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SUMMARY.

PART 1I.

In this section a comprehensive study of the combustion
of methane by means of copper oxide has been carried out. The
influence of temperature on the amount of methane burned by a
constant weight of cépper oxide has been investigated, together
with a few preliminary experiments on the effect of varying the
time of contact of the gas and the oxidising agent (pp.28-34).

Details of the effect of the addition of hydrogen or
ethylene to the methane on the temperature of combustion of the
latter hydrocarbon are given, together with figures illustratin
the oxidation of the olefine by means of copper oxide (pp.35-45).

The activity of lead chromate, both precipitated and
fused, in causing the oxidation of methane has been investigated,
together with the effect of temperature on the oxidation of
carbon monoxide by the fused salt (pp.46-55).

Details are then given of the effect of the addition
of the following catalysts to the copper oxide in causing a
decrease in the temperature of combustion of methane:-

1. Cuprous Chloride.......pp.56-62.
2. Vanadium Pentoxide.....pp.63-70.
3. Cobalt OXid€eceescereesPP.71=73.
4, Nickel 0Xid€eeeeeoceeePD.T4=-77.
5. Mangenese Dioxide......pps78-81,

while in the case of vanadium pentoxide the effect of varying the
amount of catalyst present has been studied.

Pinally, the oxidation of methane by means of pumice
impregnated with cobalt oxide has been investigated (pp.82-85).

In each case complete tables of results, from the point
where no combustion takes place to the temperature at which all
the hydrocarbon is completely oxidised, are given and the results
Shown graphically.

PART IT,

In this section a study of the influence of catalysts
in promoting the oxidation of methane, in a mixyure containing
two volumes of methane and one volume of oxygen, has been
undertaken. The influence of temperature on the quantities of
methane oxidised to the various produects of oxidation has been
studied and the reaction between the two gases followed out until
25% of the methane supplied has been oxidised to carbon dioxide,
this being the maximum value possible under the circumstances.

Details are given of the efficiencies of the following
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catalysts in promoting the oxidation of methane by means of
gaseous oxygen:-

1. Pallsdium Black on Asbestos......pp.1ll2-115
2., Platinised AsbestoS..cicricesceecesPP116-119
3. Platinum Black on Asbestos.......pp.120-123
4, Copper on Pumic€.eecreecescaaceesPP.124-128
5. Silver On Pllﬂlice.......--..-.....Pp.129-132
6. Venadium Oxides on Pumic@...e....pp.133-138
7. Cuprous Chloride on Pumic€.......Pp.139-148.

In a8ll caeses except the last, complete tables of results
from the point at which oxidation commences or, in cases where
this is below atmospheric temperature, from atmospheric
temperature, are given and the results shown graphically.

PART III,

The influence of the time of contact in determining
the amount of methane oxidised by means of copper oxide has been
investigated in this section. Various types of apparatus have
been considered and two main methods of procedure finally adopted.
The results obtained by these methods have been fully analysed
send two subsidiary investigations, suggested from the conclusions
drawn from these results, have been carried out. These were
investigations into the effects caused by verying the
eoncentration of methane in the gaseous mixture and by varying
the amount of surface of copper oxide exposed to the gas.



PART 1I.

THE IRFLUENCE OF CATALYSTS IN
PROMOTING THE OXIDATION OF METHANE BY MEANS OF
COPPER OXIDE.




2.

Introduction.

In many problems in fuel technology and organic
chemistry where analyses by means of combustion are necessary
the issue is partially dependent on the complete oxidation
of methane, either by means of an oxidising agent which
furnishes the oxygen necessary for oxidation or by means
of an extermal supply of oxygen in the presence of an
oxidation catalyst, the medium being heated to a suitable
temperature. Many organic substances on decomposing give
off large quantities of methane and it is well known that
coals and oils evolve methane on heating. Thus Haas (1)*
has drawn attention to the faet that certain basic compounds,
derived from reduced benzene nuclei and having two methyl
groups attached to the same carbon atom, of the type

C(CHz)é———————CH

2
C.NH.C H

CH\C J 65
(OH)—————CH

yield an appreciable quantity of methane when heated with
copper oxide in the Dumas absolute method of estimation of
nitrogen and thie methane, not being completely oxidised, is
measured as nitrogen in the azotometer and leads to results
which are 2% - 5% too high. Tambris (2} has described a very
elaborate method for estimating nitrogen in such substances,

involving the passage of the gas obtained, mixed with excess

* The numbers refer to the bibliography at end of book.



oxygen, over a red-hot platinum spiral and then through

a heated tube containing reduced copper to absorb the excess
oxygen. Ths combustion thus takes place in two stages and
all combustible gases, particularly methane, are burned,
leaving pure nitrogen in the nitrometer.

Further, King and MacDougall (3}, in the course of
work on the determination of carbon and hydrogen in coal by
Liebigt's method, have shown that, even when oxygen 1s supplied
from an external source, methane is not always completely
oxidised by copper oxide, even at 800°C., as much as 0.3mgm.
of the carbon in the coal escaping combustion in the form of
methane, leading to an error of 0.15% in the carbon content
value of the c¢oal. They have also noted that methane is the
gas which most easily escapes combustion, the higher paraffins
being completely oxidised at lower temperatures and the
unsaturated hydrocarbons at still lower temperatures.

Very little definite data seem available concerning
the complete oxidation of methane with oxidising agents or
with oxygen in the presence of a catalyst. In 1894, Phillips
(4), in the course of work on the initial combustion
temperatures of organic substances, mainly hydrocarbons, in
oxygen in the presence of palladianised asbestos, found that
methane commenced to burn at 404°- 414°C. under these
conditions, while in the following year Campbell (5}, using
copper oxide alone and copper oxide impregnated with
pelladium as oxidising substances, found no combustion to

take place, in either case, at 455°C., This observation was
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followed in 1896 by that of Dunstan and Carr (6) who found
that in the estimation of nitrogen in aconitine methane was
left unoxidised by a 60cm. column of copper oxide
meintained at a red heat and that an inerease in the rate of
flow of the gases over the copper oxide caused a decrease in
the amount of methane burned.

Four years later, Gautier (7), in an investigation
on the combustion of various gases at great dilutions by
means of eopper oxide, found that methane, even at a dilution
of 1 part in 4,000 parts of air, was not completely
oxidised by passage through two tubes, each containing a
35cm. layer of copper oxide, maintained at a red heat.

By passing & mixture of methane and oxygen in the proportions
necessary for complete combustion, over palladianised
asbestos, Denham (8), in 1905, gave the temperature of
initial combustion as 514°- 546°C. and drew conclusions

in agreement with those of Dunstan and Carr with respect

to the influence of the rate of flow of the gases on the
temperature of initial combustion.

In the following year Sabatier and Mailhe (9)
claimed that, when methane mixed with oxygen was passed over
incandescent copper oxide, the methane was almost completely
oxidised, a little formaldehyde being formed. In the same
year Haas (1) detected as much as 43% methane remaining
unburned when that gas was passed over heated copper oxide,
but no temperature observetions are recorded. Finally, King

and MacDougall (3) have found that methane is not always
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oxidised by copper oxide even at 800°C..

In the estimation of hydrogen, carbon monoxide
and methane in ges analysis it is generally accepted that
the preferential oxidation of hydrogen and carbon monoxide
by means of oxidising agents such as copper oxide and the
subsequent determination of methane, either by explosion
or slow combustion with oxygen, gives greater satisfaction
than methods which demand the use of acidic or ammoniacal
solutions of cuprous chloride for determining carbon monoxide
or of palladium sponge, palladianised asbestos or eolloidal
palledium solution for determining hydrogen. In the case of
copper oxide the oxygen for combustion comes from the reagent
itself so that the reagent lasts for practically an infinite
number of determinations and is easily restored to activity,
when partly reduced, by passing air over it when hot. It is
evident that in these cases the hydrogen and carbon monoxide

must be oxidised at a temperature high enough to ensure

160mplete combustion and yet low enough to leave the methane

unattacked.

While Hempel (10) was the first to suggest the use
of the fractional combustion of mixed gases by means of
palladium sponge in gas analysis, copper oxide was first
employed by Jaeger in 1898 (11l) for the fractional
combustion of hydrogen in presence of methane. He found

that hydrogen was completely oxidised when passed over copper
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oxlide kept at o temperature of 250°C., at which temperature
methane is unaffected, and recommended that the methane be
oxidised by heating the copper oxide to bright redness.

Nesmjelow (12) extended Jaeger's method in 1909
to the fractional combustion of mixtures of hydrogen, carbon
monoxide and‘methane by passing the gases over copper oxide
at 250°0. when only the hydrogen and carbon monoxide are
burned, while Ubbelholde and de Castro (13), two years later,
recommended a temperature of 270°C, for the combustion of
hydrogen and carbon monoxide and a red heat for that of methane,
Taplay (14), in 1912, again recommended 270°C. for the
oxidation of hydrogen but gave & fixed value of 850°C. for
the oxidation of methane, while Worrel (15), a year later,
used 250° - 260°C. for the former temperature and a red heat
for the latter. In the saeme year Dennis (16) used s
temperature of 270°C. for the combustion of hydiogen, but
preferred to burn the methane by means of a platinum spiral,
the objection to the use of copper oxide for methane being
that prolonged heating of the combustion tube esnd repested
passage of the gas through it are necessary for the complete
oxidation of the hydrocarbon.

Wibaut (17), in 1914, stated that the combustion of
the gases is greatly accelerated if the copper oxide is mixed
with sufficient cerium dioxide to produce a grayish white
mixture. Taylor (18), in the same year, recommended s

temperature of 275°C, for the combustion of hydrogen and



carbon monoxide and stated that the maximum permissible
temperature for these gases depends on the nature of the
hydrocarbons present, and that with methane only, probably
300°C. is not too high, although if the gas contains higher
‘ homologues of methane, these may be oxidised at this
temperature. Terrés and Manguin (19), a year later, stated
that hydrogen is burned completely at 260"~ 300°C.. They
found that dry carbon monoxide by itself is only 90% - 94%
oxidised at 300°C., that methane begins to burn at 310°C.,
this temperature being lowered a few degrees in presence of
hydrogen, and that methane is completely burned at a red
heat.

In 1916, in an exhaustive investigation into
Jasger's method of fractional combustion, Burrell and
Oberfell (20) found that the method yielded trustworthy
results for a large variety of gases by using temperatures
of 275°~ 300°C. for hydrogen and carbon monoxide and 800°C.

for methanse.

From the above short summary of the history of the
progress of Jaeger's fraotional combustion method of analysis,
it is evident that a knowledge of the exact initial
temperatﬁre of combustion of methene in presence of various
oxidising agents would be exoceedingly helpful, so that the
method may be placed on & more certain footing as far as the

combustion of methane is concernmed, for, undoubtedly, the
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method seems capable of being used successfully in a variety
of analyses which otherwise would necessitate more elaborate
methods. With these facts in view and also owing to the fact
that methane being left unoxidised in ecombustions may lead
to serious errors in ultimate analyses, the following
investigations on the temperatures of combustion of methane
by copper oxide, in presence of various catalysts, were

capried out.

L
i




GENERAL METHOD of PROCEDURE.

The general method of procedure adopted was to pass
an approximately 5% mixture of methane, or other combustible
gas, diluted with nitrogen and positively freed from oxygen,
Whiéh could oxidise the methane during the process of
combustion, and from any other combustible gas which might
influence the temperature of the oxidising agent locally and
80 give an erromeous value for that particular temperature,
over the oxidising medium. The methane burned was estimated
by absorbing the carbon dioxide formed in caustic potash
solution and the resulting gases examined quantitatively
for combustible gases. The oxidising medium was heated to
different temperatures in an electric furnase and thess
temperatures noted by means of a thermocsouple.

The apparatus designed for these experiments is
shown in the sketeh Fig. 1 on page 10. It consisted of a
3% litre aspirator bottle, E, to which was attached a simple
deviee, BCD, which allowed gas to be delivered from the
aspirator at a constant pressure, the method of operation of
which will be explained later, and to which was attached by
means of a two-way stopcock, F, & three-way stopcock, G.

One limb of this stopcock was attached to an air purificeation
system (which, for the sake of simpliecity has not been shown
in the sketch) consisting of

(1) a gas tower containing a small lower layer

of cotton wool and calcium chloride and a
large upper layer of soda lime,
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10.
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(2) a gas washing bottle containing a 50%
solution of caustic potash in water,

(3) a T-piece safety-valve,

- by means of which air from a compressed air pipe-line,
after having been freed from carbon dioxide, eould be swept
through the apparatus.

Conneoted to the other side of G was a small
differential gauge, H, containing water and mounted on a
graduated seale. The Jjet connecting the two limbs of the
gauge was ocalibrated as shown in Appendix I (page 202 ) so
"that a given fall in the pressure of the gas after passing
through the Jjet could be converted to a corresponding rate of
flow of gas by reference to a graph. Connected to the outlet
side of H was a small wash-bottle, X, the inlet tube of which
was drawn to & jet whiech Jjust dipped below the surface of
some concentrated sulphurie acid. This "bubbler™ gave &
visual indication of the rate of flow of gas and also served
as a means for testing the apparatus for leaks.

The combustion tube, M, was of the usual type,
made of hard glass, about 90cm. long and l.25¢m. internal
diameter, with walls of at least lmm. thickness. The
oxidising material was placed centrally in the tube and the
tube placed centrally in the furnace. The electric furnace
used for heating the combustion tube and its contents was
wound with nichrome wire, the temperature of which was
controlled by means of an external rheostat in series wiﬁh an

ammeter, while the temperature of the oxidising agent was
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measured by using & nickel-nichrome thermocouple, the
Junoction of which, N, was placed in the exaet centre of the
furnace tube, between the combustion tube and the furnace
tube wall.

Connected to the posterior end of the combustion tube
was a three-way stopcock, 0O, one limb of which was open to the
atmosphere while the other was connected to the U=-tube, P,
which was filled with 8 - 32 mesh pumice moistened with
concentrated sulphuric acid. The U-tube was, in turn,
connected to a set of potash bulbs, Q, of the Landsiedl type,
containing a 50% aqueous solution of potassium hydroxide,
while the guard tube, R, contained, in order, layers of
asbestos, solid eaustic potash, asbestos, ignited caleium
chloride and asbestos. The potash bulbs were followed by a
second U-tube, S, containing ignited calcium chloride and a
third U-tube, T, charged in the same manner as P. The last
U-tube, T, was comnected to & graduated 33 litre aspirator
bottle, V, by way of the three-way capillary stopcock, U, while
V, in turn, was connected to the levelling arrangement WXYZ,
which enable the pressure of the gas in V to be kept practically
constant. The confining ligquid in the receiving aspirator was
& cold saturated solution of magnesium chloride in water.

In an apparatus of this type it is extremely
advantageous if the rate of flow of gas can be kept at a
constant vélue and this can only be realised if the pressures

of the gas supplied to and the gas vollected from the system
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ean be kept constant, provided, of course, that all other
conditions remain unaltered. The use of the two constant
pressure appliances, ABCD and WXYZ, which have been designed
by Professor Gray (21,22), enable these conditions to be
fulfilled.

In the first of these systems a constant flow of
water from the main enters the constant level tube at A and
excess water runs to waste at B. 1In order to expel the gas
from the graduated aspirator water flows from the constant
level tube AB, through the rubber connection to the weir, C,
and thence overflows down the wide tube into the bottle, E.
This influx of water causes the pressure of the gas to be
increased to such an extent fhat it is forceed through the
stopcock, F, and thence through the system. The pressure of
the gas in the aspirator, E, is governed by the "head" of
water between A and C, since the gas in C is in direct
communication with the gas in E, so that the "head" of water
used to expel the gas from the aspirator is independent of the
level of the water in the aspirator. By this means the gas
in E is kept at a constant pressure and consequently is
delivered at a constant rate throughout the experiment. This
"head® of water necessary to force the gas through the
}syétem can be altered by altering the difference in levels

in AB and C by raising the level tube AB.
The gas left the bottle, E, and passed through the

stopcocks, F and G, to the differential gauge, H, which was

8et to the necessary difference in levels of the water in the
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two limbs by means of the constant level tube, AB, through
the indicator, K, and over the oxidising mixture. The water
formed by combustion was absorbed by the concentrated
sulphuric acid in P and the carbon dioxide ih Q. S was used
88 & second guard tube to the bulbs, q, while T prevented
water vapour from V being absorbed by S or R. The unabsorbed
gases were collected in the aspirator, V, to which was
connected the second constant pressure device, WXYZ.

The second arrangement enables a gas to be collected
at a constant pressure, independent of whether the flow of
£as is‘regular or not. V is conneeted to Y by means of a
rubber tube and Y, in turn, is connected to a float, X, by
means of a string passing over the pulley, Z. The vessel, W,
contains the same liquid as is used as confining liquid in V
and has an internal diameter equal to that of the aspirator, V.
When gas enters V, liquid is foreed out into Y and thence
into W, so that the liquid level in W rises by the same amount
as that in V has fallen. Thus X rises by this same amount and
causes Y to fall by this amount also, so that the pressure in
V is automatically brought back to its original value. In
the experiments performed, the pressure in V was always kept
8lightly below atmospheric pressure in order to assist the

passage of the gas through M, P, Q, S and T.



15.
- METHOD of MEASUREMENT of TEMPERATURE.

The temperature of the oxidising agent in use was
measured by means of a nickel-nichrome thermoelectric couple
placed between the intefior wall of the furnace tube and the
exterior wall of the combustion tube and arranged so that
the Jjunetion of the two wires was immediately above the centre
of the layer of oxidising agent. As indicated in the sketeh,
the free ends of .the wires were taken to a cold junction, kept
at 0°C. by means of broken ice in a vacuum flask, from which
leads were taken in the usual manner to a high resistance
~galvanometer. The temperature of the oxldising agent was
obtained by raferring to the graph of temperature and e.m.f.
developed, shown in Appendix II, page 205.

In Appendix II are tabulated results which demonstrate
that when equilibrium is established, the temperatures in the
céntre of the layer of 6xidising material and in that part of
the furnace tube above this point become equal, so that an
estimation of the temperature at the point shown by the
Junction of the couple in the sketch also gives an estimation
of the aoctual temperature of the substance. contained in the
combustion tube. In view of this, provision was made, as is
shown later (p. 22) to ensure the equalisation of the interior
and exterior temperatures before an experiment was commenced.

From the details of the standardisation of the
thermo junction, shown in Appendix II, it has been assumed that

the temperatures quoted are correct to within 5°C.. Appendix 717



16,
also contains details of an exploration of the variation of

temperature along the furnace tube.




17.
METHOD of CONDUCTING an EXPERIMENT,

The ges under observation was measured in a gas
sampling tube which had been previously calibrated by means of
mercury. The arrangement is shown in the sketeh, Fig.2., on
page 18. The volume contained by the sampling tube from the
top of the stopcock, A, to the mark, M, on the lower eapillary,
acourately determined as shown in Appendix III on page 211,
was found to be 202.lce.

The gas from the storage bottle was introduced into
the sampling tube in the usual way and in quantity sufficient
to bring the mercury below the stopcoek, B, into the capillary
rubber tubing. A was then closed and then B. The connection
to the storage bottle was removed and a manometer, F, attached
in its place as shown in the diagram, while to the side 1limb
of A a funnel containing water was fixed. By turning A to
allow of communication between the funnel and the manometer,
the manometer was f£illed with water and A closed. The
leveiling vessel, C, was raised, the stopcock, B, gradually
opened to give communication between C and AB and the mercury
allowed to rise slowly into the stopcock, B. When the mercury
had risen Just above the stopcecock, B was closed and the scerew-
elip, D, tightened so that communication between the sampling
tube and the levelling vessel was cut off. B was again opened
and by adjustment of the screw-elip, E, the mercury was brought
to the mark, M, the gas being now under a pressure greater than

atmospheric. A was next opened to give communication between

A
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Fig. 2.

F and AB and, owing to the pressure exerted by the gas, the
water was foroed upwards from A and expelled from the open
limb of F. When equilibrium was established the gas was still
under a pressure greater than atmospheric, so that the water
always completely filled the open limb of F while the other
limb was only partially filled.

Water was then abstracted from the open limb by
means of a piece of glass tubing, one end of which had been

drawn into a capillary small enough to enter the tube of the
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manometer, until the two levels were of the same height, the
gas now being under atmospheric pressure.

The apparatus was left thus, with AB in communication

with the manometer, in a room, free from draughts and sources
of heat, for half an hour, when final adjustments of E and F
were made. A and B were then closed and the manometer
detached, the gas sampling tube now containing 202.lec gas (moist
measured under the prevailing conditions of temperature and

pressure.

The aspirator, E, (Fig.l. p.10) and its fittings
were disconneeted from the three-way stopeock, G, and the
constant level device, AB, and the whole completely filled
up with water until water overflowed at the stopcocks F and
C, these stopcocks being closed in that order. The inlet
stopcock, C, was then connected to a flask which had been
generating nitrogen by the method desceribed in Appendix IV,
pege 213, for a period of time sufficiently long to ensure
all air had been expelled from the apparatus and its
econnections, the stopcock at the bottom of E opened and water
allowed to flow out as nitrogen entered at C. A volume of
nitrogen, considerably in excess of that necessary to give a
5% methane mixture with the methane contained in the 202.lce.
gas sampling tube, was ceolleoted, the various stopcocks closed
and the nitrogen allowed to cool.

When quite cold, the nitrogen was allowed to stand

beside the methane in the sampling tube for the half hour or
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more during which this latter gas was left before being
measured. The methane was then measured out to give 202.lcc.
of methane as already described and the upper stopcock of the
gas sampling tube connected to the stopcock, C, of the
aspirator. Water was then run into the aspirator by way of
the lower stopcock and nitrogen expelled through C and the
upper stopcock of the sampling tube into the atmosphere until
the volume of nitrogen left was such that, together with the
202.1cc. of methane, would give & mixture containing
approximately 5% of methane. The upper stopcock of the gas
sampling tube was turned to give communication between the
sampling tube and C and the methane driven over into. the
aspirator, from which water was allowed to flow through the
bottom stopcock.

When 8ll the methane had been transferred to the
agpirator, C was closed and the total volume of gas in E noted.
Prom these data the methane content of the gaseous mixture

was determined, being given by

202.1V x M diCH,
where M is the percentage of methane in the stock gas used,
the remainder being nitrogen, and V is the total volume in cecs.
of the mixture (referred to hereafter as the Original Gas)
contained in the aspirator E.
During the half hour necessary to ensurse the

equalisation of the temperatures of the two gases before mixing,
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the potash bulbs and the guard tube were weighed. Previously

they had been carefully cleaned with a silk handkerchief and
allowed to stand in the balance case for exactly half an

hour, so that they were always weighed under the same conditions.
The weights having been determined, the bulbs and ﬁube were

replaced in position in the general apparatus.

The mixed gases were thoroughly shaken in the aspirator,
the aspirator placed in position and the constant level device,
AB, connected up. Water was run into the aspirator and a few
oes. of gas expelled through F in order to displace the small
amount of water retained in the free 1limb of that stopcock.
¥ was then connected to the stopeock, G.

The stopeock, O, was turned to open the combustion
tube to the atmospheré and the current for heating the
furnace windings switched on. During the preliminary heating
of the furnace a slow current of purified air from the
compressed air main was fed in through G in order to re-
oxidise any material left reduced from the preceding experiment,
and the c¢lip between V and Y opened. Magnesium chloride
solution was added to, or abstracted from, W until the manometer
attached to the aspirator, V, registered a pressure of 2" water
below atmospheric and if the flow of water from Y stopped
completely in a few seconds, with the screw-c¢lip full open, the
apparatus was considered’air—tight from the stopeock, O,
onwards. During an experiment this screw-clip was left full

open.



When the temperature of thé furnace had nearly reached
the value required, the current of air was stopped and a steady
current of the methane mixture led through the tube by turning the
gtopcock, G, to connect P with H. This stream of gas was continue
until the e.m.,f, indicated by the thermocouple had become constant
and an equilibrium over the whole apparatus had been established,
when the stopcock, 0, was closed in order to ascertain whether the
apparatus was leaking or not. If the flow of bubbles in X
stopped completely it was assumed that there was no leak in the
apparatus from A to O. |

The flow of gas was resumed and at a noted time the
stopecock, O, was turned so that the gas entered the sulphuric
acid U-tube, P, after leaving the combustion tube. At the same
time the volume of gas in E was noted, together with the
prevailing values of temperature (obtained from a thermometer
suspended by the side of, and touching, E} and pressure. The
level tube, AB, was regulated so that the pressure difference
indicated by the differential gauge, H, was that corresponding to
the required rate of flow of gas. The sapparatus was then entirely
automatic, provided a constant supply of wgter from A was maintaine

During the course of the combustion the temperature of the
oxidising material, as registered on the scale of the galvanometer,
was periodically noted, so that no deviation from the temperature
at the beginﬁing of the experiment should take place. 1In genersal,
1t was found that once an equilibriwm had been established before
the actual commencement of an experiment, there was no fluctuation

in the value of the e.m.f. registered by the galvanometer.
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If water became lisbhle to collect at the cold posterior
end of the combustion tube, a Bunsen was placed below this end to
drive this water, as much as possible, into the sulphuric acid
U-tube. |

The flow of gas was allowed to continue until, in all,
l% - & litres had passed over the oxidising material. When the
level of water in the aspirator,E, had reached & graduation mark
on the scale, the stopcock, O, was turned to permit of
communication between the combustion tube and the atmosphere and
the time noted, together with fresh determinations of the volume,
temperature and pressure of the gas in E.

Air, from the main connected to the stopcock, G, was
now passsed through the combustion tube at a considerable speed
for about half an hour in order to flush the tube free from the
combustible gas and its products. When this had been accomplished,
the speed of the air was reduced to a speed approximately equal
to that of the flow of gas during the experiment; the stopcock, O,
was turned to connect the combustion tube to the absorption train
and the apparatus left for about half an hour until sufficient air
had passed through the system to clear out any combustible gas
from the absorption system into the aspirator, V. The Resulting
Gas, in all cases, thus contained air and consequently had &
greater volume than that of the Original Gas from which it was
obtained.

The air was then turned off, the stopcock, U, closed

and the aspirator, V, disconnected from the absorption system.
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Some confining liquid was transferred from W into ¥ untll the
levels of liquid in the limbs of the U-tube were the same; the
volume of gas in V was either read off the graduated scale or '
determined by weighing W and its contents before and after the
the experiment and the temperature and pressure of the gas noted
as in the case of the Uriginal Gas. The bulbs and U-tube, QRS,
woere disconnected, closed with plugs of rubber tubing, carefully
cleaned as before and left in the balance case for half an hour
before the plugs were removed and each vessel weighed.

The gas in the aspirator, V, which was termed the
Resulting Gas, was allowed to remain quiescent for several hours,
generally over night, to ensure homogeneity, a sample withdrawn
for analysis and this carried out by means of Haldane's apparatu%
carbon dioxide (if any) and combustibles being estimated.

The weight of combustible gas supplied was calculated frop
the data obtained from the aspirator, E, while from the increase
in weight of the potash bulbs and attachments, due to the carbon
dioxide absorbed, the weight of combustible gas burned was
obtained. Prom the analysis of the Resulting Gas the weight of
combustible gas remaining unchanged was détermined. The sum of
the second and third weights should be equal to the first and in
this manner a balance was struck.

The water formed as a product of the combustion was not
estimated owing to the difficulty of removing water from the
limbs and bore of the stopeock, P.

The rate of flow of the gas was determined by dividing the
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volume of gas in ces. passed over the material in the tube by
the number of minutes necessary for it to do so, giving & valus
of the speed in ces. per minute; from this value and the value
for the volume of available space over the oxidising agent in
the tube, obtained by the method described in Appendix V, page
216, the time of contact of gas and oxidising agent was
determined. This value was kept as far as posgible the same

for eseh combustion of each series.

In all cases the International Atomic Weights for
1925 and Regnault's values for the tension of agueous vapour
were used. For the values of the densities of the various
gases encountered during the experiments, the following figures,

published by the United States Bureau of Standards (23) were

adopted: -
Gas., Weight of 1 litre Molecular Volume
of gas in gnm.. in litres.
Methane 0.7168 22,368
Ethylens 1.2604 22,248
Carbon Monoxide 1.2504 22,396
Carbon Dioxide 1.9769 22,259




26.
METHOD of CALCULATION.

The following is the method of calculation. (taken
from Expt. No.4 of the Methane - Fused Lead Chromate
series, page 50):=

Original Gas.

202.1co. gas containing 81.05% CH, and 18.95% N,
woere diluted with nitrogen to 3470c¢c., giving an Original
Gas containing 4.72% CH,. |

Initial reading = 1090¢qc.

Final reading = 0
Gas used = 1090¢e.
Temperature = 18.0 C.. Corrected pressure (i.e.

corrected for the ™head™ of water between AB and C and
for the vapour pressure of water.) = 782,4mm.

CH, gupplied _ 1-090 x 4.72 x 16.037 x 782.4 x 273
100 x 22.368 x 760 x 291

= . 0555gm .

Time = 60min.. Rate of Flow = 18.lcc. per min.

o 63.1
Time of Contaet ngi'min..

= 3.491!!11’1. .
Weight of COp formed = . 0250gm..

CH4 burned = +0092gm..
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Resulting Gas.

Volume = 2800cc. at 18.0°C. and 759.0mm..{corrected.)

CH, content =  1.050%.
CO ocontent =  0.350%.
CH, in gas - 2.800 x 1.050 x 16.037 x 769.0 x 273 . .

100 x 22.368 x 760 x 291

= ] 0197gm. .

€0 in gas - 2.800 x 0.350 x 28.005 x 759.0 x 2373
' 100 x 22.396 x 760 x 291

= +.0115gm.
.0066gmn. CH4 .

]

Balanoe.
CH,; supplied - 0.0355gm.. CH, burned to CO, = 0.0092gm..
Losses = Nil CH, burned to CO = 0.0066gm..
CH, unburned = 0.0197gm. .
0.0355gm. . 0.0355gm. .
~ CH, burned to COp = 25.8%

CHy burned to CO = 19.1%
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A, - METHANE and COPPER OXIDE.

g

The methane used for the following experiments was
prepared by Grignard's method (24) as described in Appendix IV,
page 213. The eopper oxide was such that it passed through an
8 mesh to the linear inch sieve but waé retained by a 32 mesh
sieve; 250gm. of such copper oxide were used and filled
centrally into the combustion tube, occupying 6l.3ecm. of its
leﬁgth and having an available space volume of 60.lce. in
contact with the copper oxide.

In 2850gm. copper oxide there are available 50gm.
oxygen. By burning 2 litres of a 5% methane mixture, i.e.
100cc. pure methane, 0.286gm. oxygen are consumed, so that for
these experiments there are ngg , or 175, times the necessary
amount of oxygen available for complete combustion.

The following are the results obtained (Table I).

The results are grouped in the graph in Fig. 3.



TABLE

METHANE

AND

Original Gas. Wt. of
o COs
Expt. No.| Temp. C. | Volume. % Wt. CH, |formed.
cc. supplied. gm.
) CH4. gm.
1. 495 1580 5.00 | 0.0535 | il
2. 530 2000 5.10 | 0.0702 | Nil
i
3. 560 1850 4,70 | 0.0596 |Nil
4. 605 1850 = 5.0l . 0.0640 | 0.0520
5. 620 1800 | 5.93  0.0736 | 0.0806
6. 660 1800 | 5.80 | 0.0725 | 0.1360
7. 700 1600 5.83 | 0.0667 | 0.1736
8. 745 1760 5.27 | 0.0653 | 0.1778
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COPPER OXIDE.

29.

Resulting Gas. Methane | Methane |% CH g%:‘?' gi I Tg?e

Volume.| ¢ Burned. | Unburned.| Burnéad . ccr;li?:r ; Cl‘ﬁz‘?‘"t'

ce. CH, gm. g

i 2760 2.84 Nil 0.0517 Nil 24.0 2430
E Gas Lost— Nil 15.4 3.58
g 3400 2.55 Nil 0.0586 | Nil 19.4 2.84
| .5640 1.84 0.0191 | 0.0449 29.8 18.5 2.98
3500 1.84 0.0296 | 0.0431 40.2 20.0 2.76
3100 1.10 0.0498| 0.0230 | 68.8 22.5 2.45
3030 0.12 0.0633| 0.0025 95.0 22.8 2.42
. 3380 Nil 0.0646 | Nil 100.0 22.0 2.51
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Fig. 3.

The following data (Table II) were obtained to find
the effect of varying the rate of flow at a temperature
several degress above that at whioh methane was completely

oxidised and also at temperatures at which the hydrocarbon was

left partially unattacked.

Conclusions.

From the results obtained it is seen that, under
the conditions of the experiments, methane begins to bum at
an appreciable rate in presence of copper oxide at 560*0. and
is completely burned at 705*0., the amount burned at any

temperature between those two limiting values being directly



TABLE

METHANE AND
Original Gas. Wt. of
. o co
Expt. No.| Temp. GC. Voig?e. C% g&épg?%d. f°gﬁ?d-
4 gm.

9. 808 2000 | 5.01 | 0.0702 0.1906
10. 808 1270 | 5.32 | 0.0472 0.1270
11. 808 1600 | 4.88 | 0.0537 *0.1417
12. 700 1615 | 4.95 | 0.0520 0.1356
13. 700 1400 | 4.95 | 0.0465 0.1230
14. 700 680 | 5.02 | 0.0232 0.0628
15. 592 1340 | 5.02 | 0.0458 0.0920
16. 592 950 | 5.02 | 0.0330 0.0852

*0.1388gm. CO2 absorbed by potash bulbs,
0.0035gm. unsbsorbed by bulbs but obtained

in residusal

gas.
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COPPER OXIDE.

31.

Resulting Gasd Rate of | Time
Methane | Methane | % CH; |Flow in | of
Volume % Burned. Unburned.l B‘urned. CC. per Contact.
gm. gm. ] min. min.
i
i
3100 |Nil  |0.0693 | Nil ' 100.0 33.3 | 1.66
2750 .023 0.0466 | 0.0004 98.8 42,3 1.30
3550  .029 |0.0520 |0.0007 | 96.8 53.3 | 1.03
2930 L091  |0.0494 | 0.00LY 95.0 14.3 | 3.86
2845 .038 |0.0448 | 0.0007 96.4 7.96 | 6.93
1420 Trace [(0.0229 Trace 100. 4,00 | 13.8
3840 .045 {0.0335 | 0.0114 73.8 4.22 | 13.1
2835 .070 |0.0311 | 0.0013 94.1 1.41 | 39.8
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proportional to the temperature, provided the time of contact

of hydrocarbon and copper oxide lies between 2.42 minutes and
2,98 minutes. This represents a much shorter period of contact
than is usual in either a combustion for the determination of
carbon and hydrogen by Liebig's method or the determination

of nitrogen by the Dumas absolute method, so that if, in such
combustions, the temperature of the copper oxide is kept above
705°Cf:no trouble from the incomplete combustion of methane
should be experienced.

The fact that good agreements ih the amount of methane
supplied and the amount ascounted for as completely burned and
unburned shows that the reaction

CHy + 80g = COg + 2Hp0
represented the final stage in the oxidation, no loss of
’ methane resulting from the formation of an intermediate
oxidation produect.

With regard to the effect of varying the rate of flow
of the gas, the results at 808°C. indicate that at this
temperature increase in the rate of flow causes progressively
& deorease in the amount of methane burned, as would be
expected, but even at a speed of 42.3ce. per minute only very
little methane is left unoxidised. At 53.3cec. per minute both
oxidising and absorption systems break down completely, but it

is worthy of note that it is the oxidising system which is

* These tem .
peratures, and corresponding temperatures
in succeeding seotions, have been obtained frgm the various
graphs and are reported to the nearest multiple of 5%
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first affected by an increase in the rate of flow of gas.

At 700°C. a decrease in the rate of flow of gas from
22.8c¢. per minute to l4.3ce. per minute has no effect on the
efficiency of the oxidising system and even a further decrease
to 7.9600. per minﬁte only very slightly inereases the amount
of methane burned; but when the value of the speed of the gas
falls to 4.00cc. per minute practically all the hydrocarbon
is completely oxidised.

At 592°C., where, with a speed of 18.20ce. per
minute, 21.6% of the methane supplied is burned, a decrease in
the rate of flow to 4.228c¢c. per minute raises the oxidising
efficienscy of the copper oxide to 73.24 and a decrease to
l.4lcc. per minute gives an efficiency of 94.1%.

It is evident from these figures that the time factor
in the oxidation of methane by means of copper under the
conditions of the experiments is of prime importance; by
prolonging sufficiently the time of contact at any temperature
above 560°C. it should be possible to obtain complete

combustion of the hydrocarbon. This factor is further
exploited in Part III.

From the results at 700°C. it was decided to keep
the rates of flow of the gas in subsequent experiments between
14 and 20cce. per minute, except in one special case which was

-earried out to find the effeet of adding another combustible

gas to the methane nitrogen mixture. Farther, it was found

impossible to keep the rate of flow constant throughout each
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series of combustions, owing to the varying resistance %o
flow offered by the sulphuriec aeid U-tube and the potash
bulbs, but the rate of flow was kept as nearly constant as
possible and certainly between the limiting speeds of 14 and

20cce. per minute.
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B. = METHANE-HYDROGEN and COPPER OXIDE,

Gautier (7) has drawn attention to the faet that
when hydrogen is mixed with a methane-air mixture and passed
over copper oxide at a red heat, more methane is oxidised
than when hydrogen is absent, while Charitschkoff (25), in
burning away the hydrogen from a methane-hydrogen mixture by
means of oxygen in presence of palladianised asbestos, has
found that an appreciable part of the methane always undergoes
combustion. In this latter case, howéver, the temperature at
which the hydrogen burns is not raised, so that the combustion
of the methane must be due to the great heating effect of the
burning hydrogen which raises the temperature locally to that
at which methane burns.

In view of these facts it was decided that the
effeet of mixing hydrbgen with the methane nitrogen mixtures

used in the last series of experiments should be investigated.

The methane-hydrogen mixtures were prepared by the
action of water on aluminium carbide as described in
Appendix IV, page 214, the copper oxide used being the same
as that used for methane alone.

The following are the results obtained (Table III),

these being colleeted in the graph in Fig. 4.



TABLE

METHANE - HYDROGEN

Original Gas.
Expt.|- Temp.| Volume % % Wt. CH, Wt. COy
No. °c. cc. CHy | Hp | supplied| formed
gm. gm.
1. 519 | 1950 4.63| 1.80| 0.0597 il
2. 5283 2100 2.08| 0.14 | 0.0305 Nil
B 600 | 2000 7.12| 0.90 | 0.0972 0.0778
4. 610 | 1720 7.12| 0.90| 0.0732 0.0912
5. 621 2000 3.95| 4.68 | 0.0535 0.0668
6. 635 | 2070 5.61| 5.45| 0.0794 0.1428
7e - 673 570% 5.61| 5.45 | 0.0221 0.0592
8. 756 | 1950 | 4.79| 1.89| 0.0623 0.1708
9. 770 | 2500 3.79 (11.9 | 0.0634 0.1746
10. 840 2180 3.99| 6.97 | 0.0576 0.1582

¥ Stopped owing to potash bulbs e
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and COPPER OXIDE.

36.

Resulting Gas.

Volume % Methane | Methane | % Methane R%{gwof Time of
ce. CHy Burned Unburned | Burned. cc. per | Contact
gn. gm. min. min., |
3500 2.68 nil 0.0596 Nil 10.00 5.51
3600 1.25 Nil 0.0300 Nil 8.42 6.56
2800 372 0.0283 0.0689 29.1 7.86 6.98
2300 2.60 0.0332 0.0395 45.4 8.39 6.47
2600 1.62 0.0261 0.0276 48.8 7.85 6.98
1950 2.06 0.0520 0.0264 65.5 7.60 7.25
1150 Nil 0.0216 Nil 100.0 - -
3100 Nil 0.0621 Nil lb0.0 10.80 5.10
3500 Nil 0.0635 Nil 100.0 13.50 4.08
2240 ‘Nil 0.0574 Nil 100.0 14.50 3.80

becoming choked with biearbonate.
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Conolusions.

The data obtained show that the presence of hydrogen
in methane-nitrogen mixtures causes the methane to be
oxidised at appreciably lower temperatures, a mixture
containing approximately equal volumes of hydrogen and methane
giving complete combustion at 675*0., while with methane
alone, some hydrocarbon remains unattacked at 700*0., even
when the time of contact is increased to over 13 minutes.

(of. Expt8. 13 and 14, page 31)

The above data, together with these obtained from the
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combustion of similar mixtures of methane and ethylene,
illustrate that the addition of another combustible gas to
the methane-nitrogen mixtures causes a greater increase in
the amount of methane burned the nearer the temperature is

to that at which complete combustion takes place.
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C. - (a) ETHYLENE and COPPER OXIDE and

(b} METHANE-ETHYLENE and COPPER OXIDE.

It is a well-known faet that in the estimation of
oxygen in gases by absorption with yellow phosphorus, the
presenee of even a few hundredths of a per cent. of ethylene
oompletely prevents the oxidation of the phosphorus. The rdle
of catalytie poison played by ethylene was early recognised
in the history of catalysis, Henry (26) in 1825 having noted
that this hydrocarbon acts as an inhibiting catalyst on platinum
sponge in contact catalysis in fractional combustion.

Campbell (5) has shown that ethylene has an initial
eombustion point of 315 - 325°C. in presence of copper oxide
and King and MacDougall (3) have detected appreciable
quantities of unsaturated hydrocarbons in the gas collected
from the analysis of coal involving the passage of the products

of distillation over copper oxide maintained at 350°C..

Owing to its comparatively large solubility in water
(27) and its reaction with sulphurie acid, the combustion of
ethylene could not be examined in the general apparatus as it
was arranged for the combustion of methane. The original gas
mixture was supplied from a 1% litre aspirator bottle fitted
with a levelling tube containing mercury as confining liquid.
The levelling tube was kept at a constant height above the
aspirator and mereury poured in slmost continuously. This

method, of course, did not give a constant rate of flow of



gas and the values given under this heading are consequently

the average values during the experiment. The bubbler, X,

was filled with 50% caustic potash solution and the U-tubes,

P, S and T, with granular calcium chloride saturated with
carbon dioxide, in order to overcome the difficulty consequent

on the solubility of ethylene in sulphuric acid.

The ethylene used was prepared by Newth's method (28)
and analysed over mercury by means of Bone and Wheeler's
apparatus, both by absorption by bromine water and by
explosion. The copper oxide used was the same as that used
for methane alone.

Ethylene was estimated in the Resulting Gas by means
of Haldane's apparatus, which, for this purpose, was fitted

with an extra absorption pipette contasining bromine water.

The results are shown in Table IV and are collected
in the graph in PFig. 5. They show that ethylene has an
initial combustion point of 510°C., a value in close
agreement with that obtained by Campbell (supre.) and that
at 400°C. ethylene is completely oxidised to carbon dioxide

and water.

Experiments on the effect of adding ethylene to a
methane-nitrogen mixture were now carried out, the ethylene
being added in a quantity such thst the ratio of methane to
ethylene was about the same as that in which these two gases

occur in ordinery coal gas. The same apparatus and methods



TABILE

ETHYLENE AND
Original Gas. Resulting Gas. |
Expt. | Temp.| Volume. % Weight of |Weight of Tolume %
Ethylene |COp formed. |
o supplied. !v
No. c. cc. 02H4 gm. gm. cG. 02H4 z‘
1. 280 990 6.83 00,0817 Nil 1300 5.10
2. 315 920 9.08 0.0986 0.0110 1050 7 .43 v
B 330 745 5.59 0.0512 0.0178 1050 3,44 !
4. 350 850 5.12 | 0.0560 0.0550 1050 3.00 |
5. 360 1020 7.30 0.0889 0.1270 1050 3,94
6. 383 950 4,66 .| 0.0541 0.1472 1150 0.47
7. 400 900 4,52 0.0487 0.1502 1000 Nil
8, 44" 1400 5.74 0.0943 0.2966 1500 Wil
9. 505 | 1050 5.89 | 0.0707 0.2222 1100 il
_/h
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COPPER OXIDE.

41,

Ethylene | Ethylene | Ethylene |Rate of Flow |Time of Contact
Burned. | Unburned. Burned. (Mean. ) (Mean. )
. gm. gm. %o ¢éc. per min. min.
Nil 0.0801 Nil 8.0 6.9
0.0035 0.0941 3.5 6.8 8.1
0.0057 0.0442 11.1 5.7 9.7
0.0175 0.0389 31.3 8.1 6.8
0.0405 0.0494 46.0 7.3 7.6
0.0469 0.0068 86.7 7.0 7.9
0.0479 Nil iO0.0 7.2 7.7
0.0945 Nil 100.0 2.3 5.9
0.0708 il 100.0 6.2 8.9
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of analysis were used as with ethylene.

The following example shows the method of oaloulation

supplied = 0.0464gm. GgH~ supplied = 0.0068gm.
CH* left = 0.0214gm. CgH” left = 0.0000gm.
CH4 burned = 0.0E50gm. CgH” burned = 0.0068gm.

/.COg from CH* 0.0682gm. .00g from CgH*

0.0S1Sgm.
Total COg formed = 0.0895gm..

COg actually obtained

0.0888gm,

CH21 burned = 8181%2 ~ 100~

54.0#
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CgH” burned = 100.0#

The following data were obtained (Table Y), the

results being grouped in the graph in Fig. 6.

IETHAN&- LTHYLENE

0

ETHYLENE ——

Fig. 6.

Conclusions.

The above results show that ethylene, instead of
preventing or inhibiting the combustion of methane, acts as a
promoter, causing the temperature necessary for initial
combustion to be lowered from 560 C. to 545 C. while the

o ]
temperature of complete combustion is lowered by 50, to 655 C.,



TABLE

METHANE-ETHYLENE and

Original Gas. Resulting
(; . ,!; Ofd. %04'8
= p ° Qo oo E .
[} =H g-d oA + 0 (1)
o | al8s| ol % fag | Bag | ®Tg )| He oy
2 g1do T ) *;g*% ggﬂm -,-coc\% - O (3]
] S|P Y | w o o M0 23 S 8

1./295| 970|5,20 | 0,54 | 0,0337 | 0.,0068 Nil 1670 | 3,00
2, 330|1085|6,42 | 0,53 | 0.0465 | 0.0068 * 1900 | 3.58
35,1340 990|5.66 0,58 | 0,0373 | 0,0068 | 0.0098 | 1620 | 3.45
4,!360[1180 6411 {0,51 | 0.,0475 | 0.,0070 | 0.,0143 | 2830 | 2,55
5, | 4001200 6,22 | 0,52 | 0,0491 | 0.0072 | 0,0201 | 2400 ; 3.10
6. | 422 1280 5.44 | 0,45 | 0,0462 | 0,0066 | 0,0210 | 2150 | 3,24

7. | 4501130 |3.76 | 0,31 | 0,0290 | 0.0041 | 0,0168 | 2400 | 1.88 | |
8. 56021105 6.53| 0,54 | 0,0474 | 0,0070 | 0,0424 | 1850 | 3.29 |
9. eobilzoo 5.47| 0,45 | 0.0464 | 0,0068 | 0,0888 | 1460 | 2.29
10, 625%1200 5.80| 0,48 | 0.0464 | 0,0068 | 0,1161 | 2000| 0.87
11. | 640 |1065| 5,25 0,43 | 0.0373 | 0.0055 | 0,1078 | 2050 | 0.6
12, 79511200 5.39 1 0.45 | 0,0423 | 0,0062 | 0,1345 | 1860 | Nil

13, 885‘1180 5.57| 0.46 | 0,0428 | 0.0063 | 0.1%66 | 1780 Nil

* Bulbs broken while cleaning before weighing.
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COPPER OXIDE,

44,

1
Gas,

. . D o 0";

©« | . X 5o °o. 2. [554|88
H g CE=] g8 o gd |0 Mod | BHR S
% S8d| Bag dasg S g Y S8 | ged
' | £5B gEE ) 2B JEE | Shwdhw By o) 89F

W Ha | ma 28 af So Mma |8 o | g5Y
0.32 Nil Nil 0.0335 0.0063 | Nil Nil | 13.04.24
0.22 - 0,0018 | 0,0455 0.0050 Nil 26.8| 15.,513.56
0.20 Nil 0.,0031 | 0.,0371 |0.,0040 | Wil 45,6| 11.64.75
0.002 Nil 0.0046 | 0,0475 | 0,0008 | Nil 66,0 16,8 3.28
0,025 Nil 0,0064 | 0,0489 | 0,0005 | Nil 88,8 15,0 3.68
Nil Nil 0.,0067 | 0,0462 Nil Nil | 100.0| 10.7!5.15
Nil Nil 0,0050 | 0,0295 | Nil Fil | 100.0! 18.8|2.93
Nil 0.0074| 0,0070 | 0,0400 Nil 15.6{ 100,0| 15.1|3.65
Nil 0.0850| 0,0068 | 0,02314 Nil 54.0| 100.0| 18.5{2.98
Ni1 0.,0348{ 0,0068 | 0,0116 Nil 74,9 100.0| 15,0 3.68
Nil 0.,0324| 0,0055 | 0.0049 Wil 87.0{ 100.0| 15,2 3,63
mil 0.,0423| 0,0062 Nil Nil 100.0f 100,0{ 15.0!| 3.68
L__?:i.l 0.0428) 0,0063 Nil Nil 100.0{ 100.,0| 17.0| 3.24
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owing, probably, to the same reason as that recorded under the
methane~hydrogen mixtures.

The temperature of combustion of ethylene in this
case cannot safely be commented upon, owing to the small
quantities of that hydrocarbon used and the consequent

larger experimental error.
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. — METHANE - LEAD CHROMATE.

————

Pused lead chromate as an oxidising agent for the
combustion of organic compounds has been widely used, either
alone or mixed with red lead as recommended by de Roode (29),

the only objection recorded being that such an oxidising

agent requires continually to be renewed, although Ritthausen (30)

claims that reduced lead chromate may be purified and
regenerated by ignition in a stream of oxygen, which gas is

absorbed until complete regeneration ensues. Haas (1)

successfully used the fused chromate in obtaining the complete

combustion of methane in circumstances where copper oxide

failed to oxidise as much as 43% of the hydrocarbon.

The following experiments were carried out with
punice impregnated with lead chromate, prepared as follows:-

65gm. 4 - 8 mesh pumice were digested with
concentrated sulphuric acid for 3 hours, drained and washed
with boiling water until the washings were neutral to litmus.
The pumice was dried, ignited, cooled and covered with a
solution containing 30gm. potassium chromate in distilled
water. An aqueous solution of 50gm. lead nitrate was then
added, the mixture gently boiled for 2 hours and allowed to
stand overnight. Next morning the excess lead chromate was
washed off, the impregnated pumice warmed with water and
drained until free from potassium salts, dried and gently

ignited. The weight of impregnated pumice obtained was

* 5 MR . P amp e s -
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76gm. so that llgm. lead chromate had been taken up.

66.6cm. length of the combustion tube were filled
with the impregnated pumice which was kept in position by -
two lem. plugs of asbestos. In all 50gm. impregnated pumice,
containing 7.2gm. lead chromate, were used, giving an excess
of 1.75 times the amount necessary to oxidise completely two
litres of a 5% methane mixturs. The available space over the
pumice was 6Z.8cc..

In order to regenerate the oxidising agent after
each combustion, the impregnated pumice was heated in &
stresm of oxygen for at least 3 hours at 808°C., or 36
below the melting pdint of lead chromate (31).

The methane used was prepared from magnesium methyl
iodide by Grignard's method and the experiments esrried out in

the manner described under methane and copper oxide.

The results obtained are shown in Table VI, which
demonstrates that even at 592°C. no combustion took place and
that at higher temperatures, where some oxidation did occur,
the hydrocarbon was not completely oxidised, traces of carbon
monoxide being obtained in the Resulting Gas in each of the
three experiments where any oxidation took place. FPuarther,
Since the experiments are arranged in the order in which they
were carried out, it is evident that reduced lead chromate
is not regenerated by a stream of oxygen at 808°C., even after

an exposure to this gas for 5 hours.



TABLE i

METHANE AND LEAD |

Originel Gas, : /

o Wto Of

Expt. No. | Temp, C. | Volume. % Wt. CH, | COg ||
supplie&. formed.

Ce., CH4 g, gh. | |

Iy

1. 403 1800 £.89 | 0.0608 | ©§L ||
2. 480 1300 | 4.89 | 0.0435 | Nil |
3. 592 1360 6.13 | 0,0571 | Nil ||
4, 729 1100 6.13 | 0.,0470 |0.,0425/
5. 757 1630 4,93 | 0.0556 |0.,0454
6. 795 1500 4,93 | 0,0511 | 0,036
\

|
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CHROMATE ON PUMICE,

48,

Resulting Gas. Methang Methane |Methane Ra;;o:f Time of
Volume, 4 | burned. | unburned.| burned. Contact.
cc. per

ce. CHy gm. gm. 4 min, min,
2590 3.53 Nil 0,0606 Nil 25,7 2,44
3200 2.05 Nil , 0.0435 Nil 27.1 2,32
3130 2,76 Nil 0,0574 Nil 22.7 2,77
3260% | 1l.42 0,0156 0,0312 33.2 26,8 2.35
2790 * 2,07 0.0167 0,0387 29.9 23.3 2.70
2860% 1.90 | 0,0142 0.0364 a7.7 2l.4 2.93

% Resulting Gases contained traces

of Carbon Monoxide.
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For thesge reasons recourse was made to fused lesad

chromate as an oxidising agent. 247gm. fused lead chromate
(4 - 8 mesh) were used, occupying 66.6cm. length of the tubs
and having an available space of 63.lcc. over the oxidising
agent. Assuming the oxygen available for oxidation of the
methane is represented by '

2PbCro, — 2Pb0 + Cr205+-50.

4
there was present 137 times the amount of lead chromate
necessary for the complete oxidation of 2 litres of a 5%
methane mixture.

The tube was heated to 400°C. and air passed for
2 hours before use. After each combustion the lead chromate

was heated to 808 C. in a stream of oxygen for at least two

hours.

The following table indicates the results obtained
and these are grouped in the graph in Fig. 7.
. Again the experiments are arranged in the order in
which they were carried out. The graph shows that in presence
of fused lead chromate methane is initially oxidised at
530 - 535°C. but complete oxidation does not take place until
a temperature of 710°C. is attained. Further, at temperatures
above 600°Cs appreciably large quantities of the methane are
0xidised only to carbon monoxide which remeins unattacked
until the temperature reaches 640°C., above which temperature

the amount of carbon monoxide reméining gradually diminishes

until at 710°C. the hydroearbon is completely oxidised to



TABLE

METHANE AND ;
-
!
Original Gas, Result-
Weight of —
Methane COg formed.
Expt.| Temp. | Volume. % supplied. Volume.|
No. °C. cc. CHy gn. gm. cc.
1. 443 1350 4,89 0.0448 Nil 2900
2. 500 1490 5.31 0.0549 Nil 3000
3. 600 2070 | 4.71 | 0.0673 0.,0210 *
4, 640 1090 4,72 0.0355 0.0850 2800
Se 687 1500 5.04 0.0561%7 0.0990 2800
6o 709 1310 5,04 0.0458 0.1216 3000
e 709 1650 4,76 0.0513 0.,1408 2895
8. 765 1580 4,89 - 0.,0524 0.1428 3150
9. 685 2950 5,03 0.1017 0.2062 #%
S e

* Ggs lost owing to manometer blowing out.

** Cas not collected, but passed into palladium
chloride solution to confirm presencs of

carbon monoxide,




ViI.

PUSED LEAD CHROMATE,

50.

-ing Gas.

Methane | Methane Methane Methane |Methane| Rate {Pime

burned | burned unburned.| burned |burned of of

% % to COg. | to CO. to 00p.|to CO. |Flow.Con-
CHyq4 | CO gm. gm. gu. ee.pdJtact.
min, min,

2.,35| Nil Nil Nil 0.0449 Nil Nil 15.0 |[4.21
2,67 | Nil1 Vil Kil 0.0546 Nil Nil 16.6 |3.80
- -- 10,0077 - - 11.4 - 17.2 [3.67
1.05| 0,35/0,0092 0.0068 0.0197 25.8 19.1 18.1 |3.49
0.42| 0,33{0,0363 0.0062 0.0079 70.2 12.0 15.0 |4.21
Nil [0.,043(0.0443 0.0009 Nil 97.0 .0 13.1 4.82
Nil | N1l [0.0513 Ril Nil 100.0 Nil 18.1 [3.49
Nil | mil |(0.0524 Nil Nil 100,.0 Nil 15.8 |3.99

- - 0.,0752 - - 74,0 - - -
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IETHANE. — iHROMELTE.

)xiDISED TO m,.

;iDISEO TO

Fig. 7.

carbon dioxide and water.

In experiment 9 the lead ohromate which had been
used for experiments 1 - 8 was replaced by a fresh charge of
247gm. and the Resulting Gas, instead of being collected and
analysed, was passed into a solution of palladium chloride to
confirm the presence of carbon monoxide by Potain and Drouin's
palladium chloride test (32). This test was decidedly
positive, a heavy black precipitate of palladium being obtained,
leaving the supernatant liq*uid perfectly colourless. The
high percentage of methane burned in experiment 9 (74.0%) as

Qompared with the wvalue at 685*0. given by the graph (65.
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also shows that lead chromate can not be regenerated by the

treatment described after it has become reduced.

In order further to investigate the persistence of
carbon monoxide in the above series of experiments, the
influence of temperature on the reaction between that gas and
fused lead chromate was examined. 253gm. fused lead chromate
(4 -~ 8 mesh) were used, filling 65.0cm. length of the tube
and having an available space of 53.9c¢c.. Following the same
reasoning as with methane, this amount of lead chromate is
433 times the necessary amount.

The carbon monoxide used was prepared by dropping
formic acid (D=1.2) on to concentrated sulphuriec acid. The
gag evolved was purified by passage through two gas washing
bottles containing alkaline pyrogallol. The gas was analysed
in Bone and Wheeler's apparatus both by absorption with
ammoniacal cuprous chloride solution and by explosion with
oxygen, while the Resulting Gas was analysed by slow combustion
in Haldane's apparatus.

The results are given in Table VIII and are represented
graphically in Fig. 8. The graph shows that carbon monoxide,
although having an initial combustion point of 100°C., is not
completely oxidised below 615 C.. For this reason it would
appear thet in the oxidation of methane by lead chromate a
large amount of cerbon monoxide is formed at the hottest part
of the tube and this gas, being swept to the cooler parts of

the tube, where the rate of oxidation is much slower, is left



TABLE

CARBON MONOXIDE AND

Original Gas.

Weight of
) co

Expt. Temp. Volume | supplied.| COp formed.
No. °C. CC. Co. gme gm.

1. .50 1640 | 5.23 | 0.1058 N1l

2. 182 1480 | 5.23 | 0.0941 0.0260
3. 205 1950 | 5.23 | 0.1239 0.0482
4. 416 1840 | 5.33 | 041130 0.,1114
5. 485 1810 | 5.43 | 0.1169 0.,1384
6. 592 1900 | 540 | 0.1196 0,1744
e 628 1440 | 5.40 | 0.0919 0.1480
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PUSED LEAD CHROMATE.

53.

Resulting Gas. Carbon |Carbon Carbon . | Rate of Time
Monoxide| Monoxide | Monoxide Plow. of
Volume., % | burned. |unburned. burned. | cc. per | Contact.

ce. CO. gm. gne min, min,
3040 2,88 Nii 0.1048 ‘Nil 17.9 3.01
2990 2.25 0.0166 0.0785 17.6 19,2 2.80
* — 0.,0269 - 21.7 19.5 2.76
3180 1.16 0.0709 0.0417 62,7 20.2 2.67
3180. | 0,80 00,0881 0.0291 75.4 17.9 3,01
3980 0,15 0.1110 0.0066 92,8 19.8 £.72
. 3210 | Nil 0.0940 Nil 100.0 19.4 2.78

* Gas loat owing to menometer sucking in overnight.
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fIRBON_ | I1oNOX/OE.

USED

sco’ @‘ 'm)

Fig. 8.

partially imattaolced. and unchanged carbon monoxide appears
in the Resulting Gas.

The curve shown in Fig. 8 illustrates clearly the
influence of the time of contact on the amount of oxidation
taking place. It is possible that with a sufficiently long
time of contact of carbon monoxide with fused lead ohromate,

complete oxidation to carbon dioxide will take place Jjust
above 100°C..
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Conclusions.

While causing methane initially to burn at a much
lower temperature than copper oxide, fused lead chrgmate has
nothing to recommend it as opposed to copper oxide in view
of the faet that the tempefature of complete combustion is
practically the same as that with copper oxide.

Since fused lead chromate, when once reduced in the
combustion tube, cannot be regenerated in situ and since
it is liable to oxidise methane to the cafbon monoxide
stage and no further, the use of this salt as an oxidising

agent in combustion analyses is not to be recommended.

e
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E., - METHANE and COPPER OXIDE IMPREGNATED

with CUPROUS CHLORIDE.

The use of cuprous chloride as a catalyst in
promoting the complete oxidation of methane by means of
copper oxide has been suggested by Dunstan and Carr (6) and
by Haas (1), but no data with reference to the influence of
temperature on the efficiency of the catalyst or the danger of
the evolution of hydroehloric aeid have been recorded. The
fdllowing experiments were carried out with a view to

repairing these deficeiencies.

Preparation of Impregnated Copper Oxide.

250gm. freshly ignited copper oxide (8 - 32 mesh)
were evaporated to dryness, with constant stirring with an
aqueous suspension containing 40gm. cuprous chloride and the
dry mass gently ignited.

260gm. of the impregnated oxide were used,
occupying 67.0cm. length of the combustion tube and having an
available space of 62.8cc., and the mass ignited in a stream
of oxygen at 400°C., several degrees below the melting point
of cuprous chloride (33), for 6 hours. This gave a mixture
containing .Eég’ or 157, times the necessary amount of
copper oxide required for the complete combustion of the
hydrocarbon and containing 13.8%4 cuprous chloride.

The methane and nitrogen were prepared as before and
the method adopted was that deseribed under Methane and
Copper Oxide.
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The following results were obtained, these being

shown in the graph in Fig. 9.

too.

METHANE — C OPPER

Fig. 9.

The graph shows that under the conditions of the
experiments, methane begins to be oxidised at 400*C. and
complete combustion takes place under the prevailing
conditions at 475*0., 230*below the corresponding temperature
obtained when copper oxide was used alone. At the temperatures
shown in the table no trouble from hydrochloric acid was

encountered.

With a view to finding the effect of prolonged

activity on the life of cuprous chloride as a catalyst, the



TABLE

METHANE AND COPPER OXIDE

Expt.
Ro.

1.
2.
Se
4,
S5e
6.
(B

Temp .

380
384
412

463
480
525

Original Gas, Weight Result-
Volume.| % | Methane ggz Volume.
supplied.| formed.

CC. CHy gnm, gm. CC.
1300 5.42 | 0,0481 Nil 3500
1450 4,76 0,0454 Nil 2910
1360 5.,42 | 0,0496 0.,0178 *
1360 5.55| 04,0520 0.0800 3300
1210 5,55 | 0,0452 0.1046 30 &0
1370 5,18 0,0488 0.,1308 3050
1410 5.18| 0,0500 0.1354 3250

* Gas lost owing to manometer sucking in
overnight.
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IMPREGNATED WITH CUPROUS CHLCRIDE,.

-ing Gas. Methane Methane Methane | Bate of | Time of
% | burned. unburned. | burned. Flow, Contact.
| ¢c. per
CH, gm, gm. % min., min,
2,07 Ril 0.0475 Nil 22,8 2,76
2,37 Nil 0.0444 Nil 15.4 4.06
- 0,0063 - 12,7 15.1 4,16
1.02 0.0293 0.0224 56.4 17.6 3.5%7
0.32 0.0384 0.0061 84,9 14.6 4,30
Nil 0.0478 Nil 100.0 15.2 4.13
| Wil 0,0493 N1l 100.0 14.1 4,45

b8.



following experiment was carried out.

59.

The tube containing the copper oxide and cuprous

chloride was heated to 515°C. end air and a gaseous mixture

containing 60.6% CH,, 29.47 H, and 10.0% N, passed alternately

over the oxidising agent, the temperature being altered for

each passage of the combustible gas.

passing through the sulphuriec acid ¥-tube were passed

The exit gases, after

direetly into a solution of silver nitrate acidified with

ooneentrated nitrie acid.

By this means the cuprous chloride

was sub jected to a process involving the oxidiation of 1.49gm.

methane and 0.090gm. hydrogen which together required 16% of

the copper oxide in the tube for complete oxidation, while the

formation of hydrochlorie acid could easily be detected.

results are shown in Table X.

The

After this series of combustions a determination

to ascertain whether the activity of the catalyst had

decreased was carried out, with the following results.

4.99% CH, MIXTURE.

ate [Time of
K Temp.|Wt.Methane | Wt.Methane |Wt.Methane |Methane Fggw Contact.
E Supplied. Burned. Unburned. Burned cc.. min,.
é? °C. gm. gm. gm. % ﬁ?ﬁ.
8| 500 | 0.0519 0.0307 0.0202 | 59.1 [14.4| 4.36
9| 795 0.0493 0.0491 Nil 100.0 (16.1| 3.90




TABLE X.

PASSAGE OF METHANE-HYDROGEN MIXTURE OVER IMPREGNATED

COPPER OXIDE,

Volume Time Rate Presence or
of of of Temp. | Absence of
Gas. Pagsage. Flow. Hydrochlorie
ce. min., ec. per min, °Ce Acia.
200 67 12.0 515-530 No HCl1l
Air 60 - 530-515 -
1070 60 17.8 515~530 No HCl1
Alr 88 - 530-20 -
300 26 11.1 575=-580 No HC1
Alr 26 - - 580=660 -
270 21 12,8 660-665 Little HCL
Air 61 - 665=755 -
560 30 18.7 755=765 Much HCl
Alr 66 - 765-810 -
310 30 10,3 810=-813 Much HCL
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It is thus evident that the catalyst had lost much

of its activity after prolonged use, the efficiency, measured
by the amount of methane oxidised, having dropped by about
40% at 500°C.. The good balance in the various weights of
methane obtained in the experiment carried out at 795°C.
shows that at high temperatures where copper oxide alone
gives complete combustion, cuprous chloride does not give

any libefation of hydrochloric aeid during the combustion of

methane when this gas is used alone.

Conelusions.

(1) Impregnation of copper oxide with cuprous chloride
materially reduces the temperature of combustion of methane
Ifrom that obtained with copper oxide alone.

(2) At temperatures above 650°C. hydrogen reduces the
chloride and gives free hydrogen chloride. This renders
‘ecuprous chloride unsuitable for use in carbon and hydrogen
estimations earried out at these temperatures unless special
precautions are taken, but it may advantageously be used
for nitrogen estimations by the absolute method and possibly
for carbon and hydrogen estimation at temperatures below
650°C., at whioh temperature any methane which mey be formed
is completely oxidised.

Nitrogen estimations on mesityl oxide phenyl-
thiosemicarbazone, carried out in this College, were always

high when copper oxide was used alone, owing to the incomplete

combustion of methane, but on impregnating the copper oxide



with ouprous chloride, satisfactory results were obtained.

(3} Owing to the fact that cuprous chloride melts at
430°C. (supra.) it will be advantageous to conduct experiments
as little above 475°C.,,at whieh temperature complete
combustion of methane is obtained, as is possible in order to
prevent loss of aetivity owing to the catalyst running to the
bottom of the tube.
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F, - METHANE and COPPER OXIDE [MPREGNATED

with VANADIUNM PENTOXIDE,

Although vanadium pentoxide is a very active
oxidation catalyst, its greatest use in this respect seems
to be restricted to the production of intermediste oxidation
products; for example, it is largely adopted as a catalyst
in the oxidation of aniline to aniline black as reported by
Witz (34) and Gouillon (35), while several patents have been
taken out in respect to its use in the preparation of acetic
acid from acetaldehyde (36, 37). Gibbs (38) has found that
venadium pentoxide is the best oxidation catalyst for use in
the preparation of phthalic anhydride, anthraquinone and
vhenanthraquinone from naphthelene, anthracene and phenanthrene
regpectively, while Weiss and Downs (39) have obtained maleic
acid by the partisl oxidation of benzene by using vansdium
pentoxide as & catalyst in circumstances in which cerium oxide
and platinum give complete oxidation to carbon dioxide and water.

Nevertheless it was thought that it might be possible
to use vanadium pentoxide successfully as a complete oxidation
catalyst in promoting the oxidation of methane by copper oxide
and, in order to investigate this matter, the following

experiments were carried out.

' Preparation of Impregnated Copper Oxide.

In using this catalyst two separate quantities of

impregnated copper oxide were prepared, each containing a

different proportion of vanadium pentoxide, and these used to



ascertain the effect of varying the amount of catalyst present
in the mixture. In the first case 15gm. ammonium vanadate
were made into a cream with water, the suspension diluted and
evaporated to dryness, with constant stirring, with 265gm.
fréshly ignited 8 - 32 mesh copper oxide. 245gm. of the
resultant mixture were placed centrally in the combustion tube,
occupying 60.3cm. of its length and heated to 550°C., about
100°C. below the melting point of vansdium pentoxide (40) in a
stream of oxygen for 8 hours. This gave a mixture containing
T%%E = 161 times the amount of copper oxide necessary for the
complete oxidation of 2 litres of a 5% methane mixture. The

available space over the oxidising mixture was 62.0cce. and the

mixture so prepared contained 4.2% V505 by weight.

The figures for the other mixture prepared were:-

Weight of NH,VOgz S.5gm.

Weight of Cul 250gm.

Weight of mixture used 245gn.

Length of tube occupied 60.50m.

Cu0 present = a7 . 164 times necessary
Available space 59.2cc.

% V505 in mixture 1.0%

The methane and nitrogen were prepared by the methods

described under methane and copper oxide.

The following are the results obtained with the
4.2% mixture, the figures being grouped in the graph in Pig. 10
and tabulated in Table XI,

64,



METHANE AND COPPER OXIDE

ABLE

P —
—

Original Gas. Weight Result-
Volume. % | Metnane ggg Volume.
Expt.| Temp. supplied.| formed.

No. °C., cC. CH4 gn. gme ec.
1. 443 1220 5436 0.,0449 Nil &850
2. 503 1200 5.64 0.0467 0.0100 2740
de 555 1650 4,95 0.0562 0.0358 3100
4, 592 1500 5,10 0.0527 0.0574 2950
Se 592 1420 4,76 0.0450 0.0475 2945
6. 629 1440 5.10 0.0522 0.0882 3010
Te 671 1240 5.64 0.0485 0.1266 3140
8. 705 | 21600 5.36 0.0588 0.1682 2120

|




XI,

IMPREGNATED WITH 4.24 VANADIUM PENTOXIDE.

- ing Gasl. Methane |Methane Methane | Rate of | Time of

% burned. |unburned. | burned. Flom. Contact.
CH, gm. g, % ‘mine | min.
2 Nil | 0.0448 Nil 15.4 | 4.03
2.44 0.0037 0.0436 7.9 15.2 4,08
2.15 .0,0130 0.0445 23.1 17.3 3.58
1.63 0.,0209 0.0321 39.7 13.9 4,46
1.46 0.0173 0.0277 38.5 15.9 3.90
0.87 0,0324 0.0185 62.0 15.2 4,08
0,098 0.0461 0.0021 95.2 15.7 3.95
Nil 0.0591 Nil 100.0 15.8 3.93

65.



The graph shows that, in the case of the 4,2%
mixture, methane begins to burn at 445°C. and complete
oxidation is obtained at 675°C., or 30°below the corresponding

temperature obtained with copper oxide alone.

In order to test the life of the vanadium pentoxide
as a catalyst, about 2% litres of a gas containing 58.4% CHy,
28.0% H, and 13.6% N, were passed, intermittently with air
over the oxidising mixture according to the scheme in Table
XII, p. 67. The oxidising mixture was now subjected to an
ordinary combustion at a point on the curve to ascertain if
the eatalyst had deteriorated in any way. Such a combustion

gave the following results:-

Expt. No. 9.
Temp. 665°C.
Original Gas. Volume | 2140¢cc.
% CH, 5.10%
Weight CH, supplied 0.0719gm.
Weight of COZ formed 0.1748gm.
Resulting Gas. Volume ‘ 3140ac.,
% CH, 0.43%
Weight of CH4 burned 0.0637gm.
Weight of CH@ unburned 0.0092¢gm.
% CH, burned | 88.2%
Rate of Flow | l6.8cc. per min.

Time of Contact S.63nin..



TABLE XII.

PASSAGE OP METHANE-HYDROGEN MIXTURE OVER IMPREGNATED
COPPER OXIDE. '

Volume Time Rate of
of of Plow. Temp.
Gas, Passage. cc. per °C.
CCe min. min.
450 22 20.4 710-720
Air 92 - 720-715
500 42 12,2 715=720
Air 49 - 720-710
400 28 14,3 710=780
Alr 28 - 720=715
400 29 13.8 7165=720
Air - - 720=-20
400 34 11.8 710~-720
Air 78 - 720-710
400 34 11.8 710-720
Alr - - 720=20




Since the value for 665 C. obtained from the graph
is 88.0” it is evident that vanadium pentoxide does not

deteriorate v/ith use as an oxidation catalyst.

IETHANE. — (joppER UxIiDE.

4-2% VO,

Socf 600" goo’

TBirerature. ©

Fig. 10.

The results obtained with the Vo vanadium pentoxide-
oopper oxide mixture are detailed in Table XIII while they
are collected in the graph in Fig. 10.

The graph gives for the initial combustion
temperature 476°C., or 30"'above the temperature given by the
4.2~ mixture, and for the temperature at which complete
combustion takes place, 690'c., 15°above the corresponding

temperature obtained with the 4.2” mixture.



TABLE

METEAﬁE AND COPPER OXIDE

Original Gas. Weight |Result-
Volume.| % |Methane ggz Volume.
Expt. Temp. supplied.|formed.
No. °C. ce. CH, g gie cce
1. 475 1350 4,93 | 00,0444 Wil 3030
2. 560 1745 5,12 | 0,0611 0.02870 3700
e 610 1180 | 14.20; 00,1133 0.1100 3610
4, 668 1150 | 14,20 0,1084 0.2362 | 2550
5, 688 1430 5.35| 00,0505 0.1330 2980
6. 23 1490 5.35| 0.0535 0.1494 | 3010
|
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IMPREGNATED WITH 14 VANADIUM PENTOXIDE.

Rate of Time of
Methane | Methane Methane Flow,
% |burned. | unburned.| burned. Contact.
cc. per
CH, gn, gm. p J min, min,
2.21 | Nil 0.0436 Nil 18.0 3.29
2,10 | 0,0099 0.0513 16.2 16.9 3.48
3.11 [0,0403 0.0732 3546 16,9 3448
1.36 {0,0861 0.0228 79.5 17.7 3635
0.,084]0,0485 0.0016 96,0 17.5 3¢37
Nil 0.0544 Nil 100.0 17,7 3435
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Conoelusions.

From the results obtained it is evident that
vanadium pentoxide may be successfully used as an oxidation
catalyst in the ocomplete combustion of methane by means of
copper oxide and that the efficiency of the catalyst is a
funotion of the amount present. The oatalyst has the

advantage that it does not deteriorate after prolonged use.




G, = METHANE and COPPER OXIDE IMPREGNATED

with COBALTO - COBALTIC OXIDE, Coz04.

71.

Although until recent years the use of metallic oxides

as catalysts in the oxidation of organic compounds has been
limited almost exclusively to copper oxide, Sabatier and
Mailhe (9) have shown that cobaltous oxide has catalytic
properties entirely comparable with those of finely divided
platinum, since methane, mixed with oxygen and caused to
impinge on a surface of cobaltous oxide at 200°C. is almost
completely oxidised, a little formaldehyde being formed.
Almost simultaneously Matignon and Trannoy (41) showed that
this oxide could be used as a catalyst in producing a "lampe
Sans flamme” by causing the combustion of methyl alcohol
vapour on a surface of cobaltous oxide.

Since these two catalytic uses of cobaltous oxide
yielded such successful results it was decided to study the
use of this oxide as a catalyst in promoting the oxidation of

methane by means of copper oxide.

Preparation of Impregnated Copper Oxide.

R3.6gm. Co(NOgz)p 6Hp0 (sufficient to give 5gm. Co0)
were dissolved in water in an evaporating basin and 250gm.
freshly ignited 8 ~ 32 mesh copper oxide added. The whole
nass was slowly evaporated to dryness, with constant stirring,
and the dry mixture gently ignited.

217gm,., of the mixture were introduced into the
Combugstion tube, occupying 65.0cm. of its length and heated



in a current of air for 6 hours at 614°C.. All traces of
oxides of nitrogen and water were driven off in less than
two hours. This gave a mixture containing T%gg’ or 150,
times the necessary amount of copper oxide and containing
2.0% Co0. The available space in contact with the impregnated
copper oxide was 6l.9%cc..

Although the oxide of cobalt produced by heating
cobalt nitrate is at first cobaltous oxide (Co0}, Xalmus (42)
and others have shown that the stable oxide formed by heating
cobaltous oxide in air or oxygen is cobaltocobaltic oxide
(00504), so that in the experiments carried out the actual
catalyst would be the latter oxide.

The results obtained are given in Table XIV and are
collected in the graph in Fig. 11. These show that the initial
combustion temperature of methane is reduced by 270° to 290°¢C,
while the temperature at which complete combustion takes
place is 650°C., or 55 below that obtained with copper oxide
alone, adequate proof that the oxidation of methane is greatly

promoted by this catalyst.

Conclusions.,

Cobaltocobaltic oxide may be successfully used as a
catalyst in promoting the oxidation of methane by means of

copper oxide.



TABLE

METHANE AND COPPER OXIDE

Original Gas. Weight Result-
Expt.| Temp. | Volume. % | Methane ggz Volume.
) supplied. | formed,

Ro. C, GGC. CHy gm. gn. CCe
1; 250 1450 5.04 0.0507 Nil 3340
2. 420 1520 | 5.12 0.0574 0.,0128 3400
3. | 490 1260 | 5,08 | 0.0444 - 0.0222 | 3150
4, 550 1990 5.08 00,0687 00,0544 3340
5. 600 1660 5.35 0.0590 Q.1066 2880
6. 640 1360 5.35 0.0483 0:1226 2550

7. | 133 | 1860 4.93 0,0616 0.1700 3250




X1V,

IMPREGNATED WITH 24 COBALT OXIDE,

-ing Gas. Methane 'Methane | Methane | Rate of | Time of
% burned. | unburned. burned. Fom. Contact.
CHy g, gm. % c;inx.)er min,
2,85 Nil 0.0503 Nil 18.2 3.40
2.26 0.0047 0.0517 8.2 17.9 3.46
1.71 0.0081 0.,0356 18.2 19.4 3.19
2.18 0.0198 0.0480 28.9 18.2 3.40
1.37 0.0388 0.0197 65.8 18.2 3.40
0.28 0.0447 0.0046 92.5 17.9 3.46
Nil 0.0620 Nil 100,0 18,6 3433
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H. - METHANE and COPPER OXIDE IMPREGNATEQ-

with NICKELOUS OXIDE.

Although nickel oxide is perhaps better kmown as
a hydrogenation catalyst, the idea was entertained that this
oxide may be advantageously used as an oxidation catalyst in
view of the success of the cobalt oxide as shown in the last
section. Boudouard (43) has reported that both nickel and
cobalt oxides oxidise carbon monoxide completely and more
rapidly than ferrie oxide, while Sabatier and Mailhe (9) have
shown that nickel oxide gives almost complete oxidation of
hydrocarbons in presence of oxygen, a little formaldehyde
being formed. Matignon and Trannoy (41} have successfully
used nickel oxide in place of cobalt oxide in their lamp

without flame.

Preparation of Impregnated Copper Oxide.

 23.6gm. Ni(NOgz),.6H;0 - sufficient to give 5gm. Ni0 -
were dissolved in an evaporating basin, 250gm. freshly
ignited 8 - 32 mesh copper oxide added, the whole mass well
mixed and slowly evaporated to dryness with constant stirring.
The dry mixture was introduced into the combustion tube,'
occupying 64.lcm. of its length, and ignited in a eurrent of
air at 621°C. for 6 hours, all traces of oxides of nitrogen
having been expelled in less than 2 hours. This gave a
mixture containing 2.0% Ni0 and jggg, or 175, times the
necessary amount of copper oxide. The space over the

oxidising mixture was 64.5c¢c..

e e e



According to Caven and Lander (44), FIO is stable
at high temperatures, so that in this case the mixture

contains nickelous oxide as such.

The results are shown in Table X?, from which the

graph in Fig. 12 has been constructed.

Fig. 12.

The date show that the initial combustion temperature
of methane is 395**0. or 165”below the figure for copper N
oxide alone, while the minimum temperature of complete

combustion is reduced by 30” to 675*"C..



TABLE

METHANE AND COPPER OXIDE

Original Gas. Weight of |Result-~
Expt. | Temp, | Volume. % | Methane €O, formed.|Volume.
. supplied.

No. c. CC. GI:I4 gne gne cc.
1. 31e 1250 5.12 00,0443 Nil 2950
. 439 1610 4;19 0.0462 0.0064 3050
S 499 1590 4,19 0.0460 0.0218 3270
4, 578 1980 4,89 0.0653 0.0916 2990
5. 675 1340 4,89 0.0444 0.1214 3060
6. 734 1850 | 5.04| 0.0634 0.1738 3060




XV,

IMPREGNATED WITH 2% NICKEL OXIDE,

-ing Gas, | Methane | Methane | Methane | Rate of | Time of
% burned. | unburned. burned. Flow. Contact.
CHy gm. gm. % cc./min., min,

2,18 Nil 0.0429 Nil 18.6 3.46

2,08 0.0023 0.0434 5.0 19.7 3.28
1.75 0.0079 | 0,0380 17.3 19.1 3.38
1.67 0.0334 | 0,0324 51.1 19.5 3.31
Trace 0,0442 Trace 100 18.4 3.51
Nil 0.0633 | HNil 100.0 19.9 3.24

[
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Concelusions.

Although not so effieient a eatalyst as
cobaltocobaltic oxide, nickel oxide may successfully be used

as an oxidation catalyst in promoting the oxidation of methane

by means of copper oxide.




XK. - METHANE and COPPER OXIDE IMPREGNATED

with MANGANESE DIOXIDE.

In thelir investigations on the combustion of
organic substances on surfaces which acted as catalysts
Matignon and Trannoy (41) found that while the oxides of
cobalt and nickel gave results with methyl alcohol only,
manganese dioxide was aBle to maintain incandescence when
other organic compounds were used. Sabatier and Mailhe (9)
also found that in aidiﬁg the combustion of hydrocarbons
catalytically manganese dioxide had properties quite
comparable with those of finely divided platinum.

In recent years the catalytic oxidation of carbon
monoxide has ocgcupied the attention of American chemists.
This oxidation may be brought about by metals such as
platinum and palladium, but the time of contact necessary
for complete oxidation is comparatively great. It has been
found that mixtures of certain oxides are much more effective
as catalysts and may bring about the complete oxidation of
carbon monoxide at ordinary temperatures with a surprisingly
short time of contact. 1In this respect a mixture of
manganese dioxide and copper oxide has been found to be
exceedingly efficient, in fact, Lamb, Scalione and Edgar (45)
have found that such a mixture, containing only 1% menganese
dioxide, developes so much heat with a mixture of carbon
monoxide and hydrogen that not only is the former gas
completely oxidised but also part of the latter. 4n

éxhaustive survey of this work is given by Bray and his

T e e =
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colleborators in the Journal of the American Chemical
Society (46).

‘In the catalytic oxidation of ammonia Piggot (47)
has shown that a mixture of manganese dioxide and copper
oxide in the ratio 60:40 has an efficiency of over 90% at
800°C..

These facts prompted the idea that manganese dioxide
may prove an efficient satalyst in the work under

sonsideration. /

Preparation of Impregnated Copper Oxide.

1l.4gm. MnCl,.4Hp0 (sufficient to give 5gm. MnO,)
were dissolved in water, a little ammonium chloride
solution added and bromine water added until the solution
developed a permanent yellow colour. A slight excess of
ammonia was then added and the solution warmed. The
precipita?ed manganese dioxide was filtered off, washed
with distilled water until free from halide and washed into
an evaporating basin containing 250gm. freshly ignited
8 - 32 mesh copper oxide sovered with distilled water. The
mixture was then slowly evaporated to dryness, with constant
stirring and gently ignited.

227gm. of the mixture were used, occupying 65.0cm.
length of the combustion tube in whieh it was ignited in a
current of air for 6 hours at 700°C.. The mixture used
contained 2.0% MnO, and j%gg, or 157, times the necessary

amount of copper oxide, while the available space in contact




with the oxidising medium was 57.8cc..

According to Wright and Luff (48) the oxide of
manganese stable at high temperatures is mangano - manganic
oxide, so that in this case the catalyst was really

this latter oxide.

The results obtained are shown in Table XTI and
are collected in the graph in Fig. 13. These show that the
initial combustion point of methane is reduced by 345°to
215°and the temperature of complete combustion by 30°to
676*0. .

Conclusions.

The results obtained show that impregnation of
copper oxide with manganese dioxide considerably reduces the
temperature of combustion of methane and that such a
mixture may be advantageously used in oases where trouble

from the non - oxidation of methane arises.

Fig. 13.

300+ yoo*
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TABLE

METHANE AND COPPER OXIDE

Originsl Gas. Weight of | Result-

Expt.| Temp.| Volume. % Methane COs formed1 Volume.
No. °C. cac. CH, sugﬁ%ied' gm. ce.
1, 215 1340 5.18 0.0467 Nil 3210
2. 297 1340 5.18 0.0469 0.0086 3060
Be 398 1450 5.45 0.0529 0.0138 3480
4, 430 1440 5.45 0.0525 0.0174 3410
5. 506 1310 5.83 0.0492 0.0418 3480

6. 556 1460 5.83 0.0579 0.0758 *

7. 590 1470 5.7 0.0586 0.1352 3255
8. 672 1595 4,89 0.0530 0.1448 2890
9. 733 1750 5.12 0.0606 0.1640 310

L

* Gas lost owing to aspirator emptying.
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IMPREGNATED WITH 2% MANGANESE DIOXIDE.

~-ing Gas. | Methane | Methane | Methane | Rate of | Time of
% burned. | unburned. burned. Lo Contact.
ce, per

CH, gm. gm. % min. min.
2,18 Nil 0.,0469 Nil 17.9 3.23
2.18 0.0031 0,0436 6.7 18.6 3.11
2.08 0.0050 0.0466 9.5 17.7 B3.26
2,07 0.,0063 0,0457 12.1 19.2 3.01
1.80 0.0152 00,0327 31.0 18.5 3.12
- 0.0876 - 47,7 18.5 3.128
0.42 0,0493 0.0090 54,6 18.0 3.21
0.0285 0.0528 0.0004 99,6 20.1 2,87
Nil 0.0598 Nil 100,0 18.%2 3.18

8l.
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L. -~ METHANE and COBALTO - COBALTIC OXIDE.

In view of the success of sobalto-cobaltic oxide
as a catalyst in reducing the temperature of complete
combustion of methane by as much as 55°C., it was decided to
investigate the effeet of temperature on the oxidation of
methane by this oxide alone, deposited on pumice. For this
purpose, 86.0gm. Co(NOz)z.GHzo were mixed with 75gm. 4 - 8
mesh purified pumice, melted and evaporated, with constant
stirring, until the whole mass was dry. This gave 135gm.
mixture. 82.5gm. of this mixture were used, occupying 65.0cm.
length of the combustion tube and heated to 250°C. for 3
hours and then to 750 C. for 6 hours with air passing.

Calculated as cobaltous oxide, Co0, 1l.2gm. in all
were used, containing 2.4gm. oxygen, i.e. Tgéé-, or 8.4
times the necessary amount of oxygen. The volume of space
in contact with the oxidising medium and its carrier was

93.6c00 L ]

The results are tabulated in Table XVII and\grauped
in the graph in Fig. 14. These show that the initial
combustion point of methane is 250°C., or 40 below that
obtained with the oxide mixed with copper oxide, while the
lowest temperature of complete combustion is 705°G., or
55°above the corresponding temperature for the eobalt
oxide - copper oxide mixture and equal to the value

obtained with copper oxide alone.




TABLE

METHANE AND PUMICE

Welight of

Original Gas. Result~
Expt.| Temp.| Volume.| % Methane COp formed.| Volume.
supplied.

No. °C. co. CHy gm. gn. cc.
1. 219 1610 5,08 0.0553 Nil 3390
2. 403 1500 5,08 | 0,0501 0.0092 3120
e 500 1540 5.20 0.0534 0.0132 3200
4, 541 1550 5.20 0.,0540 0.0176 3360
5. 591 1640 4,92 | 0,0543 0.,0294 3110
6. 639 1600 4,76 0.0519 0.0697 2960
Te 685 1640 4,92 0.0558 0.1268 3200
8e 715 1600 4,76 | 0,0508 0.1400 3200




XVII,

IMPREGNATED WITH COBALT OXIDE,

-ing Gas. | Methane | Methane |Methane | Rate of |Time of
% Burned. | Unburned.|Burned. et Contact.
ce. per

CH, gm, gu, % min, min.,
2.48 Nil 0.0547 Nil 18.6 5.04
2.41 0,0033 0.0476 6.7 17.4 5,38
2.40 0.0048 0,0494 9.0 18.1 5.18
2,83 0.0064 0.0484 11.9 18,9 4,96
2.17 0.0107 0.0440 19.7 18.8 4,98
1l.44 0.0248 0.0282 447.7 17.8 5.86
0.50 0.0462 0.0105 82.8 18.2 5.15
Nil 0.0510 Nil 100,0 18,0 5.21

83.
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Conolusions.
Cobalt oxide may be suecessfully used as an
oxidising agent in organic combustions, being completely

comparable with eopper oxide in this respect.

The fact that the lowest temperature of complete
combustion of methane obtained with cobalt oxide is 55"
above the corresponding temperature for the cobalt oxide
copper oxide mixture undoubtedly shows that the action of

cobalt oxide in lowering the temperature of combustion of

84.
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methane with eopper oxide, when mixed with this latter oxide,

. is ecatalytic.




GENERAL. CONCLUSIONS.

From a study of the work carried out in this
section it is ceoncluded that cuprous chloride, vanadium
pentoxide, cebalt oxide, nickel oxide and manganese dioxide
may all be used successfully as catalysts for promoting
the oxidation of methane by copper oxide, the efficiency of
the catalyst being a function of the amount present in the
case of vanadium pentoxide and probably also in the other
cases.

As an easy mode of comparing the efficiencies of
the various ecatalysts used the graphs in Fig. 15 and Fig.

16 have been prepared. In the first of these all the
straight line graphs have been c¢ollected and in the second
all the curves, together with the graph obtained when copper
oxide was used alone.

The fact that the curves obtained can be divided
into two such distinct classes is worthy of consideration,
especially when it is noted that in Fig. 15 are placed all
the graphs obtained as the result of the investigation on
the effect of the addition of another combustible gas to the
me thane - nitrogen mixture, together with the graph obtained
by the use of cuprous chloride as a catalyst. The effect of
adding either hydrogen or ethylene to methane is to reduce
the temperature of combustion of the latter hydrocarbon,
most probably owing to the fact that the combustion of the

more easily oxidised gas generates sufficient heat locally to
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cause the oxidation of the methane to take place.

This explanation, however, does not apply to the
question of the funetion of cuprous chloride although
the result produced is similar and since this catalyst
produces a different type of curve from any of the other
catalysts studied, it is evident that, catalytically,
cuprous chloride funcetions in a manner completely different
from the others. It is possible that in the case of all the
other catalysts it is the aetivity of the copper oxide
which is increased on the addition of the catalyst, while with
cuprous chloride, the reactivity of the methane, rather
than that of the coppef oxide, is inecreased.

There is a possibility that cuprous chloride
reacts with methane and progressively dehydrogenates this
hydrocarbon with the formation of ethane, ethylene and
possibly acetylene, which hydrocarbons are more easily
oxidised by copper oxide than methane and, when mixed with
this paraffin, lower its temperature of combustion. This
dehydrogenation may be made clear by the following scheme
whieh c¢learly shows the possible formation of hydroehloric
acid and its subsequent conversian to hydrogen:-

Ca——Cu 2Cu
| | + } —> CugCly + Hy
cl cl —— 2HC1

+ + +
CH, CH, CHyz.CHg




Cu——-o>=Cu 2Cu '
Cl ¢l —— 2HCl
o+ +
CHs'——"CH5 CHZ:CHB
Cu——7>0DCu 2Cu
Cl clL ——— 2HC1l

+ +

§=~—CH2 CH:CH

This scheme provides for the formation of hydrogen
end ethylene, both of which, when mixed with methane, produce
straight line graphs with copper oxide. This hypothesis
is submitted without proof.

With regard to the efficiency of the various
catalysts studied, it i1s seen that cuprous chloride is by
far the most efficient, but this efficiency decreases
greatly if the catalyst is heated above its melting point
(430°C.). The determination of carbon and hydrogen by
combustion over copper oxide with cuprous chloride as
catalyst should not be carried out at temperatures above
650°C., at which temperatures free hydrogen chloride is
formed by the action of free hydrogen, unless provision is
made for the oxidation of this gas and the subsequent
fixation of the ehlorine. Below 650°C. no free hydrogen
chloride is obtained and, sinee all methane is completely
oxidised at 475°C. the catalyst may be advantageously used
for carbon and hydrogen estimations between these limits

of temperature. In nitrogen estimations no precautions as
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to the oxidation of hydrogen chloride are necessary and
cuprous chloride may be considered an ideal catalyst for

these déterminations.

Reference to Fig. 16 demonstrates that the most
efficient catalyst studied in this group is cobalt oxide,
the remainder, in order of efficiency being manganese
dioxide, nickel oxide and vanadium péntoxide. This is in
complete agreement with the results of Yant and Hawk (49)
who, in 19287, published details of an investigation into
the activity of various metal and metal oxide catalysts in

promoting the oxidation of methane by means of air. Of

the four catalysts mentioned above, the influence of
vanadium pentoxide was not studied, but the order of
efficiency of the other catalysts obtained by these authors
was cobalt oxide, manganese dioxide and nickel oxide.

It may be recorded that the work carried out in
this section (Part I) was completed before the results
of Yant and Hawk were published and that, although the two
investigations only differ in respect of the faet that in
one of them air and in the other copper oxide, is used
&s the source of oxygen, no notice of this work was
obtained until the paper referred to was published.

The addition of another combustible gas, such as
hydrogen or ethylene, to methane materislly promotes the
oxidation of the latter hydrocarbon for the reason sfated

above. Ethylene, although acting as a negative catalyst or
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a catalytiec poison in some cases, does not act as such in
the combustion of methane by copper oxide. Owing to its
greater heat of combustion per unit volume, ethylene
effects a greater reduction in the temperature of combustion
of methane than does hydrogen.

The use of fused lead chromate as an oxidising
agent in combustion analyses is not to be recommended,
owing to the possibility of the incomplete oxidation of methane
to carbon monoxide and to the faet that, once reduced, it
cannot be regenerated in situ by heating in a current of
oxygen even at 800 C.. Further, the graph shows that it is
inferior to copper oxide in eausing the complete combustion
of methane.

Cobalt oxide used alone, whilst initially oxidising
methane at a much lower temperature than copper oxide, is
practically only equal in efficiency to this latter oxide

at the point where complete combustion takes place.

The final conclusion is that for general use at
any temperature a mixture of copper oxide and eobalt oxide
provides the best safeguard, at present known, against the

incomplete combustion of methane.




PART II.

THE INFLUENCE OF CATALYSTS IN THE OXIDATION OF
METHANE BY HALP ITS VOLUME OF OXYGEN.



93,
Introduetion.

During the course of his experiments on flame,
Davy, in 1817 (50), discovered that combustible gases slowly
combined with oxygen at temperatures below their ignition
poinfs. This led him to enguire whether the temperature of
such slow combination? while lower than that necessary to
produce flame, might be high enough to render solid bodies
incandescent. By introducing a warm platinum wire into
mixtures of air with coai gas, ethylene, carbon monoxide,
hydrogen or prussic acid, he discovered that the wire became
red hot and remained so until almost all the oxygen had been
econsumed. Thus Davy discovered the well-known phénomenon

of Catalytie Combustion.

Since Otto (51) in 1898 claimed to have produced
methyl aleohol, formaldehyde and formic acid by the action
of ozone on methane, the partial oxidation of methane by
means of gaseous oxygen, with and without the aid of catalysts,
has proved to be the subject of many experiments. In 1902,
Bone and R. V. Wheeler (52) carried out, on the oxidation of
methane by means of a deficiency of oxygen, a series of
experiments whieh, with others, led to the formulation of the
Hydroxylation Theory of Hydroearbon Combustion propounded by
Professor Bone. According to this theory, when a hydrocarbon
is oxidised, there is a tendency for the hydrogen atoms
Successively to be oxidised to hydroxyl groups, yielding

hydroxylated molecules which may, or may not, be stable under




94,
the conditions of the experiment. If stable, such

hydroxylated compounds may be isolated, but if not, they will
decompose into simpler products, which products may undergo
further oxidation by hydroxylation. In the case of methane
the stages in the oxidation are given by the following scheme,
in which vertical arrows represent stages of thermal

decomposition and horizontal arrows stages of oxidation:-

OH
CH, —> CH.OH — CH—
4 3 B
l OH
0 OH oH

H 0+H.G:0., —> H.C:0 —> HO.C:0

H O0+CO—H O + CO_.
2 —H,0 2

According to this scheme it should be possible to
obtain methyl alcohol, formaldehyde, formic acid, carbon
monoxide, carbon dioxide and water by the controlled oxidation
of methane.

That Bone's work on the oxidation of hydrocarbons
opened up a new area of investigation is evident by the large
mumber of contributions to the literature of the controlled
oxidation of hydrocarbons that has been published since 1902.

In 1906, Lance and Elsworthy (53) claimed to have
obtained methyl alcecohol by oxidising methane with such
O0xidising agents as

(a) hydrogen peroxide
(b} hydrogen peroxide and ferrous sulphate
(Fenton's reagent)

(e) hydrogen peroxide and persulphuric aeid
and (d) persulphuric acid,
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while won Unruh (54), in 1907 obtained chiefly formaldehyde,
although methyl aleohol and formic acid were also formed in
small gquantities, by the oxidation of methane by means of
air or oxygen in presence of tan bark.

Fernekes (55) heated a mixture of methane and air,
~in a specially constructed burner, to such an extent that

formaldehyde was produced. The outer envelope of gas
issuing from the burner was allowed to become ignited,
whilst external air was excluded from the inner gases and
complete combustion was prevented by baffling the stream of
gas against a cooling surface.

Traun (56) obtained methyl alecohol and formaldehyde
by oxidising methane by means of carbon dioxide. The mixed
gases were passed through a constriceted pipe heated to
500"~ 700°C. at the constriction and the gaseous reaction
- produets quiekly cooled. The yield of formaldehyde was about
56% and the formation of methyl alecohol was favoured by a
slower passage of the gases through the tube. The yield of
formaldehyde was increased to 70% by adding ammonia to the
reacting gases, whereby hexamethylene - tetramine, a compound
more stable than formaldehyde, was formed.

In 1922, Blair and T. S. Wheeler commenced & very
thorough investigation into the oxidation of hydrocarbons
with special reference to the production of formaldehyde.
Using methane as the hydrocarbon they (57) confirmed work
carried out by Otto (supra) and Drugmen (58) on the production

of formaldehyde by the interaction of methane and ozone,
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giving a series of quantitative investigations in place of
the latter two authors' qualitative results. By using a
modification of Bone and R. V. Wheeler's method of
eirculating methane with a deficieney of oxygen through a
heated tube, they obtained more promising yiélds of
formaldehyde (59) as an outcome of which they established
the following two gquantitative relations:-
(1) Under the conditions of the experiment the
yield of formaldehyde varies inversely as
the temperature and as the time of heating.
(2) With shorter times of heating, equimolecular
mixtures give the higher yields of
formaldehyde; for longer times of heating,
excess hydrocarbon mixtures are better.
A full summary of the results is to be found in
& booklet published by H.M. Stationery Office (60).

Berl and Fischer (61) studied the partial oxidation
0f methane by means of various oxidising agents, supplied
in gquantities less than that required for complete combustion,
by passing the mixed gases through a heated tube containing
s8ilica as catalyst. The main products, using air as oxidising
agent, were oxides of carbon and a little formaldehyde.

Trop&8ch and Roelen (62) drew conclusions similar to

those given by T. S. Wheeler and Blair on the production by
formaldehyde by the partial oxidation of methane. In this
case methane and oxygen were passed through & quartz tube
containing no catalyst. Medvedev (63) experimented with

g0ld, platinum and oxides of niekel, aluminium, copper, silver,

lead and cerium as catalysts on an asbestos base in the

Oxidation of methane to formaldehyde and showed that at low
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retes of flow only carbon dioxide was formed. At higher
speeds, however, formaldehyde was produced, in one case
over 58% of the methane decomposed being oxidised to
formaldehyde.

A patent has recently been taken out for the
production of methyl alcohol and formaldehyde by the aetion
of catalysts on methane - oxygen or methane - ozone
mixtures under pressure at a red heat, such catalysts being

pumice, brick fragments, slag, asbestos, sand, quartz, ete..(64)

It is seen that, for economic reasons,.mos8t of the
above investigations have been concerned with the production
of formaldehyde by the partial oxidation of methane and,
with the exeeption of a few notes by T. S. Wheeler and
Blair (59), no quantitative results on the influence of
catalysts on the acceleration of the complete oxidation of
methane by means of oxygen are available. In order to
compare the efficiencies of several of the more common .
oxidation catalysts, the following investigations were

carried out.
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GENERAT, METHOD of PROCEDURE.

In this series of experiments the method adopted
was to circulate, at practically a uniform rate in a closed
system, modelled on that devised by Bone and R. V. Wheeler
in their researches on the oxidation of hydrocarbons at low
temperatures (52}, a gaseous mixture containing approximately
two volumes of methane and one volume of oxygen over the
catalyst, the temperature of whiceh was varied for each
experiment. The original and final gaseous mixtures were
analysed and the wash waters examined gqualitatively. Before
and after each experiment pressure readings were noted and
the results calculated by Bone and R. V. Wheeler's method
of partial pressures (52).

The apparatus used is shown in the sketech in Fig. 17
on page 100, It consisted of a glass bulb, A, of about 500cc.
capacity and containing a few cecs. of distilled water, so
that the gases entering the combustion tube were always
saturated with water vapour at the temperature indicated by
the thermometer immersed in the water jacket whiech surrounded
the bulb. This jacket and the cooling coil at the exit end
of the combustion tube were carefully screene@ from heat
radiated from the furnace by means of the thick asbestos
Sereens shown in the sketeh. Connected to the bulb, A, was
& three-way stopcock, B, which allowed the gases to be
passed through the combustion tube or bye-passed directly
%o the circulation pump. The combustion tube was contained

¢centrally in the electric furnace and a layer of 20c¢m. of
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catalyst placed centrally in the tube. This ensured that

the catalyst, over its whole length, was maintained at a
uniform temperature, (cf. Appendix II, p. 210 ) this
temperature being determined by the nickel-nichrome
thermocouple shown, the junction of which, as in the last
series of experiments, was placed in the centre of the furnace
tube between the combustion tube and the furnace tube wall
and immediately over the centre of the layer of catalyst.

After passing over the catalyst, the gaseous
mixture was passed through the glass worm, C, which was
immersed in melting ice and which contained a little
distilled water to absorb any'soluble intermediate oxidation
produects and in which there also condensed any water formed
during the reaction.

The gases were circulated by the automatic'Sprengel
pump, D, which forced them into the return tube, E, behind
which was placed a millimeter scale (not shown in sketech) on
which the pressure of the gas in the system could be noted
before and after each experiment. The return tube was
connected to the bulb, A, and the apparatus closed by the
stopcock, F, through which the system was first of all
evacuated, the Original Gas introduced and the sample of
Residual Gas withdrawn for analyéis.

In Bone and R. V. Wheeler's original apperatus, all
Joints, with the exception of those at the ends of the
combustion tube, which were made with heavy rubber pressure

tubing, were sealed in a blowpipe flame, but in the apparatus
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deseribed more rubber connections were employed for the
sake of ease in disconnecting the worm in order to examine
its contents and in replacing the combustion tube and catalyst
at the end of each series of experiments. All such rubber
connections were made of heavy rubber pressure tubing and
liberally coated with amyl acetate collodion, While'the
combustion tube was connected up by means of two tightly-
fitting rubber stoppers and these similarly coated with
collodion. 1In such an apparatus the amount of leakage, tested
under a vacuum, was never greater than 10mm. in 5 hours.

The automatic working of the Sprengel pump was
obtained by means of the deviece shown, the power for which
was supplied by compressed air. The mercury elevator, G,
consisted of a jet connected to a compressed air main
through the valve, H; this jet was enclosed in a small
eylinder which tapered to a narrow bore tube immediately
above the Jjet and which was connected to a mercury reservoir,
X, into which all the mercury from the pump finally returned.
The mercury in G was elevated by a steady current of air
which first of all broke the mercury into short columns and
then foreed it up the narrow glass tube into the reservoir, I,
connected to the pump. This reservoir was fitted with an
overflow tube which led to the mercury reservoir, XK. During
an experiment the elevator was made to funcetion at such
& rate that mercury continually paésed from the reservoir, I,

to the receiver, K, by way of the overflow tube, SO that the

"head" of mercury necessary for the working of the pump
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remained practically constant.

On leaving the pump the mercury passed through the
enlarged part of the return tube, E, into the Buchner flask
immediately below: this flask contained sufficient mercury
completely to f£ill the return tube when the system was -
evacuated. The mercury then passed into the small thistle
funnel and on to the receiver, X.

By this means, under the power supplied by air under
a pressure of a few pounds, the pump was rendered automatic.

The average rate of flow of gas obtained from the
pump, measured by the time required for it to pass one litre
of air at atmospheric pressure, before being assembled in the
apparsatus, was found to be 50ce. per minute and for purposes
of calculation of times of contact of gas and catalyst this
figure was adopted. The method of estimating the available
space in contact with the catalyst and its carrier was the
same as that used in Part I and is described in Appendix V,
page 216.

The total volume of the apparatus, determined
roughly by measuring the volumes of the component parts, was
about 800cc., while the volume of the bye-pass tube was 1lOce..
Assuming the pump to cause a circulation of 50c¢c. per minute,
this means that the gases would be circulated 18 - 20 times

in 5 hours, the duration of one experiment.

The methane used for the experiments was prepared by

Grignard's method (24) as detailed in Appemdix IV, page 213,
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while the oxygen was obtained from cylinders of that gas,

being washed with caustic soda solution before use. The
gaseous mixtures of methane and oxygen were rendered
homogeneous by shaking and were stored over a saturated
solution of magnesium chloride. These were analysed over

mercury in Bone and Wheeler's apparatus.
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METHOD of CONDUCTING an EXPERIMENT.

The system was evacuated through the stopcock, F,
by means of an electrically driven oil pump, the stopcock, B,
being turned from time to time to communicate alternately
with the combustion tube and the bye-pass tube, until the
pressure recorded by the return tube seale differed from
atmospheric by the tension of aqueous vapour at the temperature
given by the thermometer placed against the reservoir bulb.
The methane-oxygen mixture, of known composition, was then
fed in through F until the pressure of the gas was
approximately two-thirds of an atmosphere, and the pressure
on the return tube scale, the atmospheric pressure and the
temperature, t°C., indicated by the thermometer, noted.

The Sprengel pump was started and the gases
eirculated through the bye-pass tube while the furnace was
heating up. When the furnace had attained the required
temperature, the gases were circulated through the combustion
tube and the time noted. Each experiment was allowed %o run
for five hours and once every hour the gases were bye-passed
for five minutes in order to sweep the gas from the bye-pass
tube.

During the eirculation the pump was allowed to
circulate the gases as quiekly as possible, the speed being
approximately 50cc. per minute. The temperature generally
showed a tendency to increase at the outset of an experiment

and to decrease towards the end, but by Jjudicious use of the
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rheostat controlling the current supplied to the furnsce it

was possible to control the temperature to within t5°C..

At the end of five hours the furnacee current was
switched off and the gases circulated through the bye-pass
tube until the furnace had cooled down. During the process
of cooling, the seal of water in the worm prevented the
products of the reaction, whiech took place in the combustion
tube during this period of cooling, from mixing with the main
volume of gas. The products of the reaction, which took
place in the combustion tube during the period of heating of
the furnace, did mix with the rest of the gas, but this
périod was much thé shorter of the two.

When "all cold", generally after having been left
overnight, the water surrounding the reservoir, A, was
brought to t°C. again, the gases circulated for about an
hour and fresh determinations of the pressure indicated by the
return tube scale and of the atmospheric pressure made.

A sample of gas was then withdrawn through F and
an&lysed in Bone and Wheeler's apparatus over mercury while
the contents of the worm were washed out into a clean beaker
and the resulting solution tested for methyl aleohol,
formaldehyde and formic acid by the following method:-

A portion of the washings was examined for
formaldehyde by means of Wright's rosaniline test (65); the
rémainder was distilled over caustice soda solution or
Potassium cyanide solution to £ix the formaldghyde and the
distillate divided into two portions. The first was examined
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for methyl aleohol by Wright's method (ibid.) and the second

allowed to remain in contaet with clean magnesium turnings
for several hours and the resulting solution subsequently
tested for formaldehyde. The U. S. Pharmacopoeia Test using
resorcinol (66) was employed to confirm the presence of

formaldehyde when found by the rosaniline test.

R R L A
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METHOD of CALCULATION.

For purposes of calculation and reporting of
results all gases were calculated to nitrogen free gas. The
method of caleulation was that of Partial Pressures used by
Bone and R. V. Wheeler (52) in their eireulation experiments.

Owing‘to the faet that it was necessary to leave the
apparatus overnight, generally for a period of over 16 hours
before making the final pressure reading and withdrawing a
sample of gas for analysis, it is probable that, during this
long interval, the amount of air leaking into the apparatus
would be quite appreciable, so that, in the calculation of
results, the consumption of oxygen has not been followed out
in the scheme of partisl pressures. This omission was further
desirable since some of the catalysts studied themselves
absorb oxygen. The oxygen leaking in during this quiescent
period, except in a few isolated cases, would not participate
in the reaction so that the final results would not be
appreciably affected.

In cases where free hydrogen was obtained in the
Residual Gas no back - ealculation to an equivalent amount of
methane was necessary for this gas since no free carbon was
detected in any of the experiments. This means that any
hydrogen obtained in the Residual Gas had been formed
(indireetly,) from methane by the liberation of carbon
compounds, all of whieh are accounted for in the scheme of

partial pressures.




The following example is taken from Experiment No. 6
of the Palladium Black series of experiments.
Original Gas contained 53.9%CH,, 29.0%05, 17.1%Ng,
or as nitrogen free gas 65.1%CH,, 34.9%02;
Original Pressure = 679mm. .
Partial Pressure of CH, in Original Gas (Nitrogen free)
=(679 x 0.651)mm. = 442mm..

Residual Gas (Nitrogen free) contained

20.9%002’ 3.5%C0, 3.9%0,, 71.7%CH,.
Pinal Pressure = 429mm,.

Partial Pressure of C0, = (429 x 209 )mm. = 90mm.= 90mm.CH,.
n " n C0% = (429 x .035)mm. = 15mm.= 15mm.CH,.
n " " CH4 = (429 X 0?17 )m. = 307mm. = 507mm.0H40
Partial Pressure of CH4 supplied = 442mm.
n n n CHy left unoxidised = 307mm.
" " n CHy oxidised = (442-307)mm. = 135mm.
n n n CHy oxidised to gaseous
products = (90 + 15 )mnm, = 105mm.
products = (135=105)mm. = 30mm.,
Uethane oxidised to COp = (7 X 100)% - =20.34.
. 5
n mo nCO = (Z—i-é- x 100)% = 3.4%.
n n 1 1iquid.* = (-4—2% x 100 )% = 6.8%.
Total Methane oxidised = 30.5%.

*i.e. to oxidation products containing carbon absorbed
by the water in the worm. This also includes
all errors.

108,
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General Considerations.

According to Bone's theory of the mechanism of
hydrocarbon combustion (52}, the oxidation of methane in these
experiments should follow the course

CH4—~’ GH50H — HCHO ~—’HCOOH-—ﬁ>CO—_»COZ,
so that there is the possibility of any one of the above
oxidation products being isolated provided it is stable under
the conditions of the experiments. The thermal decomposition
of the above products is a factor which enters into the
scheme of oxidation as well as their susceptibility to
oxidation‘in the absence of catalysts.

The following data illustrate the faets known in

respect to these factors.

Methane.
Bone and Coward (67) have shown that the rate of

decomposition of methane is inappreciable below 700°C. .

Methyl Aleohol.

Ipatiew (68), in his well-known researches on the
decomposition of alcecohols in cohtact with hot solids, found
that on passing the vapour of methyl alecohol through &
combustion tube heated to 880°C. it underwent a slow
decomposition to "oxymethylene® (CHzo) and a gas containing
carbon monoxide, hydrogen and methane, while Bone and Davies
(69) obtained similar gaseous products at 650°C.. No carbon

Was deposited in any of the experiments. These facts,
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together with the fact that methyl aleohol vapour is very

easily oxidised to formaldehyde by means of gaseous oxygen,
render the isolation of methyl aleohol in these experiments

almost impossible.

Formaldehyde.

According to Gautier (70), when formaldehyde is
passed through & red hot tube of porcelain it decomposes
according to the equation:-

HCHO =  Hp +CO.

Bone and Smith (71) have confirmed this at 400°C., but also
found traces of methane at this temperature. These investigatérs
found that at 70060. formaldehyde was almost completely
decomposed into hydrogen and carbon monoxide, but even at
1125°C. some aldehyde was left undecomposed.

The isolation of formsldehyde in quantity from the
oxidation of methane by such experiments necessitates a gaseous
linear velocity of about 20cm. per second according to Tropsch
and Roelen (62), so that if any formaldehyde is obtained in the
experiments it will appear mainly at low temperatures, owing
to the comparatively slow rate of flow of the gases (50cc. per

minute) in the apparatus used.

Formiec Acid.

T. S. Wheeler and Blair (59) have shown that formio

8cid decomposes into carbon monoxide and water comparatively
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easily, so that there is very little possibility of this acid

being obtained.

Oxides of Carbon.

Carbon monoxide and carbon dioxide are very stable
and should be the cehief produets, if not the sole products,
at high temperatures, the amount of carbon monoxide remaining

decreasing with increase in temperature.

Thus the main products expected, without the use of
catalysts, are formaldehyde, carbon monoxide and carbon
dioxide, although catalysts may aid the decomposition or

oxidation of the first two compounds.
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A. - PALTLADIUM BLACX on ASBESTOS.

Xuznezov (72) has shown that palladium black
decomposes formaldehyde almost completely into earbon
monoxide and hydrogen at 300°C., but the result depends
largely on the physieal condition of the eatalyst, while
Sabatier and Mailhe (73) have found that at 245°C. palladium
gives almost complete dehydrogenation of formiec acid into
carbon dioxide and hydrogen, an observation which has been
confirmed by Zelinsky and Glinka (74). TFester and Brude (75},
by passing carbon monoxide over palladium, found this gés
was decomposed into free carbon and carbon dioxide even at
65°C. .

These data would point to the produetion of large
quantities of carbon dioxide and carbon monoxide with possibly

a little formeldehyde at low temperatures.

Preparation of Impregnated Asbestos.

12gm. asbestos, which had previously been boiled with
concentrated hydrocshloriec acid and ignited, were mixed with a
solution of palladium chloride, excess of sodium formate
solution and enough sodium ecarbonate solution to keep the
mixture alkaline, added. The mixture was gently boiled until
the supernatant liquid became colourless, when this solution
wasg decanted. The asbestos was subsequently washed until free
from salts, dried and ignited. The weight of palladium
deposited on the asbestos was 0.108gm.. In all, only 3gm.

impregnated asbestos, containing 0.027gm. palladium, were



used, having an available space of 15.See, in contact with
it. This gives an anerage time of contact of gas and catalyst

of 0.31 minutes per circulation.

The following are the results obtained (Table XVIII).
These are collected on the graph in Fig. 18, which shows that

even at ordinary temperatures palladium black causes methane

:ToCO.

,fD‘

Fig. 18.

AJid oxygen slowly to combine, the chief products being the
oxides of carbon with a little formaldehyde. As the temperature
increases there is a rapid increase in the q uantity of

hydrocarbon oxidised to formaldehyde until a maximum of



PALLADIUM BLACK ON ASBESTOS-

TABLE

Original Gas. Residual =~
1 -| Methane Methaﬁe Carbon
Par- Par-
Expt.| Temp.| Press.| % |tial |%  [Press.| % |tisl %
Press.| Og Presa.
No., °C. mm, mm, mm., 11118
1. 17 574 | 63.3{363 |36.7| 554 |59.9| 332 2.4
2, {107 521 | 63.3]| 330 36.7| 501 |58.,7| 94 2.4
3. 160 554 | 63.3| 352 36.7 | 529 51.8| 274 5.4
4, | 260 506 63.3| 333 | 36.7| 400 |49.8)| 198 .10.5
5. | 303 612 63.3| 388 36,7 358 66.2 | 837 | 16.5
6. | 350 679 | 65.1|442 34,9 429 1.7 | 307 | 20.9
7. | 394 739 | 65,1481 | 34.9| 485 70.28 | 340 | 3.8
8. 447 567 65.1| 362 34.9| 365 72.3 | 264 24.7
-




XVIiI.

~{ETHANE ~- OXYGEN,

- Gas : % Methane Products
: Jdentified
Dioxide Carbon Oxidised in
Monoxide Wash

Par- Par- Waters.

tial % tial % To | To To Total

Press, Press. 02

mm, mm, COp | CO |Liquid

13 2.1 12 35,6 | 3.6 | 3.8] 1.7 8.5 | H,CHO

12 2.0 10 26.9 | 3.6 | 3.0] 4.2 10.8 | H.CHO

29 3.6 19 29.2 | 8.1|5.5| 8.5 22.1 | H.CHO

42 5,9 24 33,8 |12.6 | 7.1/20.8 40.5 | H.CHO

59 6.2 22 11.1 | 15.2 | 5.7]/18.0 28.9 | H.CHO

90 3.5 15 3.9 | 80,3 | 3.,4| 6.8 %0.5 | H.CHO

116 3.4 16 2.6 |24.2 3.3 1.9 29.4 | H.CHO

20 2.2 8 0.8 | 24.8 ] 2.2] Nil 27.0 -
-
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approximately 21% is reached at 260°C., above which the
yield of formaldehyde rapidly decreases until at 400°C.
only a trace is left undecomposed.

The quantities of carbon monoxide formed at the
end of the reactions vary only between small limits, the
amount of this oxide obtained inereasing slowly to 7.0% at
260°C. and falling from this point as the temperature is
‘inereased until at 447°C. only 2.2% of the hydrocarbon
supplied is obtained as this oxidation product.

As is to be expected, the yield of carbon dioxide
inoreases with increase in temperature until the maximum
yield obtainable with a mixture of two volumes of methane and

one volume of oxygen, viz., 25%, is obtained about 450°C..

Conclusions.

From the results obtained palladium black appears
to be a very efficient catalyst for promoting the oxidation
of methane, only traces of intermediate oxidation products
being obtained above 400°¢. in circumstances where the

maximum possible yield of carbon dioxide is 25%.

e e . e A e e e ——h - & &
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B. - PLATINISED ASBESTOS.

In 1905, during the course of an exhaustive
investigation into the methods of hydrogenation involving
the use of finely divided metals, Sabatier and Senderens (76)
found that platinum sponge decomposes methyl alcohol completely
into formaldehyde and hydrogen at 250°C., but the formaldehyde
is almost immediately further decomposed into carbon monoxide
and hydrogen, only traces being left unattacked. Trillat (77),
by passing the vapour of methyl aleohol mixed with air over
& heated platinum spiral, under conditions which precluded
the decomposition'of the products of oxidation, found that,
as the temperature of the wire was increased from 200°C., there
were formed firstly formaldehyde and a little methylal; at
a dull red heat formic acid was obtained together with
increased amounts of formaldehyde and methylal: at a cherry
red heat these decreased and the proportion of carbon dioxide
subsequently increased with increase of incandescence.

Sabatier and Mailhe (73) found that platinum belongs
to the class of catalysts which dehydrogenate formic acid and
yield only a trace of formaldehyde, the principal products
being carbon dioxide and hydrogen. They also showed that
platinum caused complete decomposition in this manner at
215°C.. This was later confirmed by Mailhe and do Godon. (78).

Thus, since platinum causes the decomposition or
oxidation of methyl aleohol, formaldehyde and formiec acid at
such low temperatures, the principal products obtained by

the catalytiec oxidation of methane under the conditions of the
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experiments should be the oxides of carbon. If formaldehyde
or formiec acid are obtained these will only appear in the

produets below 200°C..

Preparation of Catalyst.

The platinised asbestos used was obtained from stock
and had probably been prepared by the ignition of asbestos
impregnated with ammonium platinichloride or platinie
chloride. 2.9gm. platinised asbestos were used, having in
contact with it an available space of 1l5.8ec., giving an
average time of contact of gas and catalyst of 0.32 minutes

per ceirculation.

The results obtained are shown in Table XIX and
are grouped in the graph in Fig. 19. The data obtained show
that platinised asbestos, as a catalyst, is not so efficient
in promoting the oxidation of methane under the conditions
of the experiments as palladium black on asbestos. While
palladium black causes gquite an appreciable oxidation to take
place at ordinary temperatures, platinised asbestos does not
cause a reaction to take place untii a temperature of 430°C.
is reached, at which temperature, in presence of palladium
black on asbestos, about 25% of the hydrocarbon is converted
t0 carbon dioxide, this being the maximum value possible.

Increase in temperature above 430°C. causes a
progressive increase in the amount of carbon monoxide and
carbon dioxide formed, the theoretical value of 25% of the

hydrosarbon oxidised to the latter oxide being attained at




PLATINISED ASBESTOS-

TABLE

Original Gas Residual-~-
Methane Methane Caxrbon
Por- Par-

Expt. Temp.| Press.,) % |tial | % |Pressq % | tial %

. Press, 02 Pressa,

NO. co mm. Imno nm. m‘
1. 172 482 67.7| 326 | 32.3 482 67.8 287 -
2. 390 482 64,8 312 35,2 481 64,0 308 -
3. 430 520 66.9| 348 33.1 521 66.0 343 -
4, 487 517 64.8| 334 35,2 448 66.1 297 7.2
5. 547 492 64,8 320 35.2 358 71,0 254 17.8
6. 565 537 66.9| 358 33.1 383 71.3| 273 19.3
7. 598 537 | 66.9| 358 33.1 361 71.9 259 22.6
8. 627 523 66.5] 348 33.5 350 66.6 233 26.1

L
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XIX.

= METHANE - OXYGEN.

~-Gas % Methane
Produots
Dioxide| Carbon Oxidised Identified
Monoxide in
Por- Par- Wash
tial | % |tial % | To |To To Waters
Press. Press, 02 Total
mm, mm, CO0s | CO |Liquid
- - - 32.2 - - - - -
- - - 36.0 - - - - -
- - - 34,0 - - - - -
32 1.4 6 25.3 9.6 1.8 - 1104 -
64 1,8 6 9.4 20,0/1.9 - £1.9 -
74 3.7 14 <O 280,71 3.9 - 24.6 -
82 4.6 17 0.9| 22.9/4.,8 - 27.7 -
9 5.3 | 19 2.0| 26.0|5.4| Trace 31.4 | Trace H.CHO

ol
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6"1lio

500° 400+ 500 é00'

Fig. 109.

625 C.. neither methyl alcohol, formaldehyde nor formic
acid was detected in any of the experiments with the exception
of Experiment no. 8, the wash waters from which gave a very

faint colour to Wright”s rosaniline after 24 hours.

Conclusions.
Platinised asbestos, in that it yields no formaldehyde
“der the conditions described, may thus be considered a good

catalyst for promoting the oxidation of methane by means of

oxygen, although, under the same conditions of temperature, it

Is inferior tp palladium black deposited on asbestos.
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C. = PLATINUM BLACK on ASBESTOS.

According to Dennstedt (79), palladium is in no
way superior to platinum as a combustion catalyst, so that
the difference in effieiency of the two catalysts already
studied may be explained by the fact that while the palladium
used was in the form of black, the platinum was deposited in
the spongy state on asbestos. Accordingly it was decided
to investigate the influence of platinum blaeck deposited
on asbestos on the oxidation of methane.

The general considerations quoted for platinum in
the last seetion hold also for this case but in addition
there must be recorded the observation, made by Paal (80)
in 1916, that platinum black has no effect on a mixture of

carbon monoxide and oxygen.

Preparation of Impregnated Asbestos.

The impregnated asbestos used was prepared by
Willstatter and Waldsechmidt-Leitz's (81) modification of
Loew's (82) method, deseribed in Appendix VI, p 218.

In all 3gm. impregnated asbestos, containing 0.027gm.
platinum blaek, were used. The available spacé in contact
with the catalyst was 15.%cc., giving a time of contact of

gas and catalyst of 0.32 minute per circulation.

The results obtained, shown in Table XX and
collected in the graph in Fig. 20, show that platinum black

is & more vigorous oxidation catalyst than spongy platinum.



TABLE J

PLATINUM BLACK=-

N
J

Original Gas Resgsidusal -

Me thane Methane Carbon

Press. 02 Press.
No. °0. mm, mm. mn., mm,

I

Par- Por- —1

Expt.| Temp.| Press.; % |tial % Press.| % |[tial % ‘
]

1. |17.5| 400 |67.8 | 271 |32.2 | 417 63.6 | 265 - |
2. | 208 | 442 [67.8 | 299 |32.2 | 432 | 68.7| 297 0.9 |
3. | 274| 490 |67.8 | 332 | 32,2 | 485 65.7 | 318 1.2
4, | 316! 470 | 67.8 | 319 | 32,2 | 447 68.5 | 306 1.3
5. | 382! 487 |67.8 | 330 |32.2 | 461 67.7 | 312 2.2
6. | 411| 400 |e7.8 | 271 |32.2 | 387 65.3 | 253 2.9
7. | 452 | 494 |67.8 335 | 32.2 | 416 69.7 | 290 8.9

8. | 497| 513 |67.8 | 348 |32.2 | 396 71.2 | 283 | 16.8
9, | 528| 502 |67.8| 340 | 32.2 | 365 67.6 | 246 | 22,2 |
10, | 627| 570 |67.8| 386 | 32.2 | 372 70.3 | 262 | 26.1

* Inorease in pressure due to leskage of air.
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~ METHANE -- OXYGEN,

121.

-Gas 4 Methane
Produets
Dioxide. Carbon Oxidised Identified
Monoxide in

Par- Psr- Wash
tial | % |tisl | % | To | To To | Total |Watera.
Press. Press. 02

mm, mm. CO5| CO |Liquid

- 1.9 8 5405 b 500 - 500 -

4 2.8 9 28.2| 1.3 3.0 - 4.3 -

6 2.0 10 31,1 1.8 3.0 - 4.8 -

10 1.9 9 28.2| 3.0/2.%7 - 5.7 -

11 108 7 30.0 401 2.6 - 607 head

37 2.2 9 19.2;11.0/ 2.7 - 13.7 -

66 0.6 2 11.4{19.0/ 0.6 - 19.6 -

81 2.6 | 10 7.6/23.8 3,0 - 26.8 -

97 2.7 10 0.9/25.2| 2.6 - 27.8 -
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100 m too' 700

Fig. 20.

Even at ordinary temperatures appreciable oxidation takes
place, while the theoretical figure of 25 for the methane
oxidised to carbon dioxide is reached, in this case, at
650°C., which, although it is much lower than the
corresponding temperature for spongy platinum (625*0.), is
still about 100* above that obtained when palladium black was
used.

It is noteworthy that, up to about 410*%0., the rate
of oxidation of the methane is comparatively slow, but

immediately above this temperature there is a very rapid
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inerease in the amount of hydrocarbon oxidised, this
~continuing with increase in temperature until a temperature
of 550°C. is reached. With spongy platinum the reaction
commences about 430 °C. but the oxidation of the hydrocarbon
proceeds more slowly, an increase in the amount of carbon
dioxide formed continuing until a temperature of 625°C. is
reached.

In ceontrast to the results obtained with palladium
black and spongy platinum, the amount of hydrocarbon converted
finally to carbon monoxide remains practieally constant at
2.8% over the whole range of temperature. As with platinum
spohge no intermediate oxidation products were detected in

the wash waters.

Conclusions.

As is to be expected from the difference in degress
0f sub~-division of the catalysts, platinum black is much
more efficient catalytically than spongy platinum, although
from the pointvof view of oxidising methane completely to,
carbon dioxide, platinum black is inferior to palladium

black.

I e g A —a 2
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In 1922 a method of preparation of methyl alcohol
and formaldehyde by the oxidation of methane by means of
carbon dioxide was patented (56). The mixed gases were
passed through a constricected pipe, made of copper or other
metal or alloy, heated to 500"~ 700 C. at the constriction
and the producrs of the reaction rapidly cooled. The
yield of methyl alcohol was favoured by & slower passage
of the gases and by the presence of‘hydrOgen in the gases.

Another patent involving the use of copper as a
catalyst (83) deals with the preparation of formaldehyde
from methane by heating this gas to 150°- 220 °C. with a
large excess of air or oxygen in presence of copper.

With reference to the catalytic effeet of copper
in causing the decomposition of intermediate oxidation
products of methane, Mannich and Geilmann (84) have shown
that at 240°-~ 260°C. methyl aleohol decomposes primarily
into formaldehyde and hydrogen in presence of finely divided
copper, but the formaldehyde may be further decomposed into
carbon monoxide and hydrogen, this latter decomposition
becoming more pronounced with inerease of temperature.

Christiansen (85) has shown that when suitable
mixtures of methyl alcohol and steam are passed over finely
divided copper at 230 - 250°C. carbon dioxide and hydrogen
are produced according to the following equation:-

CH.OH + H_O = (€O, + 3H_.

3 2 2 2
Xuznezov (72) has drawn attention to the fact that
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while copper causes the decomposition of formaldehyde to
carbon monoxide and hydrogen, the amount of aldehyde decomposed
depends largely on the physical condition of the catalyst,
copper turnings causing only 4% decomposition at 600°C. while
copper obtained from copper sulphate by reduction with
formaldehyde causes 35% of the aldehyde to be decomposed at
200°¢C.. Copper freshly reduced from the oxide (as used in
the following experiment) causes a 9% decomposition at 500°C..
Copper has been classed as a dehydrogenation catalyst
in the decomposition of formic acid by Sabatier and Mailhe (73),
& result which has been confirmed by Meilhe and de Godon (78).
The results obtained by these investigations point
to the production of carbon monoxide and carbon dioxide as the
principal products of the reaction between methane and oxygen
in presence of copper, with the possibility of a little
hydrogen - a decomposition produet both of formaldehyde and

formic acid - being left unoxidised.

Preparation of Impregnated Pumice.

l2gm. 8 ~ 32 mesh pumice were mixed with 3.8gm.
Cu(N03)2.5H20 and sufficient water to cover the mixture
added. The mixture was heated slowly, with constant stirring,
and evaporated to dryness. The impregnated pumice was
strongly ignited in a current of air in a combustion tube,
cooled and the copper oxide reduced by means of hydrogen at
300°C.. This gave lgm. copper. Immediately before each
experiment the catalyst was reduced by means of hydrogen at

300°C..
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The available spaoce in contaot with the catalyst
and its carrier was 15.0cc., corresponding to 0.30 minute

contact per passage of the circulating gases.

The results obtained, which are collected in
Table XXI and represented in the graph in Fig. 21, show that
freshly reduced copper causes methane and oxygen initially
to react about 300*0., a temperature more than 100°lower
than the initial reaction temperature obtained with
platinised asbestos, but the hydrocarbon does not consume all
the oxygen until a temperature of over 700*0. is reached.

At temperatures intermediate between 300°0. and

OPPER!

300° 400° Tc

EMPERf1TURE.

Fig. 21.

700*0. the yields of formaldehyde and carbon monoxide are low



TABLE

COPPER-

Original Gas Resilidunal -
Methane Methane Cerhon
Par- Por-~
Expt.| Temp.|Press.] % |tial % | Press. % |tial %
Press, 02 Press.
No. °Ce mm., mm, mmnm, mn.
1. 822 517 65.1; 336 34.9 511 65,5 | 335 -
2. 397 607 65.1| 395 34,9 518 73.1| 375 1.6
3. 517 649 67.4! 436 32.6 480 71.4| 344 11.4
4, 592 523 67.4| 353 32.6 371 2.5 268 21.0
5, 700 551_' 67.4| 372 32.6 3556 73.5| 261 25.0
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XXI,

~ METHANE -- OXYGEN,

-Gas % Methane
Products
Dioxide | Carbon Oxidised Identified
Monoxide in
Par- Par- VWa sh
tial | % |tial % To | To To |Total | Waters.
Press. Press. O2
mm, mm., CO2 CO |Liquid
- - bt 34.5 b hd - - -
8 1.7 9 23.6 2.0 | 2.3 0.8 5.1 H .CHO
55 2.0 10 15.2 |18.6 | 2.3 6.2 |21.1 H.CHO
78 1.4 5 5.1 22.1 1.4 - 23.5 -
89 0.5 2 1.0 {24.1 |0.5 - |24.6 -
-~
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and these decrease as the temperature inoreases, until at

700°C. no formaldehyde remains and only a trace of carbon
monoxide persists. No hydrogen was detected in any of the

experiments.

Conclusions.

In that methane does not absorb all the oxygen until
the temperature is raised to above 700°C. in presence of
copper, this catalyst is inferior to platinised asbestos
in promoting the oxidation of methane in circumstances which

inelude a deficiency of oxygen.




E. - SILVER on PUMICE.

Silver has been suggested as a catalyst in the
preparation of methyl alcohol and formaldehyde (56) by the

oxidation of methane by meauns of carbon dioxide and in the

preparation of formaldehyde by the oxidation of methane by

means of a large excess of air or oxygen.(sz). . In the
preparation of formaldehyde from methyl alcohol by means of
oxygen in the presence of a catalyst Thomas (86} has found
that silver is more active than copper or gold and at the
same time produces less decomposition of the aldehyde, thus

giving a greater yield.

Preparation of Impregnated Pumice.

12gm. 8-32 mesh pumice were mixed with & solution
of 1.58gm. silver nitrate in water in an evaporating basin
and the mixture slowly evaporated to dryness with constant
stirring. The impregnated pumice was strongly ignited in a
stream of air in a combustion tube, cooled and reduced by
means of hydrogen at 500°C.. This gave lgm. silver.

Immediately before each experiment the catalyst was reduced

by means of a current of hydrogen at 500°C..

The available space in contact with the impregnated
pumiece was 13.9cc., giving a time of contact of 0.28 minute

per passage of the eirculating gases.

The results obtained are shown in the table on the

following page and in the graph in Fig. 22. These show that




TABLE

SILVER-
" Original Gas Resulting-
Methane Methane |Carbon
Par- Par-
Expt.| Temp.|Press. % |tial | % |Press.| % |tial %
. Fress.| O, Press.
No. C. mm, mm., mm. mm ..

1. 265 | 551 [ 66.3 | 366 |33.7 | 552 66.3| 367 -
2. 410 | 577 | 6643 | 383 33.7 | 486 68.1 i 331 7.8
3. 468 | 552 | 66.3 | 366 |[33.7 | 417 68.15 284 | 16.2
4, 550 | 475 | 67.6 | 382 [32.4 | 336 69.4I 233 | 22.9

5. 610 | 405 | 66.3 | 269 |33.7 | 367 55.4} 196% | 18.5

* Residual Ges (nitrogen fres) contained 19.9%
Hydrogen, equivalent to 36mm. methane
or 13.4% of methane supplied.
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- METHANE -- OXYGEN.

130.

-Gas % Methane
Produets
Dioxide| Carbon Oxidised Identified
—_ Monoxide in
Par- Par- Wash
$ial % tial % To | To To | Total | Waters.
Press, Press. 0o
mn, mm., COp | CO |Liquid
- - - 33.7 - - - - -
38 1.9 9 22.2 9.9! 2.4 - 12.3 | =~
68 203 9 15.4 18.5 2.5 — 21.0 hand
77 2.4 8 505 2308 2.5 had 2605 -
\Lﬁi 3.3 | 12 4,9 | 25.2| 4.5 =~ 29.7 -
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Fig. 22.

Silver causes methane and oxygen Initially to react some-
where in the neighbourhood of 320°C. and that on increasing
the temperature there is a rapid increase in the amount of
carbon dioxide formed, the theoretical value being obtained
at 610°C.. 1In this respect, silver is completely comparable
with spongy platinum and therefore, as a catalyst, is
inferior both to palladium black and platinum black, but is
practically equal in efficiency to copper.

Above 400*0. the amount of hydrocarbon oxidised to

oarbon monoxide remains fairly constant, but rises rapidly
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from 550 C. to 610°C., where the yield of this oxide is

inereased almost to double that obtained at 550°C..
Simultaneous with this inecreased amount of carbon monoxide
there appears a large amount of hydrogen in the residusal
gas. Both of these facts may be explained by assuming

that at 610°C. there is initially formed a larger amount of
formaldehyde than at lower temperatures and that this
intermediate product is immediately decomposed into hydrogen
eand carbon monoxide, the latter of which is more easily

oxidised than the former.

Conclusions.

Finely divided silver is an efficient catalyst in

promoting the oxidation of methane by means of oxygen.
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F. - VAVADIUM OXIDES on PUMICE.

In view of the fact that vanadium oxides have
exceptional properties as catalysts in producing intermediate
oxidation produects (ef. Part I, p. 63} it was decided to
investigate the efficiency of a mixture of these oxides in
promoting the oxidation of methane by means of a deficiency
of oxygen.

According to Sabatier and Mailhe (87} vanadium
oxides dehydrogenate methyl alcohol to formaldehyde and its
decomposition products, hydrogen and carbon monoxide, while
the same authors have shown (73) that the catalytiec
decomposition of formie acid in presence of vanadium oxides
is essentially one of dehydration with a slight formation of
formaldehyde. k

Thus in the experiments there may be expected, as
principal products, carbon dioxide and carbon monoxide, with

the possibility of a little formaldehyde.

Preparation of Impregnated Pumice.

12gm. 8-32 mesh pumice were mixed with an aqueous
Suspension containing 1l.28gm. ammonium vanadate in an
evaporating basin and water sufficient to eover the pumice
added. The mixture was slowly evaporated to dryness with
constant étirring. The impregnated pumice wes ignited in a
combustion tube in a current of.air for six hours at 550 C.
- and 1 litre of a mixture containing approximately 60% methane,

30% oxygen and 10% nitrogen passed over it at 500°C. to cause




L1O%,
the catalyst to revert to the oxide or oxides stable under
these conditions.

The quantity of ammonium vanadate used was
equivalent to lgm. vanadium pentoxide. The space in contact
with the catalyst and its carrier was 14.8cc¢., corresponding

to a time of contact per passage of 0.30 minute.

The results obtained are shown in Table XXIII
and are collected in the graph in Fig. 23.

After the experiments had been completed the
catalyst was examined under & microscope when it was
observed to consist mainly of oxides green and blue in
colour. This showed that the oxides stable under the given

conditions were vanadous oxide, vzo ,and some hypovanadic

3
oxide, V02.

In contrast to the other catalysts studied, with
whiceh the initial reaction temperatures of methane and oxygen
are comparatively ill-defined, vanadium oxides give a very
sharply defined value of 480°C. for the temperature at which
these two gases commence to interact. At temperatures
slightly above this there is indication of appreciable
formation of formaldehyde, the decomposition produets of
which, hydrogen and carbon monoxide, are not completely
Oxidised and appear in the Residual Gas, while some undecomposed
aldehyde is obtained in the wash waters. The yield of
formaldehyde increases until the temperature reaches 520°C.

above whiceh it gradually decreases, but even at 640°C. some

Persists,



TABLE

VANADIUM OXIDES-

Original Gas Resulting-~-
Methane Methane Carbon
ISR A
- Par- | Part
Expt. Temp.|Fressa, tial % Press. % |ial %
% Press. 0 Press.
. 2
Ko, Ce. mm. mm. mm, mm,
1. 380 | 493 | 66.3 1 327 33,7 493 . 66.4| 328 -
2, 459 | 493 | 66.3 | 327 3% .7 493 = 66.0 326 -
' |
3, 476 | 490 | 66.3| 325 3%.7 | 496 66.11 328 -
4. | 491 | 485 | 67.6| 328 | 32.4 | 409 | 67.0, 274 | 2.3
5. 523 | 516 | 67.6| 349 32.4 397 54,21 215 {11.3
6 550 | 563 | 67.6| 282 32 .4 373 60.8 227 | 20.0
7. | 642| 469 | 67.6| P18 | 32.4 | 387 | 44.8 174 | 28.2
1 1
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XXIII,

- METHANE -- OXYGEN,

-Gas % Methane
— Products
Dioxide| Carbon l_l Oxidised Identified
Monoxide in
Par- Par- [— ” Wash
tlal | % |tial | % | % To | To To |Total| Waters.
Press. Press.| Hy | Op
mn, nm., COp | CO |Liquid
|
- - - - 36| - | -1 - - -
- |- - - lza0] - | - - 1 - -
- - - - 183.9] - | =| = | = -
9 3.4 14 16.3 |11.0 2.7 4.3 - ' 7.0 -
45 3.5 14 23.9 7.1 112.,9| 4.0{ 14,5 [31.4 | E.CHO, H.COOH
75 2.9 11 15.4 0.9 119.6| 2.9 18.3 |34,8 H.CHO
109 2.9 9 28.8 1.9 131.4| 2.6 5.5 {39.5 | H.CHO
-
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Fig. S3.

The yield of carbon monoxide reaches a maximum at
500°C. and subsequently decreases with increase in temperature,
but, as with formaldehyde, this gas persists to a slight
extent at 640%*0..

As this temperature is increased from 480*0. the
amount of methane oxidised to carbon dioxide increases rapidly
until at 640*0. o6ver 31”* of the hydrocarbon supplied has been
completely oxidised. This value, greater than the maximum
possible with the other catalysts, is obviously the result of
some of the methane being oxidised by the wvanadium oxides

themselves.



137.

The guantity of hydrogen obtained in the Residual
Gas increases rapidly as the temperature increases from
380°C. t0 550 C., & maximum amount being formed at this
temperature, and then slowly decreases, but even at 640°C.
a considerable quantity of this gas remains unoxidised. Since
the catalyst used dehydrates formic acid (e¢f. Sabatier and
Mailhe, supra.) it is evident that all the hydrogen obtained
must be the result of the catalytiec thermal decomposition of
methyl alcohol and formaldehyde and since the sum of the
amounts of methane oxidised to soluble intermediate products
(formaldehyde) and to hydrogen at 523°C. is 23.8%, it is
evident that 23.8% of the methane supplied is initially
oxidised to formaldehyde at this temperature and is either
left unoxidised (appearing in the wash waters as such) or is
decomposed into hydrogen and carbon monoxide, the latter
gas being oxidised more easily than the former. It would
be interesting to ascertain if, by cecirculating the gases at
higher speeds, giving shorter times of contact of gases and
catalyst, either under the conditions deseribed or under
increased pressure, all this formaldehyde could be obtained
in the wash waters. No facilities for dealing with such

high speeds or high pressures were available.

Conelusions.,

In that the theoretical value of 25% of the methane
supplied oxidised to carbon dioxide is reached at 580°C. in
presence of the catalysts, vanadium oxides are very efficient

catalysts in promoting the oxidation of methane under
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conditions which include a defieisney of oxygen.
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G. = CUPROUS CHLORIDE on PUMICE.

In view of the great success of cuprous chloride as
a catalyst in promoting the oxidation of methane by means of
copper oxide, it was decided to investigate the influence of
this substance as a catalyst in promoting the oxidation of
methane by means of a defieieney of oxygen.

No data concerning the influence of this. salt in
decomposing the intermediate products of oxidation are

available.

Preparation of Impregnated Pumice.

1l2gm. 8-32 mesh pumice were mixed with an aqueous
suspension containing lgm. cuprous chloride and the mass
slowly evaporated to dryness with constant stirring.

The available space in contact with the impregnated
pumice was 15.0cc., corresponding to an average time of

contact of gas and catalyst of 0.30 minute per circulation,

One circulation experiment, in which a gaseous
mixture containing 65.2% methane and 34.8% oxygen (calculated
to nitrogen free gas) was circulated at 452°C., was carried
out. The original pressure of 485mm. finally decreased to
353mm., at least 60% of this contraction taking place during
the first hour, showing that the reaction proceeded very
rapidly. The Residual Gas was found to contain free hydrogen

chloride in spite of the arrangements for the absorption

of water soluble products of the reaction, the complete
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analysis of the nitrogen free gas being as follows:-

32.0%4 €O, + HC1

2
1.8% CO
1.8% 0,
64 .4% CH,.

The wash waters gave a very deep magenta colour
immediately to Wright's rosaniline reagent.

These data seemed to indicate that in this case there
had been considerable oxidation of the methane to formaldehyde,
with comparatively little formation of carbon monoxide and
possibly carbon dioxide. TFor this reason and the fact that
the reaction proceeded with great rapidity the circulation
method was abondoned and direct experiments, in which the

gaseous mixture was passed once over the catalyst, carried out.

Direct Experiment.

The apparatus used for these experiments is shown in
the sketch in Fig. 24. It consisted of two 3} litre aspirator
bottles, A and B, of which A was graduated, each fitted with a
constant pressure supply device and each connected to the
three-way stopcoek, C, which, in turn was connected to a
differential gauge, D. The aspirator, A, contained the
methane-oxygen mixture over water, while B contained nitrogen
which was used to expel all air from the apparatus from the
stopcock, C, to the three-way stopcock connected to the
agpirator, H. The pressures of the gases in A and B were

maintained at the same value throughout the experiments by a

breliminary adjustment of the two constant pressure devices,
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Pig. 24.
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go that the nitrogen was driven through the apparatus at
the same rate as the methane-oxygen mixture.

The combustion tube containing the catalyst.was
screened from the other parts of the apparatus by means of
asbestos sheets, EE. Connected to the exit from the combustion
tube was a series of bulbs, F, containing 1l0cc. distilled
water and immersed in a Jjacketed vessel containing crushed
iee. This was followed by the serubber, G, contalning glass
beads covered with 50cec, distilled water, while the receiving
agpirator, H, fitted with a constant pressure receiving
device, contained a saturated solution of magnesium chloride,
over which the gases resulting from the experiment were

collected.

Method of Condueting an Experiment.

The aspirator, A, was fitted with a gaseous mixture
of known composition, containing approximately two volumes of
methane and one volume of oxygen, while the aspirator, B,
was charged with pure nitrogen, prepared by the method
described in Appendix IV, p.213. The Combustion tube was
charged with 13gm. of the catalytic mixture, containing lgm.
cuprous chloride deposited on 12gm. 8-32 mesh pumice, placed
gentrally in the tube, occupying 20c¢m. length of the tube;
the absorption system was fitted with the requisity quantities
of distilled water and the receiving system arranged in such a
manner that the Resulting Gas was collected at a pressure 27
water below atmospherice, the eonfining liquid f£illing the

connections to the three-way stopcock attached to the
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aspirator, H. The vessel for receiving the liquid expelled
from H was then weighed.

Before the furnace was heated at least 11 litres of
nitrogen were passed through the apparatus and byepassed to
the atmosphere through the three-way stopcock connected to
H, so that during the preliminary heating the catalyst was
raised to the desired temperature in an inert atmosphere,
this quantity of nitrogen being sufficient to expel all the
air from the apparatus. The furnace was then heated and when
the desired temperature was maintained a further 500ce. of
nitrogen were passed through the apparatus and the gauge, D,
arranged to'the required setting by manipulation of the
constant level tube shown. During these preliminary
arrangements, the clip, &, was kept closed and the clip, b,
open and the usual tests for leaks, previously described on
p. 21, carried out.

The ¢lip, b, was then closed and a opened and the
volume, temperature and pressure of the gas in the aspirator,
A, noted. The elip attached to H was turned to allow the
Resulting Gas to be collected and at a noted time the stop-
cock, C, was turned to give communication between A and D.

With the exception of a slight regulation of the
temperature of the furnace from time to time the apparatus
was then entirely automatic in its action, delivering the
gases from the aspirator, A, to the receiver, H, at a

perfectly uniform speed. This speed was kept as nearly as

possible to 60cc. per minute so that the rate of flow was
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approximately the same as that in the circulation experiments.
The correct value was obtained in the same manner as those for
the complete oxidation experiments, detailed in Part I, p. 24.
The volume of space in contaet with the catalyst and its
carrier was taken a&s 15.0cc., this being the average value
from three determinations of this figure made with three
different amounts of 13gm. catalyst and pumice. From these
figures the time of contact of gas and catalyst was
ecalculated.

When the gas had almost all been expelled from A4,
the clip, b, was reopened and immediately the water in A rose
to the zero graduation mark the stopcock, C, was turned to
allow a supply of 1} -~ 2 litres of nitrogen, delivered under
the same conditions as the methane-oxygen mixture, to pass
throush the system. This stream of nitrogen served the
double purpose of preventing any interruption in the steady
flow of the methane-oxygen mixture over the catalyst and of
sweeping the products of the reaction through the absorption
system to allow of the collection of the whole of the gaseous
products in the receiver, H. The time at which the stopcock,
C, was turned was noted.

The weight of liquid displaced from H was determined
and from it the volume of the Resulting Gas was c¢alculated.
By noting the prevailing conditions of temperature and pressure
the weight of each constituent was calculated after an analysis

had been made. In & similar manner the weights of methane

and oxygen supplied were determined from the date obtained at
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the beginning of eaeh experiment. In this manner it was
possible to calculate the weights of methane and oxygen that

had been converted to gases obtained in the Resulting Gas.

In order to obtain a balance sheet for the gas
supplied and that accounted for in the products of the reaction,
provision must be made for the products absorbed or condensed
in the absorption system. At firsgst it was proposed to
estimate formaldehyde and formiec acid in the wash waters
volumetrically, but free chlorine and hypochlorous acid were
detected in these waters and it was found that one or both
of these substances interfered with all methods of estimation
of the intermediate products of oxidation. Io satisfactory
method of eliminating these substances was found, with the
result that the intermediate oxidation products could only
be determined by difference. Qualitative tests for these
products were also rendered invalid. In all cases the wash
waters restored the colour to Wright's rosaniline reagent,
liberated iodine from potassium iodide and gave a precipitate

0f silver chloride with silver nitrate.

The first four experiments detailed in Table XXIV
were carried out exactly as described, while in Ixperiments
5 and 6, in an attempt to eliminate chlorine, a silver spiral
10.0cm. long was placed at the exit end of the tube, 10.0cm.

from the catalyst.

A fresh charge of catalyst was used for each

€Xperiment.



TABLE

CUPROUS CHLORIDE-

Original Gas

Resulting

Expt.| Temp. Methane. Oxygen. Carbon Dioxide | Carbon
. Monoxide.

No. C. gm, gm. gm. gm, .

1. 433 0.4523 0,.,4233 0.1148 0.0414

2. 433 0.3147 0.2945 0.1211 0.,0261

3. 363 0.4132 0.,3867 0.0329 ¥il

4. 363 0.2692 0.2519 0.0199 Nil

5. 433 0.3940 00,3687 0.1129 0.0219

6. 433 0.3843 0.3596 0.1077 0.0314

1
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XXIV.

= METHANE -- OXYGEN,

Total Bgethane % Methane Mo
Methane onverted . e
Gas Accounted | to Intermediate Oxldised
for in Oxidation of
lMiethane. |Hydrogen. Residual | Products. To To| To
Gas. Contact,
gno g glno g, 002 co Liqu.id min,
0.3911 Nil 0.4565 Nil 9.2|5.2] Nil | 0.303
0.2050 Nil 0.2639 0.0508 14.0{4.7} 16.1 | 0,306
0.3505 0.,0012 | 0,3625 0.0507 2.7/Ni1| 12.3 | 0,306
0,2555 0,0013 | 0.262%7 0.0065 2,7|Ril1| 2.4 | 0.307
0.2890 Nil 00,3426 0.0514 - 110.4{3.2| 12.8 | 0,301
0.2832 Nil 0.3402 0.0441 10.2{4.7] 11.5 | 0,306
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From the results it is seen that the quantities of
methane oxidised to the various oxidation products depend
on the_amount of hydrocarbon supplied, so that ecuprous
chloride, in that it is destroyed in use, does not really
act as a catalyst. The yield of intermediate products is
low. The decidedly positive test for formaldehyde obtained
in the cireculation experiment seems to have been the result
of the presence of free chloring in the wash waters, since
it was found that a solution of chlorine in water possesses
the property of restoring the eolour to a reduced magenta

solution,

In an attempt to fix the chlorine present in the
wash waters these were distilled with excess of finely
powdered litharge on a water bath and finally over a naked
flame, the distillate being collected under water. This
process served to separate any intermediate products of
oxidation other than formic acid, which would be retained as
the lead salt and possibly formaldehyde, which would be
oxidised by means of the chlorine present. Part of the
distillate was tested for methyl alcohol and formaldehyde,
but these were never detected; the remainder was gently
boiled and any odour observed. The distillate from
Experiments 3 and 4 possessed a decided odour of methyl
formate when gently boiled, this being confirmed by boiling

an agueous solution of this ester. Methyl formate may be

formed in one of two ways under the conditions of the
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experiments, namely, by the direet esterification of formie
aecid by methyl aleohol, both of which are possible oxidation
products of methane, or by the polymerisation of
formaldehyde, thus:-

2H.CHO = H.COOCH,;
the yield of the ester, however, must have been infinitesimal,

Owing to the impracticability of supplying a constant
weight of methane under the same conditions in different

experiments, this investigation was abandoned.

Conclusions.

Owing to the danger from the liberation of free
chlorine cuprous chloride is not to be recommended as a
catalyst in promoting the oxidation of methane by means of

gaseous oxygen.
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General Conclusions,

The experiments carried out in Part II have been
conceerned with the influence of various catalysts in
promoting the oxidation of methane in a gaseous mixture which
econtained only 25% of the oxygen necessary to oxidise all
the methane to carbon dioxide and water., This gaseous
mixture was selected because of its non-explosive character,
the limits of inflammability of methane in oxygen being
5.7% - B7.4% (88). It may reasonably be assumed that the
catalyst which promofes the oxidation of the hydrocarbon
most efficiently to the maximum amount of carbon dioxide
possible under the conditions described will be the catalyst
which will best effect the complete combustion of the
hydrocarbon in cases where an excess of oxygen is present, so
that this catalyst will be the best of those studied to use
in organic combustign enalyses.

In order to facilitate the comparison of the
catalysts Table XXV has been prepared from the data obtained

in the experiments:-
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Tahle XXV.
m——e—

Summary of Results.

Temperature at | Temperature at which
Catalyst. which Reaction | 25% Methane is
Commences. Oxidised to Carbon
Dioxide.
Palladium Blaok * 450°C.
Platinised Asbestos 430°C. 625°C.
Platinum Black * 550°C.
Copper 300°C. 700°¢C,
Silver 320°C. 610°C.
Venadium Oxides " 480°C. 580°C. -

* Below ordinary temperatures.

The table shows that the most efficient ceatalysts
are platinum and palladium when these are used in the form of
"black™ and of these pelladium black is more effieient than
platinum black, the former causing the methane to consume
practically all the oxygen available about 450°C. while the
latter requires a temperature 100’ higher before this takes
place. 3Both these catalysts induce a reaction between
methane and oxygen at ordinary temperatures. Platinised
asbestos is not so efficient as platinum black, the reaction
between the two gases, when in contact with this catalyst,

commencing about 430°C. and reaching completion about 200°
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higher or at a temperature 75° above the corresponding
temperature given by platinum black. This is in accord with
the fact that the more finely divided platinum is the more
efficient catalyst.

Copper, which is really the catalyst when copper
oxide is used in organic combustion analyses for carbon and
hydrogen, is the least efficient of the catalysts detailed
in the table., The reaction between methane and oxygen
commences at a lower temperature than that obtained with
platinised asbestos, but the maximum yield of carbon dioxide
is not obtained at 700°C., a temperature considerably in
excess of the corresponding temperature for piatinised
asbestos.

While silver gives an appreciable reaction at much
the same temperature as copper the reaction is completed at
a much lower temperature than that given by copper, the
results, in fact, showing that silver is slightly ﬁore
efficient than platinised asbestos in causing methane and
oxygen %o combine to form carbon dioxide.

The table shows that vanadium oxides deposited on
pumice form a very efficient catalyst for promoting the
oxidation of methane by means of oxygen. They also possess
the advantage that in themselves the& constitute a source of
oxygen available for oxidation. While they require a much
higher temperature to give an appreciable reaction between the ;
two gases, a 25% yield of carbon dioxide is obtained at a

temperature (580°C;) whieh is lower than that given by any of
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the other catalysts except those in the form of "black".
From the point of view of comparative cost, vanadium oxides
have much to recommend them.

The use of cuprous chloride as a catalyst is not

0 be recommended.

The final conclusion is that palladium black,
platinum black and vanadium oxides are exceptionally efficient
catalysts for use in combustion analyses, these catalysts

being arranged in the order of their effieiencies.

Viewed in the knowledge of Bone's Hydroxylation
Theory of Hydrocarbon Combustion (52), the experiments
yield interesting results which are in direct accord with
this theory. 1In the first place it is evident that from the
point of view of isolating intermediate products of the
oxidation of methane in quantity in presence of catalysts, the
conditions of the experiments are entirely unsuitable.
Considering the scheme for the oxidation of methane

from the formaldehyde stage onwards

1
H.,CHO ———— H.COOH OC(OH)z

| 5 | 1

+ + .
H2 CO — HZO + CO —-——>H20 CO2

it is seen that the oxidation can follow one of the two
courses indicated by the figuree 1 and 2, the formaldehyde
either being oxidised to formie acid or decomposing to

hydrogen and carbon monoxide, while a similar alternative
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gourse is available at the formie acid stage. With all the
catalysts studied, with the exception of silver and vanadium
oxides, no free hydrogen was obtained in the Residual Gases,
so that in the presence of palladium, platinum or copper,
the oxidation proceeds from formaldehyde by course 1 rather
than by way of the decomposition of formaldehyde. At the
formic acid stage, however, decomposition, rather than
oxidation, preponderates, the reaction proceeding along
gourse 3 and giving as decomposition products water and
carbon monoxide, this latter substance being slowly oxidised
to carbon dioxide.

In the experiment in the silver group where free
hydrogen was obtained in the Residual Gas, the reaction had
probably followed course 2 sincee, with the first indication
of free hydrogen, there was also obtained a sudden increase
in the amount of carbon monoxide formed, this gas subseguently
being more easily oxidised than the hydrogen. Similarly,
owing to the facet that vanadium oxides decompose formaldehyde
into hydrogen and carbon monoxide and formic acid into water
and carbon monoxide (73,87) it is probable that with this
catalyst the reaction mainly followed course 2, but, owing
to the facet that in one experiment formic acid was detected,
it is probable that at low temperatures there is a tendency
for the oxidation to proceed by way of formaldehyde and formie
acid.

In general, it may be said that the presence of
catalysts in no way affects the scheme of the course of the

oxidation of methane proposed by Professor Bone, the only
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change being that, with catalysts present, the various

stages of oxidation or decomposition succeed each other very
'rapidly, 80 that intermediate oxidation products are not
easily isolated in quantity. The general decrease of the
yield of intermediate produects with inerease of temperature
shows that the effect of increasing the temperature is to
cause & similar increase in the rapidity with which the

various stages follow each other.
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PART III.

THE INFLUENCE OF THE TIME OF CONTACT ON
THE OXIDATION OF METHANE BY MEANS OF COPPER OXIDE.




156.
Introduction.

The results obtained in the preliminary experiments
on the effeect of varying the time of contact of methane and
copper oxide, carried out in Seetion A of part I, show that
this factor is of prime importance in determining the amount
of hydrocarbon oxidised by this oxidising agent. This has
been noted previously by Dunstan and Carr (6) and Denham  (8),
the former showing that in the estimation of nitrogen in
aconitine by the Dumas absolute method, where methane was
left unoxidised by red-hot copper oxide, an increase in the
rate of flow of the gases over the copper oxide resulted in
8 decrease in the gquantity of methane burned. Denham found
that on passing a mixture of methane and oxygen, in the
proportions necessary for complete combustion, over
palladianised asbestos at the rate of lece. per 3% seconds, the
initial combustion temperature was 514°- 546°C.; at twice
this rate of flow this temperature was about 50°higher.

Quantitative data on this subject are, however,
lacking and, in order to repair this deficiency, it was decided
to investigate, in an accurate manner, the influence of the
time of contact of methane and copper oxide in causing the
ecombustion of the hydrocarbon.

Three main experimental methods were employed, namely,

A. Circulation Method.

B. ©Single Passage lethod.
C. Sealed Tube Method.
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A, - CIRCULATION METHOD.

General NMethod of Procedure.

In this series of experiments a gaseous mixture
containing approximately 904 methane and 104 nitrogen was
circulated, in & closed system and under reduced pressure,
over copper oxide maintained at a constant temperature. The
Original and Residual Gases were analysed and the amount of
methane oxidised calculated, the pressure of the gas in the

system being noted before and after each experiment.

The apparatus designed for these experiments is
shown in the sketch in Fig. 25 on page 158, It consisted of
& glass bulb reservoir, D, having a capacity of about 750cec.
and ceontaining a few ces. distilled water, so that the gases
in the system always entered the combustion tube saturated
with water vapour at the temperature indicated by a
thermometer immersed in the water jacket which surrounded
the bulb. Connected to the bulb was a three-way stopcock, E,
which was immersed in a cup of mercury and through which the
system was first of all evacuated and finally samples of gas
for analyses withdrawn. To the tube leading from the reservoir,
D, to the circulation pump were joined an inlet stopcock, C,
which was also immersed in mercury and through which the
Original Gas was introduced into the system and a manometer,
P, by means of which the premsures of the gases in the system

could be followed.,
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Pig. 25.
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The automatic cecirculation pump, G, used in this

case was of the type which functions by means of an oscillating
columm of mercury and was constructed from detaiis given by
Donnelley, Foott, Nielson and Reilly (89); the source of

power was an ordinary Bunsen water pump. The levelling bulb
was connected to the base of the pump by means of a stopcock, L,
and a piece of heavy rubber pressure tubing carrying a screw-
¢lip, X. The outlet valve of the pump was connected to the
combustion tube which was contained in an electric furnace, H.
The copper oxlde used for these experiments occupied 20;Ocm.
length of the tube and was placed centrally in the furnace

tube so that the temperature of the mass was uniform through-
out, this temperature being measured by means of a nickel-
nichrome thermocouple as before.

The gaseous mixture was stored over water in a 10
litre aspirator bottle, A, which was fitted with a constant
pressure supply device and which was connected to the closed
system through a mercury valve, B, this valve, in turn, being
connected to the stopcock, C.

With the exception of the two rubber tubing
connections at the ends of the combustion tube, all Jjoints in
the closed system were sealed in a blowpipe flame and, in
order to prevent air leakage at the stopcoekg, C and E, these
were immersed in mercury. In order to test for leakage the
system was almost completely evacuated through E and pressure
readings taken over a period of six days, with the following

results:~

3 Tl iy e e b e TR R e D a e e eme o o e n

Mot e e

i
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Time in hours 0 24 48 120 144,

Pressure in mm. 16 17 16 16 16.
gThese figures show that the apparatus was perfeetly alr tight.
77.8gm. 8 - 32 mesh copper oxide were used, having
an available space in contact with it of 18.9cc.. The copper
oxide was reoxidised before each experiment.

With such an apparatus as that described it is
possible to ceirculate a gaseous mixture either in a completely
closed system, obtained by closing the stopcock, C, or in a
closed system at constant pressure, obtained by keeping C
open and setting the constant pressure supply device in
action. In the experiments carried out the former system was

employed.

In such an apparatus at the beginning of an
experiment, before the furnace is heated, there is ceirculating,
in a given volume, at known temperature and pressure, a gaseous
mixture; &at the end of an experiment, after the furnaece has
cooled, the final gas is circulating at another kmown
temperature and pressure but in a different volume. In order
to ensure a strict comparison of the partial pressures of
the various gases before and after an experiment it is
necessary to compare these pressures at the same temperature
and volume. For purposes of comparison, therefore, 0°C. was
taken as the standard temperature, while for the standard
volume & value of 1139cc., obtained by the method deseribed
in Appendix VII, page 220, was adopted. All pressures were

thus reduced to 0°C. and 1139co.. FTurther, owing to the use
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of mercury valves, aa, in the circulation pump, the pressure
indicated by the manometer, F, is not the correct pressure
throughout the apparatus; allowance was made for this by the
method deseribed in Appendix VII. The method of caleculating
the time of contact of methane and copper oxide is also given

in Appendix VII.

Method of Conducting an Experiment.

The apparatus was evacuated through E by means of an
electrically driven o0il pump until no further diminution in
pressure was recorded on the manometer. E was then closed
and, the constant pressure supply device having been brought
into operation, gas was admitted to the evacuated system,
until the pressure recorded by the manometer was approximately
half an atmosphere, when C was closed. The gas admitted was
circulated for about half an hour and the system again
evacuated through E. This served to flush out any traces of
air left from & previous reoxidation of the partly reduced
copper oxide remaining from the previous experiment.

The sample of gas for the experiment was then
admitted in a similar manner and the stopcock, C, closed
when the manometer indicated a pressure of approximately half
an atmosphere in the closed system. This gas was circulated
in the system for about half an hour when the pump was stopped
and the merecury in the closed 1limb raised to the mark, M, to
which mark the mercury was always raised before a pressure

reading was made (Cf. Appendix VII.). The mercury was raised
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agcurately to the mark by raising the levelling bulb, with

X and T full open, until the mercury was a few millimetres

below M. L was then closed and the mercury finally raised

to the required position by compressing the screw-clip, K.
The pressure indicated by the manometer was then

determined and from this reading and the barometric pressure

the uncorrected pressure of the gas in the system was

obtained. This was corrected for

} Vapour pressure of water

) Back pressure of mercury valves.

)

Reduetion to Stendard Temperature, 0°C.
Reduction to Standard Volume, 1ll39cec.

a0 op

(
(
(
(
The pressures reported in the results have been corrected

- in this manner.

The Ihitial Pregsure thus having been determined,
the furnace was heated until the temperatufe, as indicated by
the galvanometer, was maintained at the required value. At
2 noted time the ecirculation pump was started and the
experiment allowed to proceed for the required period of
time, the temperature being periodically checked.

At & noted instant the pump was stopped and the
furnace current switched off simultaneously and the furnace
allowed to c00l. The apparatus was allowed to assume &
uniform temperature over night and the Residual Gas ceirculated
for one hour in order to ensure homogeneity before the Final
Pressure was determined in the same manner as the Initial
Pressure.

A sample of the Residual Gas was withdrawn from the

system and analysed in Bone and Wheeler's apparatus over
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mercury. The composition of the Qriginal Gas previously
having been determined, it was possible to caleulate the
percentage of methane that had undergone oxidation during

the experiment.

Method of Calculation.

The Original Gas contained 87.7% methane and 12,3%
nitrogen.

In Experiment 1 the Residual Gas contained

42.2% CO, 44.9% CH, 12.9% W,.
Assuming that methane, under the conditions described, is
oxidised only to carbon dioxide and possibly carbon monoxide,
it is evident that the sum of the percentages of the gaseous
products containing carbon should be equal to the percentage
of methane in the Original Ga&s and the percentage of methane
oxidised to carbon dioxide will be

100.C
87.7 %

where C is the percantage of carbon dioxide in the Residual
Gas. Thus in Experiment 1 the quantity of methane completely

Ooxidised is

100 x 42.2% or 64.94.

87.7
The value for carbon monoxide (if formed) can be calculated
in a similar manner, but no carbon monoxide was detected in
any of the experiments.
Further, if any water soluble or condensable

intermediate oxidation product were formed and persisted at
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the end of an experiment, there would be a difference in the

pressures of the gases before and after an experiment,
Failing the persistence of any such product it is obvious
that the nitrogen contant of the gaseous mixture should remain

constant throughout.

Results.
The results obtained are given in Table XXVI and
arranged in the order in which the experiments were carried

out.

Conelusions.

In the first place, since the Initial and Final
Pressures are in close agreement, it is evident that the
yield of intermediate oxidation products, if any, is
negligible.' o carbon monoxide was detected in any of the
Residual Gases and the water in the reservoir, D, contained
no formaldehyde, the most stable of the intermediate
oxidation producets containing hydrogen. It may thus be
concluded that at 547°C. the sole products of the reaction
between methane and copper oxide are carbon dioxide and water,

The results also show that the copper oxide used,
which was obtained freshly from stock, becomes at first
more active as the process of alternate reduction and
oxidation takes place, but in the later experiments a stable
condition seems to have been attained.

For the following reasons the method failed to give

concordant results and therefore was abandoned:-



TABLE

CIRCULATION

Original Gas. Initial Final

Expt.| Temp. % % Pressu.re‘. Pressure.
Fo. ‘Ce CH, Ng mn, mm,
1. 547 87.7 12,3 383.2 381.9
2. 547 87.7 12,3 349.5 350.,9
e 547 87.7 12,3 373.3 373.0
4, 547 87.7 12,3 364.9 361.9
5. 547 87.7 12.3 366.2 36345
6. 547 87.7 12,3 377.4 37641
7. - 547 87.7 12,3 378.3 373.0
8. 547 87.7 12,3 372.9 368.3
9 547 87.7 12.3 367.6 374.0




XXVI,
EXPERIMENTS o
Residual Gasg, Time of Methsane
Oxidised
% % % Contast. to C0g.
Cop | CH, Np min, %
42,2 44,9 12,9 9.85 48,1
57.9 29.4 | 12,7 5.91 66,0
52.3 34,8 12,9 3.94 59.6
48,0 39,7 12,3 3.94 54.8
54,7 33.4 | 11.9 3.94 62,3
56,.8 30,1 13.1 3.94 64,9
57.2 30,4 | 12.4 3.94 65.4
52,4 35,5 | 12.1 3.94 59.8
52,7 35.2 12,1 3.94 60,1

165.
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(a}) In each experiment the time required to heat the
furnace to the required temperature varied and consequently
the gas in contact with the copper oxide during this
preliminary heating was subjected to the action of the copper
oxide for a different period of time in each case. The
times of cooling were approximately the same in each
experiment.

(b) Although the total time of contact of gas and copper
oxide was the same for each of Experiments 3 - 9, the time
of contact per passage varied, depernding on the rate at which

the pump was ocirculating (Cf. Appendix VII, page 222}.

ks
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B. - GSINGLE PASSAGE METHOD.

Owing to the failure of the circulation method recoursd
was made to the Single Passage Method which eliminates all the
faults of the former method.

The appa:atus designed for this series of experiments
is shown in Fig. 26, pagel6é8 . It consisted of a 10 litre
aspirator bottle, A, fitted with a constant pressure supply
device, BC, and connected to one limb of a differential gauge,
E, by means of a stopcoek, C. The other limb of the gauge
was connected, through a three-way stopceock, F, to the
combustion tube. The free limb of the stopcock, F, was
attached to an air purification system, similar to that
described in Part I, page 9, and which was connected to a
compressed air main.

The combustion tube was of the usual hard glass
type and contained the same copper oxide as was used for the
series of circulation experiments, this layer of oxide being
placed centrally in the furnace as before and its temperature
measured by means of the thermocouple shown. The volume of
space in contact with the copper oxide was again 18.9cc. and
the length of the column, 20.0cm..

The exit end of the combustion tube was connected
by means of capillary glass tubing to the three-way stopecock,
G, attached to a 500cc., aspirator bottle, H, fitted with a
constant pressure receiving deviece. The confining liquid

in this agpirator was at first mercury, but a few experiments

Which were conducted at very slow rates of flow, indicated
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FPig. 86.
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that this liquid was quite unsuitable for these low speeds
owing to its high surface tension causing a very uneven flow
from the levelling tube. TFor this reason the liquid used in
the later experiments was a saturated agueous solution of
magnesium chloride., In order to ensure a perfectly unifdrm
rate of flow of gas throughout an experiment, the experiment
was commenced with sufficient air in the aspirator, H, to
keep the confining liquid clear of the "shoulders" of the
bottle, so that during an experiment the liquid in H fell in
a bottle whose eross-sectional ares remained constant. 1In
order to prevent the back-diffusion of air from the receiving
aspirator during an experiment, the connection from the
reaction tube to this receiver was made of narrow bore
capillary tubing, through which, even at the lowest rates of
flow of gas used, the gaseous produets travelled with

considerable speed.

Method of Conducting an Experiment.

During the preliminary heating of the furnace air
was passed over the copper oxide, in order to oxidise any
material left unoxidised from the previous experiment, and
bye-passed to the atmosphere through the stopcock, G. The
levelling tube attached to the aspirator, H, was arranged
s0 that the Resulting Gas was collected at atmospheric
pressure and the c¢lip, K, left open in order to allow liguid
to be expelled from H as the air in this aspirator became
heated by radiation from the furnace.

When the desired temperature had nearly been attained
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by the furnace the current of air was cut off and a current
of methane from the Original Gas storage bottle, A, passed
through the tube, the rate of flow being ad justed by
arranging B to give the required fall in pressure across the
Jjet in the differential gauge, E. (Cf. Appendix I, page 203).
This current of methane was continued until the ftemperature
of the furnace remained constant, when the clip, X, was closed
and the receiving vessel weighed. This vessel was then
replaced and the apparatus tested for leaks in a manner similar
to that deseribed in Part I, page 21.

When sufficient methane had passed from A to ensure
that all the air had been expelled from the apparatus (at least
500cc. being used for each experiment) the stopecoeck, G, was
turned to allow the Residual Gas to be collected and a stop-
wateh started. The apparatus was then entirely automatic in
action and the temperature remained quite constant.

The experiment was allowed to proceed until 300 - 400cc.
gas had pessed over the copper oxide when, simultaneous with
the stopping of the watch, the stopcock, G, was turned to
bye-pass the gases coming from thé combustion tube. The
pressure of the gas in the receiving aspirator was adjusted to
atmospheric pressure in the manner described in Part I, the
receiving vessel reweighed and the volume of gas passed over
in the noted time calculated. The time of contact of gas and
copper oxide was obtained from this volume in the usual
manner.

The Resulting Gas was allowed to stand for at least
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one hour to ensure thorough mixing and a sample withdrawn

for analysis. The Original and Resulting Gases were analysed,
either in Bone and Wheeler's apparatus or in Haldane's
apparatus; their composition being known it was possible to

calculate the quantities of methane oxidised to carbon dioxide.

Hethod of Calculation.

The results of the circulation experiments showed that
the only oxidation produet obtained in these experiments were
carbon dioxide and water, so that in the present series of
experiments the Resulting Gas contained only methane, carbon
dioxide, oxygen and nitrogen, all the carbon compounds present
having been derived from the methane in the Original Gas.

Thus in order to calculate the amount of methane oxidised it
was only necessary to know the ratio of carbon dioxide to
methane in the gas issuing from the combustion tube. This

gas being diluted with the air initially in the receiving
aspirator, the ratio of carbon dioxide to methane was the same
in the Resulting Gas as that in the gas issuing from the
combustion tube, so that this ratio, obtained from an analysis
of the Resulting Gas could be used to determine the amount

of hydrocarbon oxidised, no reference to the Original Gas being
neecessary. Owing to this dilution with air, however, it was
impossible to check the results by adding the percentages of
the two carbon compounds in the Resulting Gas and comparing
the sum with the percentage of methane in the Original Gas in

the same manner as in the circulation experiments.
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The following figures, taken from Experiment 1 of

the series of experiments carried out at 547°C. illustrate
the method adopted:-
Volume of gas collected =453.0cc..
Time © = 24.4min..

Rate of Flow 18.5¢c. per min..

1 . Ozmin. *

18.¢9
= =——min.
Time of Contact 18.5

]

Resulting Gas contained 7.6% CO;, and 63.6% CH,.

Ratio 02 _ 7.6
CH, 65.6

COg 1.6

- Ratlo ——— = T
cO, CH, .

Thus for every 7l.2c¢c. of methane supplied 7.6cc.
have been converted to carbon dioxide, so that the percentage
of methane converted to carbon dioxide is

76y 1004, or 10.74.

71.2

‘Results and Conclusions.

The results obtained are tabulated in Table XXVII
and the curves obtained by plotting the gquantities of methane
oxidised against the times of contaet are shown in the graph
in Fig. 87, page 174.

The curves show that for low temperatures (i.e. below
547°C.) the quantity of methane oxidised is almost proportional

to the time of contact of hydrocarbon and copper oxide, but

the greater the increase of temperature above this the greater
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TABLE

Temp. Expt. Original | Resulting Gas. Volume
°c. No. Gas. ) of Gas.
% CH, %CO, | %CHy ce.

328 1. 88.4 0,00 - 322 .4
390 1, 88.4 0.25 | 50.1 300.5
528 1. 88.4 2,92 | 54,2 307.0
547 1. 90.3 7.61 | 63.6 453%,0
2. 90,3 10.0 63.0 362.2

3. 90 ¢3 11.6 56.3 280.5

4, 90,3 16.8 54,9 269.0

5, 90,3 19.8 6547 227.1

6o 90,3 14.4 36.5 192.2

7. 90.3 21.5 41,0 239.3

560 1. 85.1 12.0 42,5 364 .4
2. 85,1 21.8 41.8 258.2

3. 85.1 25,4 41.9 324.4

4, 85.1 33,3 33.5 325.5

5, 85.1 27,0 26.1 283,2

6. 85.1 35.9 26.0 263,1

579 1. 83.4 26,2 40.8 357.1
2. 83.4 32.5 37.2 343,1

3, 83,4 35.5 25,8 26045

4, 83,.4 43,6 17.2 284.,0

5. 83.4 42,3 15.5 238,17

6o 83.4 40,0 11.7 252,.,2

612 1. 83.4 31,7 25.4 257.1
2. 83.4 44,4 23.1 326.9

3. 83,4 50,8 20.1 319,2

4, 83.4 53.1 12.9 329,7

5. 83.4 56,1 8.22 308,.2

6e 83.4 54,7 8,10 294,.8

658 1, 85,1 59,0 5.87

. . 337,0

2 85.1 58.2 4,44 %56.9

[} [ 65.0 2.01 359 6

g. 85,1 61.8 1,47 206.5

. 85.1 65.0 1.36 318.7

700 %. 87,0 7543 1.20 321.5
. 87.0 7546 1,05 351.7

Se 87.0 67.6 0.83 25%.7

741 1. 88.4 55.0 0.00 326 .6

]
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XXVII.
EXPERIMENTS,
Time, Rate of Time of CH, Oxlidised | Av., Rate of
Flow. Contact. té CO0g. Oxidation.
min. cc./min. min. % dCH, Oxidised/min,
119.0 2,71 6.98 | 0,00 0.00
| 111.5 2,70 7,00 0.49 0.07
1137 2.70 7.00 | 5.1 0.73
24,4 | 18.5 | 1.02  10.7 10.5
29.6 2.2 1.55 | 13,7 8.8
34,0 8.25 | 2,29 17.1 7.5
44,0 6,11 | 3.09 23,4 7.6
4403 5.13 ! 3069 ! 2502 603
52,0 3,70 5,11 | 28,3 5.5
. 15.4 | 23,6 0.80 : 22,0 27.5
22,0 11.7 1.61 34,3 21.3 |
34,3 9.45 2.00 37,7 18.9 g
6849 4,73 | 4,00 | 49.9 12.5
69.1 4,10 | 4,61 50.8 11.0
97.3 2,70 7,00 58.0 8.3
14.0 25.5 0.74 | 39.1 52.8
. 21.4 16.0 1.18 | 46.6 39.5
. 35.6 7.32 2.58 57.9 22.4
‘ 5800 1 4.90 3.86 i 71.7 18.6
65.3 = 3.66 5.17 3.2 14.2
93.5 |  2.70 7.00 77.4 11.1
10.6 | 24.3 0.78 55,6 | 75.2
. 17.3 | 18.9 1.00 | 64.2 | 64.2
27,0 | 11.8 1.60 71.7 44.8
60,0 . 5.50 3.44 80.5 23.4
88,1 | 3.50 5.40 87.2 16.2
| 105.0 | 2.81 6.73 87,1 12.9
1.4 | 25.2 0.75 91.0 121.4
15.6 | 22.9 0.83 92,9 111.9
38.3 |  8.87 2.13 | 97.0 44.5
65,5 | 4,68 4,04 97.%7 ' 24.2
115.5 2.76 6.85 | 98.0 14.3
| 15.3 21.0 0.90 | 98.4 109.3
l 26.7 13.2 1.43 98.6 69.0
| 98,0 2,59 7.30 99.7 13.7
17.3 18.9 1.00 100,0 100.0
L .
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Fig. 27.
is the deviation from this approximation. Even at 560°C. the

curve obtained is markedly bent towards the origin. At
higher temperatures the amount of methane oxidised at first
increases very rapidly with increase in time of contact, but
subsequently the curve becomes gradually less steep and a
tendency to a maximum value for the amount of methane burned
is indicated; this being most pronounced in the curves for

658 G. and 700°G.

Perhaps a better method of showing the effect of

varying the time of contact of methane and copper oxide is to
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plot curves for eaoh whole minute instead, of for each

temperature, the axes being suitably changed.. This has been

100

200° 300° J0'

Fig. 28.

done in the graph in Fig. 28, the data for which have been

obtained from the graph in Fig. 27 and for the isolated cases

(i.e. those below 547*0. and above 700*0.) from Table 2XVII.
These curves indicate that at very low temperatures,
with a sufficiently long time of contact, methane and copper
oxide interact to give an appreciable amount of carbon dioxide.
The amount of methane oxidised after 7 minutes’ contact at any
temperature up to about 525*0. is very small indeed, showing

that the reaction proceeds very slowly. Above 525*0. the

time of contact has a very great influence on the amount of
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methane oxidised, this influence becoming most pronounced at

580°C., but with a subsequent increase in temperature the
curves again tend to coincide, showing that at high temperatures
the time of contact has a less pronounced influence in
determining the guantity of hydrocarbon oxidised.

As is to be expected, at any temperature in the
range studied the gquantities of methane oxidised with the
larger times of contact tend to one value for one particular
temperature, for example, at 580°C. the difference between the
amounts of methane oxidised with 6 and 7 minutes' contact is
very small, so that an infinite time of contaet is theoretiecally

necessary to ensure complete combustion.

In the last column in Table XXVII are given figures
which are proportional to the average rate at which the methane
and copper oxide have interacted during the experiments. These
vfigures have been obtained by dividing the total percentage
of methane oxidised by the time of contaet, thus giving the
average amount of methane oxidised per minute during the
experiment and thus a measure of the average rate of the
oxidation. (Obviously, in some cases where the time of
contact has been less than one miﬁute, the figure obtained
mist be more than 100%, but in all cases the figures are
proportional to the required rate.) A series of curves, one
for each temperature investigated has been constructed from
these date and is shown in the graph in Fig. 29. These curves

show that as the time of contact is increased -
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Fig. 29.

the average rate of oxiclation decreases, very rapidly at
first and then more slowly. The only factor which can cause
this and which must be dependent on the time of contact, is
the variation of the concentration of methane. With long
periods of contact more methane is oxidised than with shorter
periods, so that in the former case the concentration of
methane in the gases in contact with the copper oxide is
continually decreasing and this has the effect of causing

the rate of oxidation to decrease, with the result that,

while the actual quantity of methane oxidised with a long
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period of contact is greater than that resulting from a -

shorter period of contact, the average rate of oxidation is
less in the former than in the latter. In other words, the
rate at which the oxidation of methane by means of copper oxide
proceeds is a funetion of the concentration of the methane in
the gas over the copper oxide. With large times of contact
the average rate is low owing to the accumulation of carbon
dioxide and the consequent decrease in concentration of
methane, while with short periods of contact the resulting
sarbon dioxide is comparatively quickly removed from the
reaction zone and the concentration of methane is kept at a
high value, the result being that the average rate of

oxidation is considerably inoreased.
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C. = SEALED TUBE METHOD.

The two methods already described were primarily
intended for use with short periods of contact at comparatively
high temperatures, but were entirely unsuited for periods of
contact longer than a few minutes. TFor this reason the A
Sealed Tube Method was adopted for use with long periods of

contact at low temperatures.

I. Experiments with Manometer in Apparatus.

The original apparatus designed for this purpose is
shown in the sketeh in Fig. 30, page 180. It consisted of a
tube, B, 34.0cm. long and 2.0cm. internal diameter, with a
ridge at C, 26.0cm. from the closed end, of sufficient height
to retain all the copper oxide (77.8gm. 8 - 32 mesh copper
oxide) within the 26.0c¢m. length of the tube. This ridge
ensured that the copper oxide, throughout its whole length,
was maintained at a uniform temperature when placed in the
furnace, A, the central 30cm. of which gave a uniform
temperature. Connected to the open end of the tube, by means
of a piece of heavy rubber tubing, was a mercury manometer, E,
and a three-way stopcock, F, through which the system could
be evacuated or charged.

The volume of that part of the tube retaining the
copper oxide was 8l.7e¢c.. The volume of 77.8gm. copper oxide
is 12.3cc., so that the volume of gas actually over the copper
oxide is (81.7 - 12.3)ec., or 69.4cec.. The standard volume

0f the apparatus, obtained by the same method as before and
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detailed in Appendix VII, page €22, was found to be 92.6cc.,

so that the gas in the immediate vieinity of the copper

oxide was 75.0% of the standard volume.

lMethod of Conducting an Experiment.

The apparatus was evacuated through the stopecoeck, F,
traces of air being removed in a manner similar to that
described in the circulation experiments and the Original Gas,
of known composition, fed in through F until the pressure
recorded by the manometer was such that, when the contents of
the tube were heated to the required temperature, the
pressure of gas in the system was approximately atmospheriec.
The Initial Pressure was then determined by applying the
necessary corrections detailed in the circulation experiments.
The furnace waé heated with both ends plugged with
asbestos disces untlil the required temperature, measured by
means of the thermocouple shown, was maintained. 'At a2 noted
time the moveable plug was withdrawn and the furnace pushed
over the tube until the plug, D, fitted into the end of the f
furnace tube. The experiment was allowed to proceed until the '
necessary period of contact had elapsed, the temperature

being periodically noted to ensure that it remained constant
within limits of #5°C..

At a noted instant the furnace was withdrawn from
around the tube and the tube and its dontents allowed to
cool overnight before the Final Pressure, correcited as

before, was determined. A sample of gas was then withdrawn
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through F and analysed in Bone and Wheeler's apparatus.

Owing to the fact that at the beginning of the
period of contact, under these conditions, the tube and its
contents did not immediately reach the temperature of the
furnace, this method of procedure was slightly modified after
the first two experiments had been carried out. In these
two experiments the Initial and Final Pressures were in
sufficiently close agreement to enable the pressure of the
gas in the system to be determined from one observation only,
80 that in the subsequant experiments no Initial Pressure was
determined.

In the modified method the tube was evacuated at
ordinary temperature in the furnace, the furnace heated until
the required temperature was maintained and, at a noted time,
the Original Gas introduced bshrough F until the pressure in
the system was atmospherice, so that the gas almost immediately
reached the required temperature. The experiment was allowed
to proceed until the reguired interval had elapsed, the
furnace withdrawn from around the tube and the tube allowed
t0 cool overnight. When completely cold, the pressure of the
Residual Gas was determined in the usual way and a sample of
gas withdrawn for analysis.

The composition of the Original and Residual Gases
being known the quantity of methane oxidised to carbon dioxide

was calculated by the method used in the circeulation experiments.

Results and Conclusions.

The results are given in Table XXVIII and the results
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XXVIII.

PRELIMINARY SEALED TUBE EXPERIMENTS,

183,

Original |Initial |(Pinsal Residual Gas.| Time Methane
| of Oxidised
Expt.|Temp.| Ges., |Presgure. Pressure.| % % |Contact.| to COgz.
:'_E 6. | % CH, mm, mm, COp | CHy min, %

la. | 520 8645 238.9 237.1 |42.2 45.8 300 48.8
%, | 520 86.5 309.7 310.0 | 34.0 53.0 240 39.3
| 1. 520 86.5 - 325.1 7.5 79.8 30 8.7
|2, | 520 86.5 - 340.8 |10.3 76.1 60 11.9
3, | 520 86.5 - 375.2 (1l1.2 75.4 90 13.0
| 4, | 520 86.5 - 331.6 |14.2 73.2 120 16.4
5, | 520 86.5 - 336.8 | 21.9 64.3 150 25.3
&, 520 86.5 - 327.0 |29.3 56.2 180 33.8
v | 520 | 86.5 - 332.4 |33.6 | 52.8 | 240 38.8
8, | 520 86.5 - 324.7 | 37.9 48.7 300 43.7
| % | 520 86.5 - 334.7 |41.5 | 44.3 | 360 48.0
,\“—“ :
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of Experiments 1 - 9 are grouped in the graph in Fig. 31.
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Fig. 31.

Experiments la and Ea indicate that in these
experiments no intermediate oxidation products were formed,
the sole products of the combustion being carbon dioxide and
water.

V3hen the graph drawn from the results of Experiments
1 - 9 is produced to zero time of contact a value of 7.3* of
the methane supplied burned to carbon dioxide is obtained.
This is obviously the result of the fact that the time

required for cooling is comparatively great and an appreciable

oxidation takes place during this period. The broken line
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curve in the graph has been drawn from the complete line by
subtracting 7.3% from each ordinate of this latter curve and
gives a first approximation to the variation in the quantities
- of methane oxidised resulting from the varistion of the time
of contact of gas and copper oxide in these experiments.
Owing to there being only 75% of the original methane
in immediate contact with the copper oxide and to the fact
that a reaction took place during the period of cooling, a
new apparatus was constructed, in which practically all the
Original Gas was in the immediate vicinity of the copper oxide
and from which samples of gas for analyses were taken under

conditions which precluded any oxidation during cooling.
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IT. - Experiments without Manometer.

Owing to the faet that no intermediate oxidation
products have been detected in the experiments in this section,
it was decided to dispense with the manometer so that the
apparatus finally used consisted of a simple sealed tube, A,
as shown in Fig. 32, page 187, of such a length that the layer
of copper oxide, distributed evenly over the whole length of
the tube, was heated to a uniform temperature over its whole
length when placed in the furnace. The tube was closed by
means of a capillary three-way stopcock, B, one limb of which
extended to the point where the tube, A, commenced; this limb
was kept as short as possible. The apparatus for instantaneous
sampling consisted of a strong flask, D, carrying a three-way
capillary stopcock, C, and having a volume at least twice that
of the tube, A, the method of operation of which will be

explained later.

Method of Condueting an Experiment.

The tube, A, was evacuated by means of the oil pump,
all air being expelled as in the previous experiments, until a
vacuum nmenometer in series with the tube and pump showed no
further decrease in pressure. B was then celosed and the
furnace heated to the required temperature; when this
temperature was maintained by the furnace the Original Gas,
of known composition, was admitted through B at a noted time i
and the levelling bottle attached to the Original Gas storage

bottle arranged so that the tube, A, was filled at atmospheriec
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pressure. B was then closed and the experiment allowed to
proceed for the necessary period of time, the temperature of
the furnace being periodically checked.

Towards the end of the experiment the flask, D, was
completely evacuated by means of the oil pump, the arrangement,
CD, attached to the stopcock, B, by means of the piece of
rubber tubing shown and the air contained in the limbs between
B and C displaced by means of mereury. B was opened to the
tube, 4, a few minutes before the period of contact haed expired
and at the required instant C was opened so that a large
volume of the Residual Gas was immediately sucked into the
flask. C and B were then closed and the sampling arrangement
disconnected from B. By this means the flask contained a
sample of Residual Gas formed under conditions whieh precluded
any preliminary heating or final cooling in contact with the
copper oxide. A sample of this gas was withdrawn from the
flask and analysed in Bone and Wheeler's apparatus or in
Haldane's apparatus, over mercury.

The method of caleuvlation was the same as in the last

series of experiments.
The copper oxide used was the same as in the last
experiments and was reoxidised between the experiments. Owing

to unavoidable breakages, three tubes were used in the course

of the investigation, their characteristics being as follows:-
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Tube , A B. c.
Length of Furmace. 48,0cm. 48.,0cm. 48.0cm.
Length of Layer of Cuo. 24.5cm., 25.0cm. 28.0cm.
Length of Tube. : 27.0em. 27.50m. 28.5cm.
Internal Diameter of Tube. S.7cm. 5.1lem. 5.lcm.
Volume of Tube alone.* 274.2¢e. 516.lce.530.0cc.
Volume of Capillary to Stopcock. O.4ce. O.6ce. O.bce.
Volume of Tube + Capillary. 274.6ce. 516.7cc.530.6¢cc.
Volume of Copper Oxide. 12.3ce. 1l2.3cc. 6l.7ce.
Net Volume in Tube + Capillary. 262.3cc. 504.4cc.468.9cc.
Volume of Gas actually in contact 26l.9cc. 503.8cc.468.3cc.
with Copper Oxide. 99?55%. 99?58%. 99?57%.

( * Determined by estimating the weight of water tube containedl)

Results and Conclusions.

The results are tabulated in Table XXIX and the curves
obtained by plotting the quantities of methane burned against
the times of contact for each temperature are shown in the
graph in Fig. 33, page 191. These curves show that for
temperatures of 520°C. and below the quantity of methane
" oxidised by copper oxide is almost directly proportional to
the time of contact of hydrocarbon and copper oxide, but even
at 389°C. the graph is slightly curved towards the origin,
indicating that this is only approximately correct.

As in the case of the single passage experiments,

increase of temperature above 520°C. causes a progressive



TABLE

FINAL SEALED
Original Residual Gas. Presgu.re
Temp.| Expt. Gas. 0
. ~ % , % Dry Gas.
* 1. | en.l 0.26° - 754
319 1. . 944 | 1.200 - 7a2
389 | 1. | 94.4 0.50 - | 745
2, | 94.4 - 0.95° - | 7m45
4, | 94,4 | 1.69 - 748
6. | 94.4 1.82 - 736
465 1. 94.4 4.21  90.8 | 737
4, = 94.4 6.93 87.6 742
5. = 94.4 8.80 85.8 746
6. |, 94,4 9.59 | 85.1 741
T. | 94.4 11.9 82.7 743
520 | 1. |  86.5 8.01  77.3 718
2, | 86.5 | 10.5 | 75.9 738
3. | 86.5 12,9 4.4 718
4, | 86.5 17.3 69.1 . 741
5, , 86.5 | 21,7 64.0 | 730
6. = 86.5 | 26.7 | 58.7 | 718
7. . 86.5 | 30,7 | 56.0 i 1731
8. 86.5 36.9 | 50.6 = 734 |
: 13' . 86,5 45.4 41.4 743 !
- 86.5 | 50.2 36.§”: 733 SR
561 1, = 94.4 | 53.8 40.7 © 731 | T
: 20 ' 9404 ‘\ 67.0 ) 28.0 738 ] i
3. 9.4 @ 737 20.2 738
4550 L 92.2 ; 81.8 ) 1)209 759 !
. 94, | 90.0 | 5 i 4 ‘
| | | 3 743 ___ﬂ,,,/{
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TUBE EXPERIMENTS,

-

Time Methane Average Rate
of Oxidised of Oxidation.
| Contact. to CO,. %CH4 Oxidised Tube.
. niin, % per hour.
|
* 3 0.30 00,0001 -
360 0.83 0.14 B
? 360 1.27 0.21 B
A il s
. 30 0.53 1.06 B
! 60 1,01 1.01 B
; 120 1.51 0.76 B
180 1.79 0.60 B
| a40 1.91 0.48 B
1 360 1.93 0.32 B
60 4,46 4.46 B
120 | 4.74 2.37 B
150 | 7.28 2.89 B
180 ; V.34 2.45 B
240 ! 9.32 2,33 B
300 ! 10,8 2.04 B
360 | 12.6 2,10 B
35 ; 9.26 15.9 A
50 | 12.2 14.6 X
60 i 14,9 14.9 A
90 £0.0 13.3 ¥ 1
120 25.1 12.6 A
150 30.8 12.3 A
180 35.5 11.8 A
240 ! 42 .7 10,7 A
300 52.5 10,5 A
360 58,0 9.67 A
120 57.0 28,5 B
180 71.0 23.7 B
240 78.1 19.5 B
300 86.6 17.3 B
360 95.3 15.9 B

190.
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deviation from this approximation, the graph at 561°C. having

a well defined curve towards the origin. This indieates that
at temperatures above 561°C. there is at first a rapid
increase in the amount of methane oxidised, but as the time
of contact is inereased the rate of oxidation decreases

considerably.

56/°

520°

% METHHNE BURNED_

o . 120 180 240 300 360

TTME oF ;Con'mcr. —uﬂ@ursfz._

Fig. 33.

The curves for each whole hour for Tube B, plotted
on axes of Temperature - Amount of Methane Burnmed, are shown
in Fig. 34. These curves indicate that at temperatures as
low as 279°C. methane and copper oxide interact to give a

quantity of carbon dioxide whieh becomes appreciable if the
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deviation from this approximation, the graph at 561°C. having
a well defined curve towards the origin. This indicates that
at temperatures above 561°C. there is at first a rapid
increase in the amount of methane oxidised, but as the time

of contact is increased the rate of oxidation decreases

considerably.
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Fig. 33.

The curves for each whole hour for Tube B, plotted
on axes of Temperature - Amount of Methane Burned, are shown
in Fig. 34. These curves indicate that at temperatures as
low as 279*C. methane and copper oxide interact to give a

quantity of carbon dioxide which becomes appreciable if the
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SMALL FiaUREJ
DEMOTE TIMES OF CONTACT.
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Fig. 34,

time of contact is sufficiently long, but up to 400 Ci# the
reaction proceeds very slowly indeed. The results of the
experiment carried out at ordinary temperatures for 116 days
show that even at atmospheric temperatures the reaction
between methane and copper oxide does take place to a very
small extent.

As the temperature is increased above 440*0. the
time of contact becomes an important factor in determining
the amount of oxidation taking place, the effect becoming
more pronounced as the temperature is increased.
Unfortunately, owing to the difficulty of sealing a tube to

withstand a vacuum at high temperatures (Tube 3 collapsed

before the curve for 561*0. was completed) these curves
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could not be extended to higher temperatures, but the

probability is that at higher temperatures the curves will
approach each other again in the same way as those obtained
in the single passage experiments.

In this case also it is seen that in the range
studied, the curves for the longer periods of contact are more
closely grouped together than those for the shorter periods,
so that for any temperature between the limits of an combustion
and complete combustion, an infinite period of contact is

theoretically necessary to ensure complete combustion.

The curves for the average rate at which the
oxidation took place, shown in Fig. 35, bear out the conclusions
drawn in the single passage experiments with respect to the

effect of the progressive decrease in the concentration of

methane during an experiment.

30

T Cjontiict  Hiours.

Fig. 35.
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: THE INFLUENCE OF THE CONCENTRATION OF
VETHANE IN DETERMINING THE QUANTITY OXIDISED
BY COPPER OXIDE.

In order to confirm the conclusions drawn in the
single passage experiments and in the sealed tube experiments
with respect to the rate of oxidation of methane by means of
eopper oxide being dependent on the concentration of methane
in the gas in contact with the copper oxide, the following
experiments were carried out in Tubé B with different
concentrations of methane. The dilutions were made by diluting
94.,4% methane (the remainder being nitrogen) with pure nitrogen,
prepared by the method described in Appendix IV, page 213,
and the experiments carried out in the manner described for
the sealed tube method. The experiments were conducted for

3 hours at 528 C..

Results and Conclusions.

The results obtained are shown in Table XXX and are
represented graphically in Fig. 36.

These show that while the percentage of methane
oxidised decreases with increase of concentration, the actual
volume of hydrocarbon oxidisad‘increases, or, that the amount
of hydrocarbon oxidised is a function of its concemntration in'

the gas in contact with the copper oxide.
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XXX,

INFLUENCE OF CONCENTRATION OF METHANE.-
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Originsal Residual Pressure | Volume Methane

Gas, Gas. of of Oxidised

Expt. Dry Gas. | Methane to COo.
% % % Supplied. co.

No. CH4 co 2 034: mm, 1614 9

1. 3.12 | 1.07 | - 738 15.8 34.3 | 5.4
2. 5.85 | 1.81 | 3.62 : 730 27.0 33.8 | 9.1
3. 10.6 3.18 | 7.49 | 728 53.8 30.0 | 16.1
4, 19.9 5.80 | 14,2 729 101 29.1 | 29.3
5. 30.4 8.43 | 22,0 738 154 27.7 | 42.6
6. 45.0 | 11.7 |33.3 747 22v 26.0 | 59.0
7. 59.4 |15.5 |43.4 44 300 26.2 | 78.3
8. 78.1 |17.7 |60.6 738 395 22.7 | 89.5
9. 94.4 |19.4 |74,9 750 477 20.5 | 97.9
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THE INFLUENCE OF INCREASING THE SURFACE
OF COPPER OXIDE IN DETERMINING THE
QUANTITY OF METHANE OXIDISED.

Tube C, which contained 389.0gm. copper oxide
(sifted to 8 - 32 mesh as in the preceding experiments), or
five times the amount used in the sealed tube experiments,
was used to ascertain if an increase in the surface of the
sopper oxide exposed to the gas had any great influence in
determining the quantity of methane oxidised.

While the copper oxide-usedlwas five times the amount
previously used in these experiments, it is obvious that any
great change in the amount of methane oxidised will be the
result of an increased surface rather than an increased
weight of copper oxide.

One experiment was conducted for 3 hours at 52800.
and the results are shown below together with those from

Experiment 9.of the series on page 195.

Units of Copper Oxide used 5. 1.
CH, in Original Ges. 95.7%. 94.4%.
, 002 53.8% 19.47.
Residual Gas.
CH, 41,9% 74.9%.
Pressure of Dry Gas 741mm. 750mm,

Volume of Methane Supplied. 448cec. 477¢cc.
| Volume 252cc. 92.7ce.

Methane Oxidised to coz
' % 56.3% 20.5%

Conclusions.

It is seen that the effest of increasing the surface



of copper oxide is to increase the quantity of methane
oxidised, but the gquantity oxidised is not directly proportional
to the area of surface exposed to the gas, owing to the effect
of thé fall in concentration of the methane during the

experiment becoming more pronounced the greater the volume of

hydrocarbon oxidised.
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General Coneclusions.

In summing up, only the single passage experiments
and those carried out in the sealed tubes without the
manometer need be considered. Both series of experiments
yielded similar results so that the general conclusions may
be made to include both sets of conditions.

The results of experiments carried out at low
temperatures indicate that methane and copper oxide interact
at temperatures below 279°C. but the amounts of carbon dioxide
formed with moderate periods of contact are very small indeed.
From 279°C. up to 400°C. the rate of oxidation is very small
and in these cases it is reasonably accurate to assume that
the quantity of carbon dioxide formed is directly proportional
to the time of contact of methane and copper oxide.

At temperatures above 400°C. the rate of oxidation
gradually increases and the amount of carbon dioxide formed,
although increasing with increase in the time of contact is
not directly proportional to this faetor, but is less than the
amount demanded by this approximation, the curve obtained being
hyperbolic in shape. The experiments carried out with various
ﬁoncentrations of pethane indicate that this hyperbolic curve
is the result of the progressive decrease in the speed of the
reaction as the concentration of methane falls with progressive
accumulation of carbon dioxide.

As the temperature is further increased there is still

‘a further deviation from the above approximation, the amounts

of methane oxidised tending to a maximum value for any one
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particular temperature and being almost independent of the
time of contact, provided this is not small.

The rate of oxidation in these experiments inllarge
at fifst, but gradually decreases owing to the fall in
concentration of the methane in the gas in contact with the
copper oxide, so that in oxidising methane by passing it over
copper oxide it is better to use a high temperature, which
gives a high rate of oxidation, and a short period of contact,
which does not allow the concentration of methane materially
to decrease, owing to the faet that the carbon dioxide formed
is almost immediately swept away from the reaction zone by
the stream of methane, than to use a low temperature and a
long period of contact, both of which tend to give a very low
rate of oxidation.i

The rate of oxidation of methane by means of copper
oxide is accelerated by using copper oxide which presents &

large surface to the gas.

The conclusions drawn in this section do not
invalidate the conclusions formed in Part I with respeet to
the initial combustion temperatures of methane, in a 5%
methane mixture, over copper oxide alone and copper oxide
impregnated with various catalysts. With methane in such low
concentration the rate of oxidation will be so very small at
the initial combustion temperatures quoted in Part I that the
carbon dioxide formed in the comparatively small periods of

contacet in these experiments will be negligible.
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Tiewed in the light of the fractional combustion

method of gas analyses, the results obtained in this section
point to the necessity of oxidising hydrogen and carbon
monoxide by means of copper oxide at temperatures not exceeding
300°C. if methane is the only other combustible gas present.
This is the maximum permissible temperature for hydrogen and

carbon monoxide recommended by Burrell and Oberfell (20)}.
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iPPSITDII I.

GAPIBRATIOF OF PIFFERE~TIAL OAUdES.

For the purpose of calibrating the jets fitted in the
differential gauges used in part I and Part III the apparatus
shown in the sketch in Fig. 37 was used. The gauge, A, was
connected to a graduated aspirator bottle filled with water
and fitted with the constant pressure receiving device,

BCE, (21).

A mark, a, on the aspirator at a point exactly on a

scale division was noted and taken as the zero reading. With
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the difference in levels of the water in B and E equal to

2 inches the clip, B, was opened sufficiently to give a
reading of 0.lo"on the gauge and the time taken for the jet

to deliver the volume of air contained "between the marks,

a and b, noted by means of a stopwatch. The mark, b, was an
arbitrarily chosen scale division which varied throughout the
determination. This was repeated for various settings of the
clip, D. The results are shown in Tables XXXI and XXXII and
are collected in the graphs in Figs, 38 and 39, from which the
gauge reading for any required rate of flow was obtained during

the experiments.

. DIFFERENTIAL UfIUQE. : IFFERENTIfIL GAUSE N° 2.

20 25

4 g R 1 | Wg. 39.

RATE OF FLOW - cecs./min..:

Pig. 38.



CALIBRATION OF No.2 GAUGE,

TABLE XXXI,
CALIBRATION OF No.l GAUGE.

Soale Reading.; Volume.| Time, ‘ Rate of Flow,
Inches. cc. min. | cc. per min,
0.10 200 | 140.8 | 1.42
0.20 500 | 130.2 3.84
0.30 1000 160,3 6.24
0.40 1000 - 118,0 8.48
0.50 1000 93.0 . 10,7
0.60 1000 ! 77.0 . 13.0
0.70 1000 | 67.0 | 14.9
0.80 1000 61.0 16.5
0.90 200C¢ | 111.0 . 18,0
1.00 2000 | 104.0 19.2
1.10 2000 | 98.0 ! 20.4
1,20 2000 | 94.0 | 21,3
1.30 2000 | 89.0 | 22.4
1.40 2000 87.0 E 23.0

TABLE XXKII,

Time.

Rate of Plow,

Scale Reading.|; Volums.

Inches. cc. min. cc. per min,
0.50 300 115.0 2.61
1.00 300 60.0 5.00
1.50 300 43,0 6.98
£.00 400 45,5 8.79
2,50 420 40,0 10.5
3.00 400 33.3 | 12.0
3.50 400 29,7 | 13.5
4,00 400 26.7 ! 15.0
4,50 400 24,0 16.7
5.00 580 29.3 17.7
6,00 500 25.0 20,0
7.00 500 282,17 22,0
8.00 500 21.2 23.6
9,00 1000 40,0 25,0

204,
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APPENDIX II.

(@) . - STANDARDISATION OF O?HER3ITOCOISPI.E.

The temperatures measured in the experiments were
estimated by means of a niokel-niohrome thermocouple. This
eouple was standardised against a standard platinum -
platinum:rhodium thermocouple by having both enclosed in an
electric furnace, a comparison of the respective e.m.f's
being obtained by allowing the furnace to cool. As a result
of this determination the graph shown in Fig. 40 was

constructed and used during the experiment.

. NICKEL - jAit

Fig. 40
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As a further check on the aacuracy of the relationship

obtained between the temperature and the e.m.f. developed by
the couple, the couple was used to determine two fixed
temperatures, the first the melting point of pure (Merck)
godium chloride and the second the boiling point of sulphur.

In the first case the melting point apparatus shown
in Fig. 41 was used. The salt was kept in a well superfused
condition for 15 minutes and the flame withdrawn. The couple
was then inserted into the superfused salt and half-minute
readings of the e.m.f. developed noted. This method gave
797°C. for the required melting point, the correet value being
go1’c..

For the determination of the boiling point of sulphur
the Jjacketted apparatus shown in the sketch was used. The
estimation, oarried out in the ususl manner, gave 448°C. for
the required boiling point, the ceorrect value under the
prevailing conditions being 445 C..

These values checked the aeccuracy of the standardisation
of the couple and it was concluded that the temperatures given

in the experiments are correct to *5°C..
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(b). - EQUALISATION OF INTERIOR AND EXTERIOR TEMPERATURES.

The temperatures given were measured between the
furnace wall and the combustion tube, but the following
- results of an experiment in which the values of the temperature
inside the tube, i.e. the temperature of the oxidising agent,
are compared with those outside the combustion tube, show that
the exterior temperature, as measured in the actual experiments,
is equal to the sasctual temperature of the oxidising material,

when equilibrium is established.

Table XXXIII.

Comparison of Interior and Exterior Temperatures.

External Temperature Internal Temperature
°c. c.
720 7820
660 660
600 600
535 535
460 460
385 ' 385
340 340
305 ' 300
260 260
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(s). - EXPLORATIOI” OF FURITACE miPBRAT1JRES.

After the experiments in part I hah been oompleteh
the variation in temperature along the furnace was investigated;
the results are shown in the graph in Fig* 42. Phe uneven
curves obtained do not interfere with the actual conclusions
made in the experiments in so much that each series of
experiments was carried out under the same conditions and the
results obtained are, therefore, directly comparable.

Before commencing the experiments in Part II, however,
it was decided to re-lag the furnace in order to obtain a
central portion which would give a uniform temperature. The

graphs in Fig. 43 show the variation in temperature after this

DISTRIBUTION OF T EMPERHTURES, — 1I.

800°C

500°

- 200°
E xIT.

30 20 20 30

D ISTANCE FROM CENTRE IN CM

Pig. 48.
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hacl, been done. The central EOcm. of the furnaoe now gave

practically a -uniform temperature, so that in the experiments

in Parts II and IITI in which this furnace was used, only the

central 20cm. of the combustion -tibe were filled.

The furnaoe used for the sealed tube experiments in

Part III gave a uniform temperature over the central 30cm..

D ISTRIBUTION OF T EMPERATURES. — H.

600"
400°
300"

E xIT. INLET.

30 20 b o to 20 30

NNISTANCE from L/ENTRE 1IN cCM..

Fig. 43.



APPENDIX III.

VOLUME OF GAS SAMPLING TUBE.

The volume of gas contained by the gas sampling
tube from the top of the stopcoek, A, to the mark, M, was
determined as follows.

The sampling tube, Fig. 2, page 18, having been
carefully cleaned and dried, was filled with clean mercury
from the levelling tube, C, until the mercury had risen above
the stopcock, A, into the top capillary tube. A and B were
then closed and the excess mercury run off from the upper
capillary tube through the side capillary tube. A similar
procedure was carried out with the mercury in the lower
capillary of B after the levelling tube had been removed..
Having ascertained the gas sampling tube to be free from air
bubbles, the mercury was allowed t0 run slowly through B into
a tared bottle, the stopcock, B, being closed when the mercury
menisceus stood at M. The mercury retained by the lower
capillary tube of B was allowed to flow into the bottle by
turning this stopcock to allow of communication between the
upper side capillary and the lower one,

The tared bottle and its contents were reweighed and
by noting the temperature during the calibration the required
volume was deduced from the weight of mercury found. The
volume for the density of mercury at the given temperature was
obtained from tables (90).

The following are the results:-



Temperature.
Weight of Mercury
Density of Mercury

Required Volume

Volume used in Experiment

14.5°C.

3187 .00gm.
13.5597gm.

202,.0%7cc.
202.1ca.

14.5°C.
3187.60gm.

/ ce.

202.08¢c0.
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APPENDIX IV. .

(a) - PREPARATION OP NITROGEN.

The nitrogen used thrbughoﬁt the course of the

experiments was prepsred by the method described by von
Knorre (91). A solution containing 1 part of sodium nitrite,
1-2 parts of ammonium sulphste and 1 part of potassium dichromate
was gently warmed and the evolved gas washed by passage through
two wash bottles containing a mixture of 5 folumes of saturated
potassium dichromate and 1 volume of concentrated sulphuric
acid.

The gas was periodically tested for constituents
ebsorbable by caustic potash solution, for oxygen and for

combustible gases by means of Haldsne's gas analysis sppsaratus,

(b) -~ PREPARATION OF METHANE BY GRIGNARD'S METHOD.

In all the experiments, with
the exception of those on the complete combustion of methane
mixed with hydrogen and mixed with ethylene, the methane was
prepsred by Grignard's method (24).

5gm. magnesium turnings, 28gm. methyl lodide and 100cc.
dry ether were refluxed until no more magnesium would dissolve.
The Grignard compound was hydrolysed with distilled water and
the gas purified by slow passage through two wash bottles,
containing concentrated sulphuric acid and immersed in a

freezing mixture, to trap ether vapour and two wash bottles,

containing slkaline pyrogallgl solution, to absorb oxygen.
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The gas was collected and stored over water and the analyses
carried out in Bone and Wheeler's apparatus over mercury.
The methane obtained was rejected if the

explosion analyses proved the following ratios,

Contraction after explosion & Oxygen consumed in explosion
COp formed CO, Tormed

to lie outwith the limits of 1.98 and 2.02, the theoretical
values being 2.00,

{c) - PREPARATION OP METHANE FROM ALUMINIUM CARBIDE.

In the experiments carried out on the
combustion of methane in the presence of hydrogen, the methans
was prepared by the hydrolysis of aluminium carbide, carried
out by Campbell and Parker's method (92). The gas evolved
was passed through bromine to remove unsaturated hydrocarbons,
caustic soda solution to remove bromine vapour and carbon
dioxide, alksline pyrogallol to remove oxygen and ammoniacal
cuprous chloride solution followed by sulphuric acid to
remove carbon monoxide; This gave a gas containing only
methane, hydrogen and nitrogen.

In the case of the methane - ethylene mixtures,
the gas from the hydrolysis was collected without any washing
and was found to consist of

52.7% CH, 2.4% CpH,
18.2% Hy 4.2% O
2.1% €0, 20.4% No.

This ges was passed over copper oxide at 450 C. and the
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carbon dioxide formed absorbed in 50% caustic potash solution.
The resulting gas contained |

52.7% CHy

47.3% Na‘.
To this the amount of ethylene necessary to give the required

proportions of methane and ethylene was added.




APPENDIX V.

ESTIMATION OF VOLUME OF SPACE IN CONTACT WITH THE OXIDISING
| AGENT,

In order to estimate the volume of the space over
the oxidising agent the following procedure was adopted.

To one end of the tube containing the oxidising agent
was attached a delivery tube leading to a eudiometer tube
standing over 50% caustic sode solution and filled with this
reagent, while to the other was attached & Kipp apparatus
generating carbon dioxide from sir-free hydrochloric acid
and marble chips which had been immersed in boiling water for
several hours, The carbon dioxide evolved expelled all the
air from the tube and delivered it into the seudiometer, where
- the cerbon dioxide was absorbed by the caustic soda solution.
When no further increase in volume was obtained in the
eudiometer tube, the gas was subjected to atmospheric pressure
in the usual way and the volume noted.

This volume was made up of

(a) - The éir from the connections,
(b) - The air contained by the free spaces in
the combustion tube
and (c) - The air over the oxidising agent.
Of these three volumes, the first two can be calculated from
direct measurements and, knowing the sum of all three, the
third can be found.
An example will make this clear; the figures given
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below were obtained from the copper oxide used in the complete

combustion of methane.
Volume of space at posterior end of tube
Volume of space at anterior end of tube
Volume of connections
Total volume obtasined by measurement
Volume of air in eudiometer (98.0, 98.2)

Volume of space over copper oxilde

17.8cc.
18.2¢c.

7.0ce.
43.0cc.
98.1cec.

58,1lcec.

In the case of a gas travelling at a speed of 15.4cc.

per minute over this copper oxide it will be in contact with

this oxidising agent for (55.1)f(15.4)min., or 3.58 minutes.
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APPENDIX VI,

PREPARATION OF PLATINUM BLACK DEPOSITED ON ASBESTOS.

(Willstatter and Waldschmidt-Leitz's (81)
modification of Loew's (82) Method.)

3gm. asbestos were soaked with a solution containing
0.047gm. platinic chloride in about 20cec. water and 30cc.
formelin and 20cc. of a 50% aqueous solution of potassium
hydroxide added slowly, the mixture being stirred and kept
cool. After standing for 24 hours the impregnated ashestos
was drained in & Buchner funnel and washed with water until
8 deep black liquid began to pass through. At this point
washing was suspended for 24 hours and then resumed and
continued until the washings were free from chloride. The
impregnated asbestos was then dried in a steam oven.

The quantity of platinie chloride used gives 0;027gm.

platinum,
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APPENDIX VII.
CIRCULATION APPARATUS IN PART III,

The methods of correction described below are those

used by T. S. Wheeler and Blair (59).

(s) - CORRECTION POR BACK PRESSURE OF PUMP VALVES.

After evacuation of

the apparatus, with the mercury in the pump at the mark, M,
Pig. 25, psge 158, the gauge, F, corrected for the thermsl
expansion of mercury, read, at 12.5°C., 729 ,5mm. ., The
barometer, also corrected for the thermal expansion of
mercury, resad 743.0mm.. At 12.5°C. the vapour pressure of
water is 10.8mm., so that the pressure exerted by the gas
retained by the pump valves is

(743.0 - 729.5 — 10,8)um., or 2.7mm..
A rouhg measurement of the volume of the apparatus gave the
value 1110cc. and & similar rough estimation of the volume
between the pump valves gave the value 4.5cc.. Thus, if
the gas retained by the valves were dispersed throughout
the whole apparatus it would exert a pressure of

52%;%%§¢Z- mm., or 0,0lmm..

1

Thus the correction for the back pressure exerted by the gas

retained by the pump valves is negligible.

e L Ea % ST
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(b) - CORRECTION FOR CHANGE IN VOLUME OF THE APPARATUS.
The Standard Volume

of the apparatus, S, was taken as the volume of the apparatus
with the mercury standing at 341.5mm. in the closed limb of
the manometer and that in the pump at the mark, M.

Pressure in apparatus after evacuation (corrected for
back pressure exerted by pump valves) = 0.0mm..

690.0cc, gas at 743.0mm. and 13.0°C, were introduced.

This is equivalent to 634.3cc. dry ges at N.T.P..

Pressure exerted by gas in apparatus = 445,.,9mm. at 13.0°C.

= 434.8mm., (dry gss).
At 0°C., this pressure would be (434.8 x 273)/286mm..
or 415.0mm,.

The increase in volume in the apparatus is due to the
mercury falling in the manometer and pump tubes.

Sum of radii of manometer and pump tubes = 0.55cm..

2
Increase in volume = 7 (0.55) x difference in manometer
readings.

= 7m(0,303)(34.15 — 13.75)ce,.
= 19.4000 .
Thus the gas introduced exerts a pressure of 415.0mm. in

a volume (S+19.4)cc. at 0°C,. If in & volume S at 0°C. it
would exert a pressure of

g—%ﬁﬁ x 415.0mm,.

This pressure is slso equal %o

9‘%’-@ % 760mn.
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whence
S = 1142cc..

A duplicate gave the result S =1136ce., SO that_the value
adopted was S =1139cc..

In order to eliminate the change in volume csused in the
pump barrel it was decided to raise the mercury in the pump to
the merk, M, before taking & pressure reading, but the original
mark was found tb be too high up the barrel, since, with a gas
in the apparatus, bringing the mercury up to the mark, M, entailed
the risk of breaking the float in the other 1limb of the pump.
Accordingly, for Experiments 2-9 in this serles, the mark, M,
was placed at a point 24.80cm. below its original position.

This meant that S had been increased by
T X (0.25)2 x 24.80ce., or Scec.,

0.25cm. being the radius of the pump barrel, to S =1l1l44cc,.
The change in volume of the apparatus was now solely due to the
change in volume caused by the variation of the mercury in the
manometer tube and was given by

T (0.3°)(w)ee.,
0.3cm. being the radiua of the msnometer tube and w the difference
in mercury levels (in cm,) in the closed limb of the manometer

before and after an experiment,
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(c¢) = STANDARD VOLUME OF SEALED TUBE.

In the sealed tube apparatus with the
manometer attached the standerd volume was taken as the volume
of the apparstus when the mercury in the closed limb of the
manometer stood at 30.00cm.. This volume was found, by the
method described above, to be 92.6¢cc.. The radius of the
manometer tube being 0.23cm., the correction for chaenge in
volume in this case was given by

T (0.23% )(w)ee..

(d) - CALCULATION OF TIME OP CONTACT,

The following reasoning shows that
the time of contact of gas and copper oxide is & function of

(i) - The volume of space over the copper oxide, (18.9cc.)

(ii) - The volume of the apparatus,
and (i1i) - The duration of the experiment.

Let n =Number of oscillations of mercury in pump per hour.
a -Amplitude of oscillations in cm..
r =Radius of pump barrel in cm..

Then

Volume per oscillation < mar?,
Volume per hour = mar®n,
18.9 .
Time of contact per passage Tar:n
1150 .
Time for one circulation.* -;;E;qr-
Tar‘n .
Total circulations per hour 1150

Time of contact per hour's circulation =T=

. a
_—J.'-g-'—g—— bd 7.’;8'_1:_13'— b d .612 minuteg'
rar’n 1150

= 0,985 min, .

.
{
!

{
]
#
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(*This caloulation is based on & total volume of gas

in ciroulation of 1150ce., an average value for the experiments.)

During the experiments this value of 0.985min. was checked

by measuring n, & and r. The following indicate the type of

results obtained:-

5. 6.

49 50

Expt. No. 1. 2. 3. 4,
n 51 50 50 50
a 19.0 17.7 18.8 16.6 16.7 16.2
r 0.25¢cm. .
T .985 .985 ,985 ,985 ,985 ,985

(e) -~ METHOD OF APPLYING CORRECTIONS.

As an example of the method of apply- |

ing the various corrections the results of Expt. 1 of the

circulation experiments may be quoted.

Original Residual

Gas, Gas,
Barometer 744.9 758.8mm,
Corrected for Mercury Expansion 743.3 757 .4mm.
Manometer 333.4 352 .3mm,
Uncorrected pressure 409.9 405 .1mm,
Temperature 13.2° 10.8°¢C,
Pressure of Water Vapour 11.3 9,7mm,
Pressure of Dry Gas 398.6 395,4mm.
Pressure at 0°C. 381.5 380. 3mm,
Increase over S 5.0 5.0ce,

Pully Corrected Pressure 381.5 x 1144 380.3 x 1144

(i.e. at 0°C. and in 8) 1139 1139

= 383.2 381 .9mm,

Al

i
l

e

1\\‘
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