxide and carbonyl had taken place.

Another repeat showed that the same extent of ex-
change had occurred in an hour. It was found in a
further experiment that 57% of the possible exchange
had taken place in 6 minutes, and that after another
4 minutes 85% had been reached. In none of these cases

did any overall decomposition occur.

4) Summary.

These experiments therefore show that only the ex-
change of 01* between carbon monoxide and niceckel carbonyl
was likely to interfere with the Fischer-Tropsch
investigation, but all the same, such an exchange does
not make the investigation pointless, since its only
effect would be to reduce the possible difference in
01* content of the effluent carbon monoxide between
the run with argon and the run with hydrogen. If the
rate of flow is fast enough, it is possible that the
amount of exchange taking place before decomposition

or hydrocarbon synthesis sets in, will be negligible.
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A further outcome of this piece of work is that a
14
convenient method of preparation of C labelled nickel

carbonyl has been found.

III. 5. Tracer investigation of the Fischer-Tropsch reaction.

——

A nickel Fischer~Tropsch catalyst was prepared and
tested in the reaction_vessel by circulating a mixture
of carbon monoxide and hydrogen over it; the fall in
pressure with time gave evidence that reaction had teken
place.

A stream of argon and carbon monoxide was then led
through the pick-up bubbler where it was saturated with
Ci* labelled nickel carbonyl. After passing through a
cooled trap where the nickel carbonyl content was reduced
to a known constant value, the gas stream was led‘over
the catalyst at 190°C. A suitable length of time (10
minutes) was allowed for development of & steady state,
then a sample of the effluent gas was taken and the run
was discontinued.

This process was repeated under identical conditions
except that the argon was replaced by its equivalent of
hydrogen. A sample of the effluent gas was again taken.
The Cié content of the carbon monoxide of both samples

was then estimated and the results compared.
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The two runs were repeated.

The results are shown in the table below and they
establish that the Ci* content of the carbon monoxide
effluent from the Fischer-Tropsch reaction was less.
than that of the carbon monoxide effluent from the argon
containing system, and therefore it cén be concluded
that either nickel carbonyi or one of the stages
intermediate in its decomposition éan take part in the

Fischer-Tropsch synthesis.

Table IIT.1.
Litres/hour Litres/hour Litres/hour Activity

( co) (H ) (4a) of CO
cts./min.
4m 0-0 4-96 371
4-71 497 0:0 - 344
4+71 0°0 5:00 376
4-71 500 00 536
III.6. Final conclusions.

The material presented in sections II and III leads
to the conclusion that there is some link between the
synthesis and the decomposition of nickel carbonyl and
the Fischer-Tropsch reaction and it is highly probable
that they have a common intermediate. Unfortunately

it has not proved possible to establish the exact

nature/
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nature of this intermediate although the possibility
exists that it is Ni(CO) in vhich case this work has
accomplished little towards elucidating the mechanism
of the Fischer-Tropsch reaction beyond producing evidence
which is in agreement with the normally assumed first
step of
Ni + CO = Ni(co).

The work has however shown that there is no
evidéhce for synthesis of nickel carbonyl taking place
via Ni(CO), s claimed by Mittasch and that C = labelled
nickel carbonyl can be made rapidly in a relatively
simple manner by exchange between nickel carbonyl and

14
] carbon monoxide.
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Iv.

i1e
THE ESTIMATION OF C .

Introduction.

- Because radioactive materials have become more
readily available in recent years the techniques for
estimating radioactivity, particularly wheré weak
beta=rays are involved, have been much studied and
improved. In the case of Gi* where the emitted beta-
particle has only a small energy, it is necessary‘for
the counter to have a very thin window, or better still,
no window at all, sb’that the particle can penetrate
into the active volume of the counter and hence the
efficiency and accuracy of the assay has been much
increased by putting the 61* into the counting tube
itself, as carbon dioxide gas.33 This method is
claimed to be the bests* but unfortunately it requires
a power supply unit capable of giving up to 4,000 volts
and since during the recent work, the equipment available
had a maximum output of 2,000 volts, a search was made for
an alternative technique for accurate estimation of thé
01* content of materials.

Since the Ci* used in the tracer work of this thesis
was, at one time or another, in the form of a carbon

monoxide gas, experiments were made to see if this gas/
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gas could act as a counter filling or as a minor
constituent. These proved disappointing and it was
decided to use én ordinary thin end-window counter and
barium carbonate as the counting source. A very
successful method was developed; but since the technique
was intrinsically laborious and timé consuming, an
alternative method was developed in which the 01* was

in the form of a gas but was estimated with an end-window

counter.

Carbon monoxide as a_gas counter filling.

2. The counting tube.

A conventional gas counter as shown in the figure
opposite was constructed by sealing a c¢ylindrical copper
cathode (19 mm. internal diameter, 1 mm. thick and 10 cms.
long) and a tungsten wire anode (0’2 mm. diameter) into
a glass sheath which was fitted with a vacuum stop-cock
and a standard ground glass joint for attachment to the
filling manifold. After £illing with a mixture of argon
(90 mm. ) and ethyl alcohol vapour (10 mm.) it was tested
by determining the curve of counting rate against applied
voltage. (cf. figure 13 overleaf) using an external source
of radioactivity, and was found to give a readily

reproducible plateau over 100 volts long and with a slope/
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slope of less than 10% per 100 volts. The tube was
then evacuated and refilled with a mixture of hydrogen
(82 mm. ) and ethyl alcohol (18 mm.) The characteristic
curve was determined and again a plateau was observed,
although in this case the slope was rather large (20%
per 100 volts).

On this‘evidence, the counter was judged to be

satisfactory.

b. Filling with carbon monoxide.

Since carbon monoxide has a similar ionisation
potential to carbon dioxide, (14°2 and 14°4 electron
volts respectively), it was suspected that pure carbon
monoxide would prove unsuitable as a gas counter filling
to work below 2,000 volts. Nevertheless experiments
were made as outlined below, since such a counter if
workable, would'prové very valuable, but none of the
£illings gave rise to a counter with any function at
all within the required voltage range.

Normally ethyl alcohol and carbon disulphide are
added to act as quenching agent and charge transfer agent
respectively, but in these experiments they were added
to see if they also had the property of lowering the
working voltage, as carbon disulphide does in carbon
dioxide filled counters.
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Table IV.1. Fillings tested for counting action.

Mixture Pressure Pressure Pressure Counting

of CO ‘of EtOH of CSg rate.
(mm. ) (mm. ) (mm. )
1 100 0 0 0
2 50 0 0 ‘0
3 25 0 0 0
4 99 10 0 0
5 74 4 0 0
6 51 3 0 0
7 25 1 0 o
8 91 0 10 0
9 60 0 6 ¢
10 30 0 0
11 90 7 4 0

- wr s G @ Gy Er S Gy SR = =

In each case the filling was tested for counting
80
action from O to 2,000 volts using an external Co

source of radioactivity.

¢. Carbon monoxide as & minor constituent of the filling.

The following experiments were carried out to see
if a small amount of carbon monoxide gas, which eould

be measured accurately by means of a gas pipette and/
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and an expansion bulb, could be introduced into a normally
filled counter without seriously disturbing its counting
characteristicé;

The characteristic curve of the counter filled with
argon (91 mm.) and ethyl alcohol vapour (10 mm.) was
determined, and as before, a starting voltage of 1,610
volts followed by a plateau 100 volts long with a slope

of 8% per 100 volts was observed. After a small amount
(ca. 1 mm. )-of carbon monoxide was introduced into this
counter, the curve was redetermined, but in this case
the counter 4id not record until 1,925 volts, and con-
tinuous discharge set in immediately. |

Tpis proecedure was repeated using hydrogen (82 mm. )
and ethyl alcohol (18 mm.) alone and then with carbon
monoxide (1 mm.) in addition. Here again the plateau
was destroyed and the starting voltage rose from 1,150
to 1,450 volts, and the counter registered 57,000 counts
rer minute at this voltage in comparison with 731 counts
per minute for the carbon monoxide free system at its
starting threshold.

The reason for this destruction of the plateau by
carbon monoxide could be related to the similarly boor
counting properties of carbon dioxide. When the latter

14
is used alone in the gas phase assay of C the lack/

’
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lack of plateau is attributed to the formation of
negative ions from the 002+ ions as the latter approach
the cathode. VThese 002'- ions are then repelled back
towards the central anode, giving rise to spurious pulses
which are highly deleterious to counter action. This
effect can be counteracted however, by adding to the
£illing another substance which has a lower ionisation
potential than carbon dioxide and which neutralises the
009"' ions by electron transfer on collision, forming
positive ions itself, which are then neutralised by the
cathode without formation of negative ions, and there-
fore without developing spurious pulses. This second
substance is known as a charge-transfer agent, and for
carbon dioxide gas there is a choice of many vapours,
all of which show the desired effect. Carbon disulphide
is acknowledged to be the bestas, and since it was sus-
pected that negative ion formation might be the cause

of the spurious discharges developed in the argon/ethyl
aleohol/carbon monoxide system, experiments were made

to see if the addition of carbon disulphide to this mix-
ture would result in the development of a plateau, since
the ionisation potentials of carbon monoxide and the
disulphide are favourable for the charge transfer process

to occur (144 and 10°4 electron volts respectively).
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Table IV.2. Effect of adding a charge-transfer sgent.

Filling . 1 2 3 4 5 6

Argon 102 90 9 9 80 80
(mm. )

Ethyl alecohol 7 11 11 11 5 5
mm.

Carbon monoxide 18 10 5 1 1 1
(mm. ) .

%arbon disulphide 6 2 2 2 4 4
(mm.

Platesu length 25 25 25 40 40 40
(volts)

Plateau slope 75% 80% 75% 120% 100% 200%
(% per 100 volts) c

These results show that the addition of earbon

_ disulphide had same effect in improving the counting
prqpertiés of the system argon/ethyl alcohol/béfbon
monoxide by lengthening the range of volts between
starting voltage and continuous discharge voltage, but
in none of the above cases was the plateau developed
sufficiently long or sufficiently flat to be ussble in
gas counting. Permutation of the wvariable amounts of
constituents of the filling, and use of some other charge-
transfer agent (e.g. acetone), might result in a system
suitable for gas counting, but it was realised that such
a development would be fortuitous and it seemed best to
abandon this approach at least temporarily, end tackle
the problem of 01* estimation from the other angle viz.-

solid counting.
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iv.3.

So0lid counting.

a. Introduction.

Since solid counting suffers from the handicaps of
self-absorption and back-scattering effects, it is normal
to convert all samples to barium carbonate, thus keeping
the back-scattering factor constant , and to count either
at "infinite thickness" or to determine e self-gbsorption
curve of counting rate against thickness of sample.

A further problem arises in the preparation of a uniform
surface on the sample, for unless it is smooth and
unbroken, a false count will be obtained. Various
attempts which were unsuccessful were made to obtain
consistent results, before a satisfactory method was

developed.

b. Preparation of homogeneocus active barium carbonate.

Before valid comparison of one asssay with another
could be made, it was necessary that the samples should
be of homogeneous material, otherwise deviation could
be due to differing amounts of Gié in the barium
carbonate and not necessarily to inaccuracies in the
technique. For this reason, the barium carbonate used

in the next section of the work was prepared in a homo-

geneous form as describved in the experimental section.
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c. Preparation of the counting surface.

c.l. Suspensions.

An adaptation of the method outlined by Kamena6 was
used. Barium carbonate was suspended in a liquid medium
in as finely dispersed condition as possible, transferred
by dropper onto a suitable surface and the "solvent"
eveporated, leaving a barium carbonate layer., The layer
was gradually built up to the required thickness by
successive repetitions of this process.

Water, ethyl alcohol, methyl alcochol, acetone), ether,
cyclohexane, and benzene were used in an attempt to get
maximum accuracy. In each case, nickel planchettes,
glass, and filter paper squares were used in turn as
the surface, and the method of evaporation was varied
(heating over a flame, under a lamp or, where applicable,
simple evapération at room temperature).

In spite of these variations, even the best results
(from an ether/ethyl alecchol suspension on a nickel
planchette ), were far from satisfactory, giving deviations
of up to 5%, as can be seen from the table of results
in the experimental section (page 141), and improving
only slightly with practice. Visibly good surfaces
could only be prepared at low thicknesses of up to

4mg./sg.cm., and attempts to build up to infinite/
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infinite thickness inevitably resulted in flaking, pitting
or cracking.
Other workers have recorded similar deviations in

. 87
80l1id counting of barium carbonate.

S8ince iﬁ was felt that the addition of later drops
of suspension broke up the layers of barium carbonate
- already depésited and caused the &bove failures, attempts
were therefore made to prepare the barium carbonate layer
in one operation.

A paste of carbonate in ether/ethyl alcohol was placed
in a plaﬁchette, smoothed by means of a nickel spatuls,
and dried, but here again the surface broke up and the
counts made still showed a large deviakion from semple

to sample (up to 4%).

c.3. PFiltering.

The barium carbonate suspension was filtered by suction
through a sintered glass crucible and the précipitate
dried and counted. = Trouble arose from the tendency
of the solid to stick to the walls of the crucible.
These were made removable, but the counting accuracy
was still low, deviations of 4% being quite common,

especially with the thicker layers of precipitate
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Table IV.3.

Sample Total Time in Counts Calculated Observed

number count seconds per standard %age

minute deviation deviation

(%) from mean

o X . so A 100 /% | 1oo(ine x)

1 51423 3120 988°9 0-44 0-78
2 . 52466 3180 989°9 044 0-67
3 51455 3120 9895 0-44 07l
4 51567 3120 9917 044 0-49
5 56029 3360 1000°5 0-42 0°53
6 48884 & 2940 9976 0°45 - 0°08
7 52039 3120 10007 0-44 0°55
8 56934 3420 9998 o42 0-35
9 52175 3120 10033 0-44 0-71
10 60173 3600 1000:°9 0-41 067
11 62961 3780 9994 0°40 0-31
12 59920 3600 998°7 Oc41l 0°24
13 69405 4200 9915 0°38 0°51
14 54826 3300 9968 0-43 0:04

15 139585 8400 9970 0-28 0°06
16 59486 3600 9914 0°41 0-52
17 50011 3000 1000°2 0-45 0°50
18 51769 3120 9956 0-44 0-08
Average 60062 3617 9964 0-42 043

X = Total of all A, divided by 18 = 996-4



If, however, the precipitate was pressed while still wet,
with the hot smooth end of a rod of suitable diameter,
the layer d4id nob break up on drying, and results could

be obtained to within 2% of each other.

c.4. Pressing.

The success of the pressing experiments in the last
section, suggested an attempt to prepare highly compressed
pellets of barium carbonate, which might prove very suit-
. able for counting, using a press capable of applying
10 tons per square inch to a powdered meterial in a die
which has polished metal circular faces, thus converting
the material to a compact mass, with extremely smooth
surfaces. Furthermore the pellet could be counted
without removal from the die, which acted as & support
thus giving constant smooth surface areas and constant
geometry for counting by mounting the die in the same
position for each assay. Details of the press are given
'in the appendix

Barium carbonate is not a good pressing material,
but after only a little practice, results which agreed
with statistically correct accuracy as shown in the table
opposite, were obtained for estimations of the Gi* content

of different samples of the same barium carbonate.
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Bighteen different assays were made, and in each case
the percentage deviation of the observed count rate from
the mean count rate (total of all eighteen count rates
divided by eighteen) was noted, and then compared with
the standard deviation for the count ( the square root
of the individual total count expressed as a percentage
of this count). When allowances are made for the random
nature of all radioactive counts, this comparison shows
that the method employed in the assay is excellent.
Further proof comes from the fact that the mean of the
calculated theoretical standard deviations was 0°42%,
whilst the mean of the observed deviations was 0°43%.
In effect, better results would be impossible to realise.
Since 150 mg. or more of material are required to
prepére a sample, and since the surface area produced
is 1266 sqg.cms., the sample mus£ haveé a thickness of
120 mg}/éq.cm. which is well in excess of "infinite
thickness"(zo mg./sq.cm. ), and therefore valid comparison
of the activity of one material with another can be made
simply by comparing the counting rates of their respective
pellets.

The figures of Anderson, Delabarre, and Bothner-By
are quoted overleaf to show that the pressing technique

is evidently superior.
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Anderson, Delabarre, and Bothner-By.

Reproducibility of the estimation of a sample prepared
by a filtering technique.
Counts per minute 1241 1269 1252 1249 1229 1272
%age deviation 09 14 00 02 18 1°6

The one drawback to this method is that the amount
of material necessary is fairly large (150 mg.), especially
when dompared with the 5 mg. to 10 mg. which is sufficient
for many methods of gas phase assay. Otherwise the
pellet pressing technique is excellent, since it gives
maximum accuracy, is simple and rapid in operation, and
moreover is obviously applicable to many other materials,
especially organic substances, and to other radioactive
isotopes such as 855 in sulphates or in organic sulphur-
containing compounds, the only criterion being that the
substance should be able to withstand the application
of a large pressure. This means that in the estimation
of the 01* content of organic materials, the compound
itself could be pressed and counted, thus eliminating
the‘need for combustion and conversion to barium carbonate.
Such results, however would only be accurate if the back-

scattering effects of different compounds were previously/
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previously compared and a conversion factor calculated.
This féctor could be obtained by comparing the counﬁing'
rate of a homogeneous mixtﬁre of the one'substance and
a 014 active compound with the counting rate of a homo-
geneous mixture of the other substance with the same

14
percentage content of the C compound.

4. Extension to smaeller amounts of barium carbonate.

The suggestion for obtaining conversion factors in
the last section was also applicable to the estimation
of amounts of active barium carbonate which were less
than the 150 mg. required for pressing. This idea was
merely to add an inert filler to give the necessary bulk
to the carbonate and apart from inactive carbonate itself,
the obvious material to use was potassium chloride since
the press was designed for this substance. The necessary
homogeneity could be produced by thorough grinding of

the mixture.

d.l. Reproducibility.

A mixture of active barium carbonate and potassium
chloride (AnalaR) was made with 76°7% of carbonate by

weight, and ground thoroughly until homogeneous. A pellet/
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peilet was pressed and the counting rate was determined.
This same pellet was then extruded from the die and
reground to a fine powder which was then repressed and
recounted. This procedure was carried out six times

in all, and the counting rates of each pellet noted and
compared with the others. As can be seen from the table
(case A), the results are highly satisfactory, the
reproducibility also serving to show that the material
had been made homogeneous by grinding, otherwise the

count rate would have altered with further grinding.

Table IV.4. Reproducibility - Series A.

Pellet Counting rate Average %age deviation
number (cts/30 mins) count from mean.

1 22,931 22,871 0 3%

2 22,994 22,871 0 6%

3 22,954 22,871 B 0 4%

4 22,766 22,871 0 6%

b 22,816 22,871 0- 3%

6 22,712 22,871 0- 8%

Another sample of the same mixture was then taken
and the above procedure applied to it, giving the results

shown overleaf (case B).
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Table IV.5. Reproducibility - Series B.

Pellet Counting rate Average %age deviation
number (ets/30 mins) count from mean.

i 22,107 21,850 1-5%

2 21,759 21,850 O 5%

3 21,910 21,850 0. 5%

4 21,807 21,850 O- 2%

5 21,925 21,850 0. 4%

The first count rate was significantly higher than
the others and was probably in error caused by insufficient
grinding and subsequent non-homogeneity. (The average
count rate quoted above is the average of pellets 2, 3,

4, and 5.) However this average was almost 5% lower
than the average count rate of the previous series A.

The reason for this was suspected to be that, although

the material had been left covered overnight, it had

not been kept in a vacuum desiccator between series A

and B, and hence either the active carbonate had exchanged
Gi* with the atmospheric carbon dioxide and lowered the
01* content of the mixture, or else water wvapour had

been taken up by the potassium chloride apd hence the
percentage by weight of 01* would be less.

This theory was proved by making a fresh mixture of/
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of active barium carbonate and potassium chloride, counting,
- extruding the pellet from the die, grinding and recounting
as a check for homogeneity, reconverting to a powder

wiuich was left exposed overnight and then recounting.
(Series C, pellets 1, 2, and 3, respectively) The
powdering, exposing overnight, ahd recounting was repeated
twice. An apparent daily loss in counting rate could |
be seen from the results.

'Eable IV.6. - Series C.

Pellet number 1 2 3 4 5

Total count 22,387 22,247 21,965 21,740 21,572
in 30 mins.

After another week, the counting rate was found to
be 20,940 counts per 30 minutes. The pellet was again
expelled and reground, but before recounting the mixture
was heated at 110°C. for an hour and then recounted
immediately, giving 22,192 counts per 30 minutes i.e.
the counting rate was restored to its original value
(1 and 2), and hence it would appeaf that water vapour
absorption was responsible for the fall off in counting
rate. The obvious way to overcome this effect was to
use an inert"filler", which is unaffected by water wvapour,
but it was found that if the potassium chloride used
were taken straight from the bottle and was not dried

before use, then the day to day effect of water vapour on/
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on the counting rate of any sample was negligible.

Table IV.7. Reproducibility using undried potassium

chloride.
Pellet number . 1 2 3 4
Counts per 30 22,387 22,149 22,236 22,257
minutes.
Exposure time 0 24 48 120
in hours.

d.2. Yariation of counting rate with the percentage

of active barium carbonate in the material.

Although it wouid be expected that the counting rate
of a mixture of active barium carbonate with another
material would be directly proportional to the percentage
of the active carbonate in the material, experiments were
still made to verify this by determining the counting
rate of different mixtures of active barium carbonate
and potassium chloride made by direct weighing and hence
of known percentage composition.

The results are represented graphically (opposite),
and can be seen to agree fairly well with theory, although
the "5est straight line" (shown as a broken line) suggests
that the counting rate of pure barium carbonate should
be 520 per minute as opposed to the observed value of

537 per minute. This could well pe due to differences
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differences in the self-absorption and the back-scattering
of the samples as the percentage composition varies.
Because of the relatively heavy barium atom present in
the carbonate, both of these factors would be expected

to be higher for the carbonate than for the potassium
chloride, and hence as the proportion of the carbonate
rises, the amount of backscattering and self-absorption
in the material must also rise. The two effects oppose
one another but unless by coincidence they cancel each
other there will always be a small residual effect.

The simple diagram opposite illustrates how the
combination of these two effects could give rise to a
curve similar to-that observed. The theoretical plot
is drawn of what the cbﬁnts per minute against percentage
active component would be in the case where no back-
scattering nor self-sbsorption had yet taken pléce,
(l1ine OA). The additional counts per minute caused
- by back-scattering are shown, (line OB) - this is not
a constant proportion of the total counts since the
composgsition and hence the back-scattering factor of the
material is altered, thé percentage of counts gained
rising as the percentage of the heavier component of
the mixture rises. Similarly the counts per minute

lost by self-absorption are shown (curve 0C), and/
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and they also are-not a constant fraction of the total’
since the self-absorption coefficient of the material
likewise varies with the percentage composition. The
combination of these three components would give the

curve of the observed counts per minute against percentage
composition (curve OD). As can be seen, this curve

lies above the broken straight line OD along its lower
half and then falls below it slightly. Although these
curves are purely hypothetical, this is exactly the shape
observed for the potassium chloride/active barium
carbonate mixtures, and they give a reasonable explanation
as to how it arose.

The possibility existed however that the deviations
from linearity in figure 16, page98, were due to experi-
mental errors. By making counts on each of four mixtures
made separately but of the same composition, the variation
caused by inadequacies in the technique was found, and
although the results (see table IV.8. overleaf) showed
that the possible error was large (up to 7%), all the
points produced lay above the line drawn from the origin
to the observed value for 100% barium carbonate, suggesting
that the observed curve is a true representation of what

oceurs.
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Table IV.8. Experimental error.

Wt. of BaCOg - 16-1 16°1 16-1 16°1

(mg.)
Wtz of)KCl 1819 1818 1819 181-9
mg . :
%age BaCOg 813 813 ’ 813 8:13
Cts./min. 50°9 53°2 485 497
% deviation 1°8 6°5 3°0 o7
Caled. rate 626 654 597 611
100% BaCOg
Observed rate 537 537 537 537
100% BaCOg -

The larger deviation of 6°5% is possibly caused by
insufficient grinding or by the natural limitation of
the accuracy of a radioactive estimation when the counting
rate approaches that of normal background (16 counts per

minute) as is the case here.

The above experiments show that extension of the
pellet pressing technique to smaller amounts of active
carbonate is accompanied by a loss in the accuracy of
the estimation in the case where a mixture of materials
is involved. Accuracy could be improved by determining
8 calibration curve to allow correctiens to be made for
variations of scattering and absorbing properties of the
mixtures, or by using the inactive form of the substance
itself as a "filler". In either case there is no way

of preventing the loss of accuracy inherent in the process/
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process of dilution other than by counting for much longer

lengths of time.

End-window gas counting.

Since for so0lid counting all samples must be burned
and then converted to barium carbonate, the process is
naturally time consuming and wasteful, for conversion
of the semple back to its original state , if required,
could be a difficult task. It was to avoid this expend-
iture of time and material that experiments were made
with 01* gas-filled counters, (unsuccessful - see sub-
section 2 of this chapter.) However an unexplored possib-
ility is that samples of gas could be estimated with an
end-window counter simply by sealing the window into a
cell, which could be evacuated and filled to a known
pressure with the gas which could then be assayed.

Such a counter has the attractions that it should function
with any gas contéining a radioactive isotope, that the
transfer of gas into the cell would be simple and papid

if the cell were attached to the reaction system by means

of a Topler pump, and, if desired, the gas could easily

be reclaimed using this same pump to put it back into

the system.
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Experience already gained in counter construction
suggested that making an end-window counter should be
fairly simple,.although if used for the above purpose,
the decisive factor would be whether & window could be
found suitsbly thin for C = estimetion (ca. 2 mg./sq.cm.)
that would survive the strain of continual fluctuations
from zero to almost one atmosphere in the pressure upon
it. Trial showed that mica was too easily broken, but
MELANEX film survived many pressure changes without break-
ing, although it stretched irreversibly under fairly
small pressure differentials, interfering with the counting
tube by displacing the anode and hence required the
additional support of_a grid made from a few crossing
nickel wires.

The essential details of this counter construction

are given in the appendix.

b. The counter filling.

Experiments were made to decide the ratio of ethyl
alcohol to argon and the total pressure of gas»filling
which gave rise to the best counting characteristics.

By filling the counter to the same total pressure
but with varying percentages of ethyl alcohol in the

mixture, then determining the curve of the counting rate/
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rate of a Go60 source against applied voltage and comparing
the lengths and slopes of the plateaus formed, the best
ratio was found. .kThis value (between 9 and 16% ethyl
alcohol) compared well with the normally used 10% alcohol.
Some typical curves are shown in figure A where it can

be seen that the actual ratio present has only a limited
effeet on the counting characteristics and hence it is

by no means a critical factor.

In:a similar manner, by determining the dependence
of the counter on the internal pressure of an alcohol/
argon mixture (10% EtOH), it Was shown that the best
operating pressure was between 80 and 100 nmm. of mercury,
again agreeing well with standard practice (100 mm. ).

The aécompanying figure B 1illustrates how change in
pressure of the filling affects the length and slope
of the resultant plateau.

During these experiments, since it was noticed that
the starting voltage rose with time and also the plateau
slope and length improved for any specific filling, the
plateau determinations for the above mixtures were made
on filling, to give & valid cémparison of one with the
other. Examples of this settling down effect can be seen

in figure A where the curve for 7% alcohol shows much the/
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the best plateau, but was only obtained 24 hours after
filling, and in figure B, where the curve for 178 mm.
pressure was repeated 24 hours later giving a much im-

proved plateau. (Shown as a broken line.)

c. Calibration.

Before actually using the counter it was necessar&
‘to see how the counting rate depended on the pressure
of the radiéactive gas in the sample holder. Constant
geometry from one sample to the other was ensured since
the counter window was attached permanently in a fixed
Position in the gas cell, and for the same feason the
scattering effect of the sample holder (made of glass)
was also a constant factor. However it was necessary
to determine the effect of self-absorption and self back-
gcattering of the sample on the count rate, since as its
pressure is raised, its effective thickness is also raised
and hence more self-absorption will occur. The necessary
calibration curve was found by plotting the counting
rate of different pressures of the same sample against
its pressure, and by using the curve to convert counting
rates to a standard pressure, valid comparison of the
activities of different samples could be made, without
involving troublesome pressure adjustments.
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Calibration curves for carbon dioxide (from active
barium carbonate by the asction of concentrated sulphuric
acid) and for carbon monoxide (from active sodium formate
and concentrated sulphuric acid) are shown in the figure
opposite. These curves are not identical since self-
absorption is dependent on the density of the material
and these two gases have different densities at the
same pressure in the holder. For comparison of one
- gas with the other, it is necessary therefore to ploct
count rate against density and not pressure. Such a
curve is illustrated in figure 18 and as would be expected
exactly the same curve is given for carbon dioxide as
for carbon monoxide. (Broken line)

The.specific activity of the geas can be measured
as cts./min. per mg./ml. since the volume of the cell
remains constant. If the curves produced above are
due entirely to self-absorption, then the plot of the
logarithm of specific activity against thickness of the
sample (measured as a density here) will be linear since
self-absorption is an exponential function of thickness.
Such a plot for carbon dioxide is shown in figure 19
overleaf, and where thickness is small, can be seen to
be curved showing that scattering is taking place to a

noticeable extent. This curve is similar to that found/
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89 32
found by Shaw for barium phosphate containing P and

128
for silver iodide containing I although the maximum
14 '
is at a much lower thickness for C than for these
heavier compounds, as would be expected for the weaker

14
radiation of C .
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V. EXPERIMENTAL DETATIS.

v.1l. The apparatus and its manipulation.

8. The circulating apparatus.

This was in effect an assembly of separate glass
units joined together by glass tubing to form a cycle
around which gas could be continuously circulated.

In order these units were,
1) Circulating pump.
2) Pump exit ballast bulb.
3) Flowmeter.
4) Reaction chamber.
5) Cold traps.
6) Pump entrance ballast bulb.

Various other units were attached to the cycle at

convenient points, as shown in the block schematic diagrem,

pege 15.
. 7Y High vacuum line.

8) Gas reservoir.
9) Gasometer.
10) Gas purification and synthesis unit
11) Heated decomposition tube.
The construction and function of each of these units

will be described in turn.
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a.l. The circulating pump.

During the earlier preliminary runs the pump used
to circulate the gas in the system was an electromagnetic
piston pump similar to that described by Porter, Bardwell
and Lind*2 employing a glass piston enclosing a soft
iron core. The piston was réised by means of a solenoid
and fell under gravity when the current through the
' solenoid was discontinued. By using a make-and-break
device of ﬁwo brass plates forced into contact at regular
intervals of time by a rotating cam driven by an electric
motor, the necessary movement was imparted to the piston,
and}by incorporating two ground glass ball valves making
movement of the gas possible in one direction only, flow
was produced of up to 12 litres per hour depending on
the speed of rotation of the cam.

This pump had sevéral limitations, the major of which
was that the solenoid became very hot when in operation
and although the heating effect on the gas stream was
probably harmless, the risk of fire made it unsafe to
leave the apparatus unattended and so imposed a limit-
ation on the length of a cyeling run.

An alternative was therefore constructed in the form

of a modification of the automatic gas circulating pump
1

of Simons, Brice, and Pearlson*
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In this pump the piston was mercury in one arm of
a U-tube and was recurrently raised and lowered by means
of an eleqtrical circuit which alternately applied and
released a vacuum on the other limb of the U-tube, the
gas being forced to flow by means of one-way mercury
valves on either side of the pump. In the present case
the pump was simplified in that the necessary motion
of the piston was produced by the action of a head of
water:above,the mercury in the non-piston limb of the
U-tube, which was varied regularly and continuously
between two 1evé1s by means of an ordinary siphon
arrangement. Water was admitted at a steady rate to
the limb and the level rose until it reached the tép ,
of the siphon when it fell sgain until the siphon was
broken. By simple adjustments to the rate of admission
of water and to the height of the siphon, it was possible to
produce a;most any desired rate and length of stroke
of the mercury piston.

When gases were cycled in the system, the internal
pressure normally fell with time. To follow this drop
in pressure accurately it was essential to ensure that
at each pressure reading the volume of the system was
constant,i.e. that at each reading the level of the mercury

piston was the same. This was accomplished by placing/
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placing a large bore tap (10 mm.) below the piston, which'
when shut prevented the oscillations in the water head
from registering on the mercury, and further by attaching
another tap to the béttom of the U-tube through which
mercury could be removed when necessary, otherwise as
the internal pressure dropped, the mercury in the piston
would rise continuously under the atmospheric pressure on
the other end of the tube. In this way it was possible
to have the mercury piston at the same level for all the
pressure readings.

To allow for a large pressure contraction during a
cyeling run, it was essential to have a correspondingly
 1arge-distance between the bottom of the U-tube and the
mercury piston level. Further, to meke maximum use of
the short mercury movements, it was necessary to have the
cross-sectional area of the mercury levels as large as
possible. In practice a compromise was struck between
the large dimensions of the pump desirable in this way,
and the small dimensions preferable to reduce to a minimum
. the strain imposed on the glass by the weight of the
mercury. The open limb of the U-tube was a glass
cylinder 35 mm. in diameter which could be filled with
mercury to a maximum height of 400 mm. The diameter of

the piston was 90 mm. Although with a movement of 5 mm./
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5 mm. of the mercury in the piston per stroke and &
maximum of three strokes per minute, the rate of flow
realisable was over 8 litres per hour, the pump was
usually»fun at 5 litres per hour, and could be left
unattended with the utmost confidence that the rate of
flow produced would be maintained constant for a pressure

range of 800 mm. to 400mm. within the cycle.

a.2. - The exit ballast bulb.

This was a bulb of 3 litre capacity, placed betﬁeen
the pump and the flowmeter, which had the effect of
smoothing out the surges in the gas stream produced by
the action of the pump. It was possible however to
isolate this bulb and pass the gas straight from the
pump to the flowmeter, in which case fluctuations of
up to 1 cm. were registered on the flowmeter compared
with the imm.surges produced when the gas passed through

the bulb.

2.3, The flowmeter.

42
Tre:. flowmeter was of standard design , the rate
of flow of the gas through a capillary tube being pro-

portional to the pressure differential between the ends/
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ends of the tube, and this was determined from the differ-
ence,in the levels of a liquid in a U-tube, one end of
which was attached to each end of the capillary.

The liquid used in this case was dibutyl phthallate,
which has a suitably low vapour pressure. During the
_ cycling experiments, this flowmeter was used merely as
" a guide as to whether flow was or was not taking place,
since there were too many difficulties attached to using
it as a quantitative guide. (The calculation of the
relationship between the rate of flow and the difference
in levels in the limbs is not at all easy for a mixture
of gases in constantly varying proportions and varying
pressures. ) If required it was considered more reliable
to use the rate of stroke of the circulating pump as a
measure of the rate of flow. The flowmeter was useful
when taking & pressure reading since it gave a reliable
guide as tq whether the pressure gradient in the apparatus

had evened out and it was safe to take a pressure reading.

8.4. The reaction chamber.

This was the central tube of a B1l9 water condenser
which had been modified, the cone end having been replaced .
by a length of glass tubing bent in & U shape with a
ground glass joint at its end so that the unit could/
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could be detached for filling simply by pulling apart
the two sets of joints simultaneously. When attached
‘the tube was in a vertical position.

The leads of the outer jacket of the condenser were
4also replaced by Quickfit joints in such a way that a
distillation flask could be fitted on to the lower and
a condenser on to the other and by boiling a liquid in
the flask and condensing it in the condenser, the inner
tube of the modified condenser could be maintained at
a constant temperature - the boiling point of the liquid
in question.

This constant temperature zone was the reaction
chamber of the cycling apparatus, and the solid was held
within its limits by means of glass wool plugs. That
the reaction bed was at the expected tamperapﬁre was
confirméd by reading the temperature on a thérmometer
which penetrated through the top glass wool plug so that
its bulb was immersed in the solid.

When in use the gas stream entered from tﬂe lower
end of the vessel, passed through a preheating zone of
about two inches of glass wool plug, then over the solid
and out at the top of the tube.

For filling, fhe U-tube was detached by melting the
sealing wax and pulling the joints apart so that the
whole unit was separated from the cycle. The lower/
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lower glass wool plug was placed in position, the vessel
was inverted over an open weighed tube containing the
s80lid to be used and on restoring to its normal position
~the solid was transferred to the reaction chamber. | The
weighed tube was then tapped to remove any loose particles,
withdrawn from the reaction tube and reweighed to give

by difference in weights the amount of solid in the tube.
The upper glass wool plug and the thermometer (300 or

550° C. when necessary) were then put in place and the
reaction tube was attached to the system once more with

vacuum tight joints sealed with Picein.

As stated above the temperature of the reaction
chamber was controlled by the boiling point of the liquid
in the round pottom flask attached to the outer jacket
of the reaction vessel. This bulb was readily detachable
because of‘its ground glass Jjoint connection and hence
the liquid and therefore the reaction temperature could
be altered at will. The liquid was boiled by means
of an electrically heated mantle. The following is

a list of the liquids used and the resultant temperatures.

Petroleum ether 28°C.
Diethyl ether 35°C.
; | Allyl chloride 48°C.
Acetone : 56°C.
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Methyl alcohol 659C.

Benzene | 80 C.
watef | 100°C.
Bromobenzene 1560C.
Aniline | 185°¢C.
Impure aniline 190°¢.

In the preparation of & Fischer-Tropsch catalyst
it was neceésary to maintain the reactor at 440°C. for
several hours. This was not possible using the above
method and it was necessary to wind a length (ca. 4 yards )
of nichrome tape on asbestos paper around the outer jacket
of the reaction vessel and to heat the system electrically

using a SUNVIC control to maintain the desired temperature.

a.5. The cold traps.

These were three in number and.all were of standard
formia, the gas eﬁtering through a side arm and leaving
via a éentre tube which penetrated to within one inch
of the bottom of the trap. Each trap had a volume of
about 130 ml. and they were joined directly in series.

During cycling runs they were immersed in liquid

oxygen and before making a pressure reading, it was the/
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the invariable practice to fill up the Dewars with this
refrigerant to a point one inch below the entrance of
the side arm.

/ The traps were efficient enough to rémove all
vapours from the cycling gas stream except carbon mono-
xide, argon, hydrogen, and some methane. This made it
an easy matter to separate reactants and reaction

products éexcept for the case of methane in a Pischer-

Tropsch reaction, which required special treatment.

a.6. The entrance ballast bulb.

This 2 litre glass bulb served a similar function
to the exit ballast bulb, i.e. pulses in the gas stream

were smoothed out.

8.7. The high vacuum line.

This was a standard vacuum line having two mercury
pumps in series backed by a rotary oil pump. Since
this line was often used to evacuate the cycle when it
was full of carbon monoxide, the oil pump was housed
in a fume cupboard to prevent the poisonous gas entering

the laboratory atmosphere.
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a.3. The gas reservoir.

This reservoir consisted of four 5 litre bulbs joined
together by a glass neckpiece and equipped with a mano-
meter. It was attached not only to the cycle, but also
to the gas synthesis line and thé high vacuum line so that
it could be evacuated and then filled with any desired
gas or gases to any desired pressure (read on the mano-
meter). The principal use of the reservoir was to pre-
pare mixtures of gases in known proportions for admission
to the cycle. For this purpose it was also found essential
to attach a Topler pump to the bulbs so that the combination
of gases within the bulbs could be thoroughly stirred to
produce the necessary homogeneity in the mixture, since
natural diffusion was not rapid enough to accomplish this

in a short time.

a.9. The gasometer.

This was a 10 litre glass jar fitted with a rubber
stopper through which two short leads and one long lead
of glass tubing weré passed. Each of the two short 1¢ads
was provided with a tap a short distance above the stopper
and penetrated just through the stopper and no more. The

longest lead passed almost to the bottom of the gasometer.
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The first short lead led through connecting tubing to
the gas synthesis unit and also to the cycle, so that
gas could either be fed from the synthesis unit into the
gasometer or led from the gasometer into the cycle.
The second short lead was to a supply of water maintained
at a constant height no matter how much water was allowed
to flow into the gasometer. This was accomplished by
means of a "constant head" device consisting of a glass
tube (24 mm. diameter) with an overflow sidearm attached
5 cﬁs; above the attachment to the gasometer. Water
was admitted at such a rate to this tube that, no matter
the rate at which it was allowed to flow into the gasometer
there was always some overflowing through the side arm.
The third and longer lead was an outlet for the expulsion
of water fram the gasometer when it was being filled.
So that the water could be collected and measured, this
tube was bent overat the top.

The gasometer was filled with water and the tap to
the water supply was closed. Gas A was then admitted
from the synthesis line, expelling water which was collected
and gave a measure of the volume of A in the gasometer at
the pressure P, where P is equal to the atmospheric pressure
less the saturated water vapour for the temperature of

the water, but plus the pressure equivalent to the head

of water in the expulsion tube( i.e. the distance in/

119 .



in cms. between the top of the outlet tube and the water
level in the gasometer, divided by 13°6 to convert to cms.
of mercury). The entrance tap was shut and the pre-
paration line was evacuated and then filled with gas B.
When at a sufficiently high pfessure, B was similarly
allowed to entér the gasometer, displacing water. From
the volume and préssure of each gas the composition of the
mixture was known.

The function of the gasometer was to provide & constant
flow of’gas or gas mixture over the solid in the reaction
chamber of the cycle. By opening the tap to the constant
head device, water was allowed to flow into the gasometer
expelling the gas at a constant rate, which was led over
hot copper (200°C.) to remove any conteminating oxygen
from the water, through two large liquid oxygen traps to
remove any carbon dioxide and water vapour, then over the
flowmeter and into the reaction chamber. The consistency
of flow of the gas provided in this manner was very satis-
factory, the flowmeter giving an unwavering yeadinglthrough-
out the run. Since the attachment from the constant
head to the gasometer was of rubber tubing for part of
its length, it was possible to alter the height of the
head and therefore to alter the rate of flow from run to
run.
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8.10. The gas synthesis and purification line.

The gases required for use in the cycle were prepared
as outlined in the section V.2., and were each admitted
to the purification line through a separate vacuum tap.
In the cases of hydrogen, argon, and carbon monoxide
where it was sometimes desirable to measure the rate
.of flow, a flowmeter was placed between the cylinder
and the tap.

Purification consisted of passage over copper at
200°C. to remove any traces of oxygen which would other-
wise poison the nickel, then through two large liquid
oxygen traps to remove other contaminants such as water
vapour. (In the case of methane these traps were immersed
in acetone/solid carbon dioxide, since liguid oxygen
would condense this gas.) Carbon monoxide was given
the treatment of a scrubbing in conceﬁtratéd sodium
hydroxide solution (in two 3 ft. high tubes packed with
glass beads) before passing into the cold traps. The
gases were admitted either into the cycle or into the
reservoir on leaving the second cold trap.

An attachment to the vacuum line made it possible
to évacuate both the purification and the synthesis lines

at any time.
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~8.11. The decomposition tube.

This was a Pyrex tube attached by a ground glass
joint and a vacuum tap to the exit end of the reaction
chamber. The tube was 24mm. diameter, 30 cms; long,
and was tapered at the exit end to allow attachment of
a rubber tube which led to a fine glass Jjet under water
through which effluent gas was bubbled and collected.

A tubular furnace heated the tube to about 500°C. and
as a result, any nickel carbonyl passing down the tube
was decomposed before it reached the exit, and either
deposited a nickel mirror on the walls or was filtered
frok the gas stream by a glass wool plug at the exit of
the hot tube.

a.l2. Use of the cycle.

As long as the circulation velocity is much greater
than the reaction velocity, then there is no doubt that
true reaction:velocities are measured in the quasidynamie
arrangement which this cycle constitutes?* The reaction
velocity in the reactions studied with this apparatus
was conveniently measured by the rate of loss of pressure
within the apparatus. It was invariably found that the
rate of reaction was very much less than the rate of
flow.within the system.

The measurement of pressure involved the following
operations.
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(1)
(2)
(3)
(4)
- (5)
(7)

(8)

The Dewar vessels around the cold traps were filled
up to the standard level.

The circulating pump was stopped with the piston

at the mark.

The tap to the manometer was opened.

The teﬁperature of the system was read to the nearest
0:100, by means of a thermometer hanging in the
middle of the apparatus.

When the flowmeter showed that f£low had stopped

ﬁhe taﬁ to the manometer was closed.

The tap on the pump was then opened and the gas
circﬁlation resumed.

The pressure reading was noted to the nearest 0°05 mm.

using a cathetometer.

Apart from the actual reading of pressure, the above

process was completed in about 30 seconds.

During a run such readings were taken at noted times

(generally every 30 minutes), and the pressures were

all corrected for temperature variations by converting

to 20°0°C. before comparison was made.
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b. Apparatus for studying the thermal decomposition

of nickel carbonyl.

This apparatus was designed for flow type experiments
and had the following units in series.

(1) Cylinder of carrier gas (nitrogen oxygen-free).

(2) Flowmeter of standard designf2

(3) Tube containing Phosphorus pentoxide to dry

the gas stream. ’

(4) Bubbler containing nickel carbonyl liquid.

(5) GCooled traps (-20°C.).

(6) Reaction vessel.

(7) Heated decomposition tube.

(8) Gas collection vessel.

Units (1) to (5) were attached to the high vacuum
line. There was a by-pass between (3) and (6) so that
the reaction vessel could be flushed éﬁt wi%h»carrier
gas before useé. (This operation was generally half an
hour in duration.) There was an outlet placed just
before the entrance tap of the reaction vessel so that
a steady stream of nickel carbonyl carrying gas could
be set flowing and then diverted at a noted time into
the reaction vessel. ‘

Because of the dangers of explosion and of leakage
of the highly toxic nickel carbonyl vapour, this apparatus
“was constructed within a fume cupboard.
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The nickel carbonyl bubbler consisted of a glass U-tube
with one thin limb and one broad limb which was packed
with glass beads. The nickel carbonyl was distilled
~into this carburettor through a vacuum tap at the top
of the broad 1iﬁb, and was freed from dissolved carbon
monoxide by alternately freezing and liquefying six times,
opening the vessel to the pumps when the carbonyl was
was frozen. During a run, carrier gas was admitted
through the narrow limb, bubbled through the liquid and
left theivessel saturated with nickel carbonyl vapour.
This stfeam of gas was next passed through four cooled
traps connected in series and all immersed in a slush
bath at -20°C. (technical grade tetrachloroethylene),
where the carbonyl vapour pressure was reduced to a known
congtant value. These traps were of standard design
but were filled with small pieces of glass to give a
much larger cold surface for condensation. By altering
the temperature‘of the traps it was possible to change
the carbonyl content of the gas stream, although in
practice it proved impossible to reduce it below -25°C.
without choking the traps with so0lid nickel carbonyl.
The results shown overleaf are satisfactory since
it is apparent that the amount of nickel carbonyl entering

the reaction vessel is the same from run to run.
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Table V.1. Consistency of nickel carbonyl vapour

pressure from run to run.

Run number 1 2_ “ 3 4 5
mg.Ni/ml.gas  0°12% 0°126 0°124 0°124 0-124
Run number 6 - 7 8 o 10
mg.Ni/ml.gas 0°123 0°1256 0123 0124 0°126

The reattion vessel was the spiral of a B19 spiral
condenser, which was modified for this purpose by having
ground glass joints fitted to the leads to the spiral.

- These joints allowed the vessel to be readily detached
from the system. The spiral was kept at constant
temperature. by £illing the surrounding jacket with the
vapour of a liquid which was Pboiling in a flask attached
to the bottom of the modified condenser, and which was
condensing in a condenser attached above. The temperature
was readily altered by changing the liquid in the boiler,
and the témperature was read on a thermometer hanging

with its bulb at the centre of the spiral.

The efflﬁent gas from the reaction chamber passed
down a heated decomposition tube identical with that
described on page 122, where the residual carbonyl was

decomposed.
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By timing the collection of a known quantity of gas
effluent from the decompoéition tube, noting the duration
of the run, and determining the amount of nickel
deposited in the reaction tube and also in the decompo-
sition tube, it was possible to calcﬁlate the number of
carbonyl molecules entering and leaving the reaction
tube per second. From the volume of the spiral and the
. rate of flow of gas through it, the average time each
of these molecules spent within the reaction zone could
be found. If a known but variabie gquantity of carbon
monoxide‘were continuously introduced into the carrier
gas, and the total flow rate varied from run to run,
thén determination of the corresponding variations in
the above calculated quantities would make possible the
derivation of the kinetics of decomposition of nickel
carbonyl. | |

As stated,éarlier the results were very disappointing
gsince there was no consistency in the results of experi-
ments made under identical conditions, and therefore no
reliance could be placed on the results of runs made

under varying conditions.

S 14
c.l. Apparatus used for C  tracer work.

This was a simple vacuum manifold with the following/
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following units attached:-

(1) Manometer.

(2) Gas counter tube.

(3) Gas counter cell.

(4)‘ Detachable reservoir bulbs (500 ml.) for -
a. Argon/ethyl alcohol mixture for counter.
b. Ci* active carbon monoxide.
c. Ciﬁ active carbon dioxide.

(5) Gié_gas synthesis unit.

(6): Reservoirs for liquid
a. Ethyl alcohol.
b. Nickel carbonyl.

c. Carbon disulphide. (A temporary fixture.)

(7) Topler pump.

The only unusual feature of this apparatus was the
Topler pump which was equipped with vaéﬁum tépé instead
of the normal metél bali valves. The pump was used to
transfer gas from the manifold or any of the attached
units into the reaction vessel which was attached to the
"outlet" end by a quickfit joint. By driving (if necess-
ary with the aid of the pressure from a gas cylinder) the
mercury right up this connection to the vacuum tap entrance

of the reaction vessel, which was then closed, it was/
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was possible to ensure complete transfer of gas from,
say the gas sample cell, to the reaction bulb.

The pump could also be used to transfer gas from the
reaction vessel to the main line dead space, which was
used alone, or in conjunction with the sample céll, as
a calibrated volume for measuring (with the manometer)
guantities of gas.

The reservoir bulbs could be removed from, and reatt-

ached to the wvacuum line by means of ground glass joints.

14
c.2. C_-—containing gas assay.

The assay of a gas sample consisted of the following
steps -~
(1) The sample was pumped from the reaction bulb
into the manifold and the gas counter cell.
(2) The pressure and temperature were noted.
(3) The sample holder was closed and the count was
made.
- (4) The sample was then completely pumped back into
the reaction vessel, i.e. ﬁntil the pressure

in the manifold became 2zero.

Used in this way the counter gave no noticeable

"memory" effect, although if a highly active sample was/
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was left in contact with the counter window for a long
time (24 hours), the background count of the tube rose
noticeably (from 65 per minute to 80 or more). This

is believed to be caused by diffusion of active gas
through the MELANEX (known to be slightly permeaﬁle to
gases). The background was reduced to normal by evacu-
ating the tube to a low vacuum and then refilling from

the reservoir bulb of argon/ethyl alcohol mixture.

2. Preparation and purification of materials.

a. Carbon monoxide.

This was prepared by the action of concentrated sul-
phuric acid on formic acidf5 The reaction vessel was a
2‘1itre three-necked flask with two dropping funnels att-
ached for adding the reactants, and a mercury bubbler
safety valve. Air was removed from ﬁhe apﬁaratus through
an attachment ‘to the vacuum line, and then the reactants
were allowed to enter. The carbon monoxide evolution
was brisk at first but eventually had to be promoted by
heating. Because of the large capacity of the vessel
it was possible to generate up to 300 litres of carbon

monoxide before the flask required removal for emptying.
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The gas was purified by passage over copper at 200°C.,
through concentrated sodium hydroxide solution, and then
two liquid air traps. The first few litres were discarded

~as a further precaution against contamination.

b. Argon.

This gas was supplied in a cylinder by British Oxygen
Gases, Ltd., and before use it was passed over the hot
copper to remove any oxygen, and then through two liquid

oxygen cooled traps.

c. Hydrogen.
Also supplied in a cylinder by British Oxygen Gases,

Ltd., this gas was purified in an identical manner to

the argon.

4. Nitrogen.

This gas was supplied free from ok&gen fy>British
Oxygen Gases,Ltd., and was dried before use by passage
through a tube packed with phosphorus pentoxide. Since
the results using this gas were poor, for later runs it
was also passed over hot copper to remove any oxygen
traces.

-e. Nickel formate.

The nickel formate supplied by British Drug Houses,/

131.




Houses, Ltd., was found to be impregnated with ammonium
salts which poisoned the nickel produced from the formate
for carbonyl synthesis. The material was therefore
prrepared from AnalaR reagents as described by Csuros,
Geczy, and Szabo.*s

Sodium carbonate (110 g.) dissolved in a little
distilled water, was slowly added to a boiling solution
of nickel sulphate (250 g.) in distilled water (500 g.).
The precipitate was washed with distilled water until
neutral, dissolved in 98% formic acid (100 g.), boiled
and filtered, giving rise to green crystalline nickel

formate (161 g.) when dried at 100°C.

f£. Nickel carbonyl.

Although the experiments on the kineties of the
synthesis of nickel carbonyl gave rise to this compound,
the yields were insufficient for the needs of the decom-
position expériments, and were therefore supplemented by
making the carbonyl as described in Inorganic Syntheses.*7

'Carbon monoxide was passed at 60°C. over active hickel
produced by the decomposition of nickel formate in a stream
of hydrogen at 180°C., and the effluent gas was cooled in

a trap immersed in liquid oxygen and then passed into the

air vent of a Bunsen burner, The carbon monoxide supply/
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supply line was equipped with a mercury bubbler safety
valve in case the condensation of the carbonyl choked
the cold trap.

The carbonyl was purified by distillation over
Phosphorus pentoxide, and two further vacuum distillations
from -20°C. to -180°¢C. Finally it was freed from ény
dissolved carbon monoxide by'alternately freezing and
liquefying, pumping off any gas left when the carbonyl was

frozen.

g. Nickel Fischer-Tropsch catalyst.

This was prepared as described by Aicher, Myddletoq,
end Walker. _

Nickel nitréte (1000 g.), manganese nitrate (200 g.),
and aluminium nitrate (136 g.) were dissolved in distilled
water (2 litres), kieselguhr (240 g.) was added, and a
solution of potassium carbonate (880 g: in 2 litres) was
stirred in. ‘The mixture was boiled for 15 minutes then
the precipitate was filtered and washed with hot distilled
water (30 litres). The solid was dried and the final
step of the synthesis, the reduction with hydrogen at
450°C. for several hours, was carried out with the solid

in the reaction chamber of the cycling apparatus.
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h. Standard nickel solution.

For thé colorimetric éstimation of nickei solutions
it was necessary to have standard nickel solutions with
which the unknown solutions could be compared. A standard
solution was prepared by dissolving a piece of 99°9% pure
nickel wire (20, 30, or 40 mg.) supplied by Johnson-
Matthey Ltd., in 50% nitric acid and making the solution

up to 1 litre with distilled water.

= - 14
i. Homogeneous C___active barium carbonate.

Solid Cié barium carbonate was placed at the bottom
of a three-necked 3 litre flask which was then swept free
from atmospheric carbon dioxide with a stream of nitrogen
previously passed over soda-asbestos. The gas entrance
and exit taps were then closed, and concentrated sulphuric
acid admitted to the vessel from a dropper in the third
neck. The barium carbonate dissolved as sulphate evolving
carbon dioxide:gas, and since all the Ci* was present in
the gas phase at the same time, the material soon became
homogeneous by diffusion. The flask was allowed to stand
for an hour and the nitrogen flow was then resumed, but
this time the effluent gas was passed through four bubblers
in series containing a solution of barium hydroxide, where
the carbon dioxide was converted to barium carbonate as

it was swept from the flask.
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These barium hydroxide solution bubblers were centri-
fuge tubes (50 m.) fitted with rubber stoppers through
each of which passed two leads of glass tubing (2 mm.
bore ), one almost to the bottom of the tube, the other
just through the stopper and no more. The tube was
flushed with nitrogen (free from carbon diéxide), and the
baryta was filtered into it by comnecting the longer glass
lead to the filter funnel.  The four tubes were connected
to each other and to the carbon dioxide generator by
short lengths of rubber tubing. When all the carbonate
had been precipitated, the tubes were centrifuged with
the stoppers still on. The stoppers were removed, the
solution poured off gquickly and the tube washed with\hgt
waber (boiled). The precipitate was washed several'fimbév
with this water, twice with ethyl alcohol and finally
with ether after which it was collectéd andfképt in a

vacuum desiccator until required.

Jj. Radioactive carbon monoxide. .

A solution of Ci* radiocactive sodium formate was
evaporated to dryness in a 50 ml. flask, which was then
.Pitted with a dropping funnel containing concentrated
sulphuric acid and attached through a small cold trap to

the vacuum line. The carbon monoxide reservoir was/
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was cdnnectedbto the Topler pump and the entire apparatus
was evacuated. The acid was admitted, producing carbon
monoxide which passed through a small trap cooled in
liguid oxygen to remove acid spray and any carbon dioxide,
as it was pumped into the reservoir bulb. The bulb was
then closed, detached and reconnected to the vacuum line

in its normal positicn.

k. Radiocactive carbon dioxide.

This was made by the analogous reaction between
concentrated sulphuric acid and solid barium carbonate
containing Ci* using an identical set of operations to
the above, except that the liquid oxygen bath was replaced

by an acetone/solid carbon dioxide slush bath.

1. Methane,

Made by heating a mixture of sodium acetate and soda
lime in a tube attached to the gas synthesis line, the
methane was pﬁrified by passage over copper at 200°C.
and then through two ffaps immersed in an acetone /solid

carbon dioxide cooling mixture.

m. Solution of ammoniascal cuprous chiloride.

This solution was used to effect the separation of

methane and carbon monoxide since it dissolves the latter/
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latter readily but does not affect methane?9 On adding
the solution to a mixture of these tw§ gases the carbon
monoxide dissolved, and the methane could be pumped off
into & separate vessel if the solution were first frozen.

The carbon monoxide could be regenerated by adding
concentrated sulphuric acid to the solution%g, and passing
the product gas through a liquid oxygen trep to remove
any carbon dioxide formed at the same time from ammonium
carbonate iq the solution.

Preparation.

Ammonia gas from a cylinder was bubbled through
concentrated ammonia solution for ten minutes or so
to remove any dissolved permanent gases. Excess cuprous
chléride was added followed by an equal volume of freshly
boiled distilled water, and the vessel was stoppered.
This gave a solution free from oxygen.and nitrogen and

effective in the absorption of carbon monoxide.

%. The estimation of the nickel deposited by the thermal

decomposition of nickel carbonyl.

The nickel deposit was dissolved in hot 50% nitric
acid and the solution made up’ to & known volume in &
standard flask. Some of this solution was then estimated
colorimetrically using the red nickel dimethylglyoxime
complex in ammoniacal solution in thé presence of an oxid-

ising agent, and a Unicam spectrophotometer. 137.




50
The details of the method are as follows -
5 ml. of the unknown solution were pipetted into a

50 ml. graduated flask, and 15 ml. of water were added.

Freshly prepared saturated bromine water was added drop-
wise until the solution was distinctly yellow and then |
2 drops in excess. 10 ml. of concentrated ammonia were
introduced followed by 2 ml. of a 1% solution of the sodium
salt of dimethylglyoxime in water. The solution was then
made up to the mark with water and the flask shaken well.
After sfanﬂing for 30 minutes the optical demnsity of
the solution was measured at 4,450 X in a 10 mm. glass
cell with an SP. 500 Unicam spectrophotometer. By
comparison with the optical densities of two different
standard nickel solutions determined simultaneously with
the unknown, the amount of nickel in 5 ml. of the unknown
solution could be calculated, and hence the amount of

nickel in the original deposit could be found.
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V.

4. Experimental results.

The more important results are embodied in the text

as either diagrams or tables.

results which it was not considered essential to give

eérlier.

a. Nickel carbonyl decomposition runs - (page 60Q).

This section contains

Some specimen results are given below.

As can be

seen from the last column, the reproducibility from run

to run was poor.

Run Time of

run in

seconds
Dy 1800
D, 1800
Dg 1800
D, 1800
Dg 1800
Dy 1800
D, 1800
Dg 1800

Flow Spiral Wt. of Ni
rate temp. deposit
in spiral deposit

1/hr. °0(@.

4+50 65
438 65
4-42 65
4°56 65
4-39 65
450 65
444 65

447 65

4°8

4:3

29

34
1-2
4°5
39
2:3

Total
Ni |

281
276
276
287
277
280
276
278

%age
decomp.

1.7
15
10
12
04
16
14
08



R
b. C__exchange experiments.

b.l. Carbon manoxide and methane. - (page 73).

Original count rate of carbon monoxide corrected to
20 cms. pressure was 507 counts per minute and the final
rate was 511 counts per minute. Therefore no exchange

had taken place.

b.2. Nickel carbonyl and methane - (page 74).

After 5 hours of cyecling, the count rate of a sample
of mefhane at 13°7 cms. pressure was 67°2%0:7 counts per
minute. On comparing with the natural background count
of 65°'7 ¥ 0°7 per mimute, it was apparent that there had

been no exchange.

b.3. Carbon monoxide and nickel carbonyl.

Temperature in °C. 35 57 57 57 57
Time in minutes 720 720 60 6 644
Original Pcof(mm.) 207 246 272 280 280
Final P, (mm. ) 207 247 274 281 281
Pressure of Ni(CO)ér . 46 51 37 43 43
Ofiginal count rate 510 513 511 510. 5LO
( carbon monoxide)

Final count rate 463 287 341 400 346
% of possible exchange 20 100 99 o7 85
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14
c. Bstimation of C content of barium carbonate by

counting from solid. - (pages 89-90).

c.l. Suspensions.

The average of 50 different estimations at infinite
thickness was 492°6 counts per minute. The following
table gives an example of how the count varied from

sample to sample, and the percéntage deviation from the mean.

‘Sample Cts/min. Deviation Sample Cts/m. Deviation

1 4816 2-2 6 471°0 4-4
2 47%-9 3-8 7 501-1 1-8
3 5102 36 8 4876 1:0
4 478°6 2-8 9 493:°1 01
5 5260 68 10 4744 3.7
11 5027 240 12 4999 1-5

c.2. Pastes.

Sample Cts/min. Deviation Sample Cts/m. Deviation.

1 483°1 1-9 5 4932 0-1
2 4756 34 6 487:°6 1°0
3 5111 3:8 7 5011 17
4 5089 343 8 4976 10
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c.3. Piltering.

- Sample
1

2
3
4
15}

after pressing with hot stéel

6
"
8
9
10

Cts./min. % deviation.

482:°7
4772
5016
495°0
506°9

487°6
4931
489:°6
5021
485°5

e em ew ew ew e ew

20
31
1-8
08
2°9

rod
10
0-1
0°6
19

14
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Appendix.

An APEX hydraulic press, Type Al, capable of applying
10 tons/sqg.inch, was used to supply the pressure for

making pellets for counting.

The die used with the above press was supplied by the
Research and Industrial Instruments Company, and is
normally used to prepare discs of potassium chloride or

bromide for infra-red spectroscopy.

The count was made with an EKCO scalar type N 529B.

The end~window gas counter was constructed in a similar
manner to the counter shown in the diagram facing page 82,
except that the lower end of the glass jacket was ﬁot
sealed off, but was flanged outwards and sealed to a window.
The central anode wire was ended in a glass bead to prevent
spurious discﬁarges, just above the foot of the copper
cathode, and was left supported by the top glass/tungsten
seal only.

The window was of MELANEX (less than 2 mg./sq. cm. in
thickness) sealed to a brass ring of the same dimensions
as the glass flange and supported by five nickel wires

soldered to the ring, which was sealed with Picein to the/
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to the flange of the counting tube on the one side, and
to the flange of the gas sample cell on the other. |
Before fitting the copper cathode it was treated as
follows -
(1) Immersed in solution A at 80°C. for 8 minutes.
(2) Removed and immersed immediately in solution B
for no more than two minutes then washed thoroughly
in water.
(8) Dipped in solution C for a few seconds, washed

immediately and thoroughly, rinsed in alcohol

and allowed to dry.

Solution A.

Ammonium chloride (300 g.), concentrated hydrochloric
acid (90 ml.), and gelatin (50 ml. of a solution 0°2% by

vinegar), made up to 1 litre with water.

Solution B.

Chromic acid (250 g.), concentrated sulphuric acid
(75 ml.), solution A (35 ml.), and gelatin (50 ml.), made

up to 1 litre with water.

Solution C.

Chromic acid (250 g.), concentrated sulphuric acid

(75 ml.), made up to 1 litre with water.
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