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JAR RESEsRCH PROBLENS

A

The Pro-knock Activity of Various Compounds.

Be The Dynzmic Sorption of But=zne »nd Ammonia on Chrreosl.
Ce

The Reaction of ilydrogen Atcms with Propylene.

aricus compounds were investigeted to deteruwine their pro-knock

activity, by adding them to the =ir stresm of, or lo the gasoline used
in, &n Ethyl Type 30-b Knoeck Rating Engine., The best compound tested
wes methyl dichlorosrsine which re~uired 3.8 parts per million
air by volume to cause

8

parts of
decrease of ten units in the octane reting of
aded gzsoli

It was found thet the best knock inducing elements were, in order

of effectiveness, arsenic, entimony nnd phosphorous.

Uther elements
thet were very effective were mercury, venadium and chromium.

‘Ihe hal-
ogens were the most effective group of r=sdicals, the order of effect-

iveness being bromine,

chlorine =nd iodine, and fluorine.

The effect-
iveness of the hsalogen radicels sppesred to be incressed by the oresence

of & nitro groun =nd 2 methyl radicsl on the seme kernel.

The "idesl" pro-knock compound postulated wss

I
Br
NOg = C = 4s”

Br Br



B
The dynamic sorption of smmonis znd of butane wss studied
using sn apparatus which followed the sorption by weight as = function
of time, and permitted the temperature rise ond analysis of effluent
geses over & wide rasnge of sorbate concentrstions znd flowrates.

The dzta obteined were applied to the theories of Denby et al

amd of mecklenberg and were found to be essentizlly in good sgreeuwent.

C

The resction of propylene with hydrogen stoms was studied for

the temperature renge 30 1o 250°C. The products obtasined were methsne
ethane, propsne, and traces of C4 hydroc=arbons. About forty percent
conversion was obtained. Temperasture nhad little effect on either the
relstive proportion of products or on the extent of conversion., iihen
the flowrnte was reduced to one cuarter of its originel value, propylene
was completely converted to methane, ethane snd ftrzces of Cz and C4
hydrocsrbons. The activation energy of the overell reaction was

8.5 - 1l.5K. cal., calculcted for ¢ steric factor of 0.1,



THE PRO-KNOCK ACTIVITY OF VARIOUS COMPOUNDS.

(A major portion of this was done with the

collaboration of J. D. B. Ogilvie,)



Introducition

Internal combustion engines operate by the explosion of
combuétible mixtures. The energy liberated raises the temperature
of the geses formed and pressure is exerted on the piston or mov-
ing part thus providing the motion which is transferred to the
driving mechanism. In some circumstances, depending on the engine
and the fuel used, the chsracter of the combustion changes and a
knocking sound results. This tknocking' or *pinking' is a high
pitched metallic note like that produced by striking together pieces
of metal and is due to an sbnormally rapid explosion of a certain
portion of the charge which isg the last to burn, resulting in the
formation of pressure waves in the gas, It occurs particularly
when the engine is accelerating from a low speed, is laboring on
g hill, or has heavy carbon deposits in 1ts cylinders. Knocking
operation causes a decreesed output in power and,if prolonged or
intense, overheating or mechanicel damsge can result. (1)

Violent knocking can be brought about by introducing certsin
compounds, celled pro-knocks, into the air stresm, or adding them
to thengasoline used in an engine. It was thoughﬁ that if a
compound could be found which had sufficient pro-knock asctivity
80 thet it would be effective in low concentrations (about two
parts per million parts of air), it might be used as a barrage
which would render inactive any autometive eguipment which would
pass through that barrage.

In this investigation, gquantitative date were obtained on
the pro-knock effectiveness of many compounds, and many radicals

and elements that promote knocking were found.



1. Oxidation of Hydrocarbons

The complexity of oxidation was not fully recognized until Bone
and his collaborators showed thet a whole series of intermediate com=-
pounds were formed which subsecuently geve rise to the end products.
This led Bone to formulete the first comprehensive theory of hydro-
carbon combustion (2).

All hydrocarbons, under sulteble conditions of tempersture and
pressure, will unite slowly with oxygen without formation of fleme and
with no apprecisble rise in temperature. The products of such an oxidat-
ion consist meinly of carbon monoxide, carbon dioxide, substances of
a peroxydic charscter, alcohol, steam, aldehydes, acids and other com-
pounds, but no free carbon or hydrogen. The rate of such a reasction
does not conform with any simple order of reaction; it increases rapid-
ly with increase hydrocarbon concentration and is litile influenced by
change in oxygen concentration. The temperature of initial combustion
also varies with tne hydrocarbon concentration.

There is a delsy or induction period when any hydrocerbon-oxygen
medium is introduced into a remction vessel. During this period there
is no appreciable pressure-change in the system and very liitle con-
sumption of oxygen. This is followed by a period of relatively rapid
reaction, during which the grester part of the hydrocarbon or oxygen,
whichever is in defect, is consumed, The length of the induction per-
iod depends on many factors such as temperature, pressure, concentrat-
ion, nsture of the enclosing vessel, and the presence of traces of
certain substances, e. g., nitrogen, peroxide, aldehydes and alcohols (3).

The rate of the reaction also depends on the dimensions and the surfeace-



volume retio of the enclosing vessel, and is =ccelerated by the
addition of an inert gas.

These considerations have led to the suggestion that combust-
ion in general proceeds by a chein mechsnism. This postulates that
when reaction occurs between suitably energized molecules, the heats
of activation and resction are not transferred by molecular collis-
ions to the system as a whole, but by specific encounters with suit-
able reactant molecules which hand on the energy by quanta. The
rate of reaction is related to the number and length of these reaction
chains. 7The mechanism for the hydrocarbons can be shown by supposing
thet during the oxidation of original resctant R .which is resistant
to oxidation, an intermediate Y is formed which is less stable, On
further oxidetion of Y, oxygsn atoms are supplied which accelerate
the first step. Thus

Y4+ 0p—>Y0 + 0
O0+R —Y
Y+ 0, —>Y0+0 ete.

The resction chain may divide or branch, setting up new centres of

activity

YO + 02—f> Y0:0 + O
and the number of cheins will increase, At some pressure limlt, the
rate of activetion will be faster than the rate of dJeactivation (by

collision with walls, moleculer collisions, etec.) and sudden acceler-

ation of the reaction.will result. The actual course and mechanism
of the hydrocarbon combustion has led to the advancement of meny theories

of oxidation,



1. Theories of Oxidstion

There have been many theories advanced %o account for the experi-
mental results obtained, but the best known of these appears to be the
stepwise formation of hydroxyl compounds, asnd the peroxide theory.

Early theories (4, 5) attempted to explain oxidation by assum=-
ing that carbon and water were the inltial products or that the hydrogen
burned preferentielly to carbon, These theories were discarded when the
complex intermediste products were found.

The Hydroxylation Theory

The hydroxylation theory in its present form is able to give an
account of the course of combustion from slow reasction to detonation and
defines the nature of the intermediate compounds and the order faound. It
was first sdvanced by Armstrong (6) to esccount for the formation of
aldehydes in slow oxidation of methsne as found by Bone and Wheeler
It wee developed in its present form by Bone (2).

The slow oxidation of a hydrocarbon involves a succession of
hydroxylations and thermal decompositions mainly as follows:
For methane

CH4 — CH3OH —> CHg(OH)g

L4 -
"Ho0 + Hg.c.ol;Ho)c:o — §8>c:o

60 ¥ Bg0®  COz + Eg0'
In ell ceses, save for acetylene, the initial product of oxidat-
ion is always &n alcecohol., Then a dihydroxy alcohol is formed which
decomposes into water and an aldehyde. The next step is the converéion
of the aldehyde either to a lower aldehyde or into the corresponding
fatty acid. Further hydroxylation occurs with subsequent breskdown of

the dihydroxy compound so produced., Secondary resctions ean oceur



due to thermal decompositions, condensations or interaction of the
intermedistes giving & variety of products including lower hydro-
carbons, peroxidés,free carbon and hydrogen.

The brief induction period is explained as the time necessary to
form a definite amount of sldehyde which remasins constant throughout
the subsequent reasction period.

This theory sgrees very well with the snalytical results obtelned
from slow oxidetions, and agrees at least qualitatively with explosion
reactions. However there is doubt as to the initlal step since a ter-
molecular collision is necessary, slsc the effect of catalysts is hard
to explain since alcohols and aldehydes, while they do have some effect
on the reaction, have rzlatively slignt/:ségzged with thet of the

peroxides, which is the reverse of whst is expected from the theory.

The Peroxide Theory

The peroxide theory in direct opposition to the hydroxyl theory
postulates thet any alcohols are formed as a by~product rather tham an
intermediate oxidetion product. It wes first formulated by Bach (8)
and by Engler snd Wlid (9). According to this theory the initial
product of combustion of @ hydrocarbon is an slkyl peroxide or elkyl
hydrogen peroxide. For methene the oxidation would follow:

CHy + 05 —> CH4(02) or CHz.0.C.H (1)
CH,(05) —> HCHO + Hy0 (2)

Methyl alcohol could result from either the sutoxidation of a

methane molecule by its peroxide or by intramolecular change.

__» 2CH3OH

cHa!Og2) + CHy
> (CHg(03)CHg —> 2CHmOH

The alkyl peroxide formed is in a high energy state and may do



one of several things. (i) It may revert to a normal state and

rediste energy in so doing snd form = stable peroxide, (ii) it may

bresk up agein, losing the excess energy by radiation, (iii) the

compound may rearrange as shown in (2) giving highly active products,

or (iv) collision may oceur. If it encounters a fairly active fuel
molecule or product therof, or oXygen molecule it will reise ite energy

s0 that it will react. The active products may collide snd activate other
fuel molecules thus setting up a2 resction chain.

The strong points in favour of this theory are first ite simplicity,
since a bimolecular addition resction between an oxygen molecule and &
hydrocarbon molecule is necessary for the first step which is more probable
than the termolecular collisior necessary for the hydroxylation theory.
Secondly, e peroxide product fits in better with the evidence with regasrd
to positive =and negative catelysts of such oxidations.

That & reconecilaition between the peroxide theory and the hydroxyl-
etion theory msy not be impossible is suggested by a footnote in Bone's
paper (10} where he states thet a trensient physicael association between
a hydrocarbon molecule and sn oxygen molecule might exist until hit by
a second hydrocarbon molecule with consequent immedizte formstion of two
molecules of the monehydroxy-compound as the first recognizsble chemical
result,

Atomic Chain Theory

Norrish (11) has proposed ar Atomic Chaein Theory which differs from
the hydroxylation theory only in its explenation of the initial step.
He visualized the initial steps as
CHg + O —> CHg + H20 + 48 Keal.

CHp + Op —> HCHO + O + 15 Kcal,



The initial oxygen atoms are assumed to be formed by the production
of formeldehyde through & surfesce reaction,
CHy + Op EESEE:?HCHO + Hy0
and the subsequent oxidation of formaldehyde to formic acid liberating
an oxygen atom.
HCHO + Og —> (H2COgz) —> H COOH + O
The reaction chain could be terminated by
0 + CHg + X — CHzOH + X + 88 Kcal.,
or O + Surface —> 1/2 0Og

This theory differs from the peroxide theory in that it postul-~
etes the propagation of reactivity by atoms and radicals and not by
en energy-cnain mechanism, The addition of an inert diluent gas to
& medium reacting by an energy-chain mechanism should cause a decrease
in the reaction velocity whereas the reverse is true.

On the besis of this theory, it can be shown that the most
reactive mixture should be one containing hydrocarbon and oxygen in
the ratio 2:1 as has been found experimentally (3). The induction
period is essumed to be the time necessary for an equilibrium quant-

ity of formeldehyde to be built up at the surface.,

Other Theories

Lewis (12) postualtes the first step as a dehydrogenation, with
subsequent oxidation of both the hydrogen and the unsaturated hydro-
carbon, This would necessarily meen thst a saturated hydrocarbon and
its unsaturated relative would behave similarly on oxidation. This
‘ theory was supported by Berl snd Winnacker {13) end Steacie and
Plewes (14). However Pidgeon snd Egerton (15) and Merdles (16) have

shown thet the oxidation of a sstureted hydrocarbon znd its unsatur—~
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considereble chemiluminescence.

Using a two percent mixture, at atmospheric pressure, the foll-~
owing stages in the combustion of n heptene have been distinguished (23, 24)

(1) 150 - 200°. Small possibly heterogeneous resction.

(2) 250 - 350°. Primery resction with repidly incressing veloeity,
using 3 mols. of oxygen per mol., of fuel (lower ignition point with colad
flames 270 - 300°)

(3) 350 - 470°, Subsequent reaction raises the oXxygen consumption
10 4470 mols. per mol., of fuel. The velocity of both primary end subsequent
reactions decreases rapidly with rise in temperature (temperature coeffic-
ient 0.85 / 10° rise from 380 to 470°)

(4) 470 - 510°, vVelocity of primary reaction continues to decresse,
but the subsequent reaction becomes faster and above 490° the finel smount
of oxygen used 1is greéter. Inflammation occurs at about 4900.

This seme paper also describes the much grester stabllity of z, 2,

4 - trimethyl pemtane to oxidation, no combustion being detected below
490°,

Olefins, The mechanism of oxidastion of the olefins is better under-
gtood then that of the paraffins, owing to the grester certainty about the
primary step in their oxidation, DPeroxides ere readily formed from the
liquid olefins at room tempersture but in meny cases the peroxide is suff-
iciently stable for the resction to stop at this stage. The reaction
probably is

CHz(CHs) CH = CHy + Op —> CHgz(CHp)oCH — CHp
| )
0— 0

At high temperstures a similasr peroxide is probably the first step.
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In contrast with the paraffin series, there is an sbsence of strong
chemiluminescence (25) and also acetasldehyde has but & smsll influence
on their combustion (14). The products can eassily be explsined by the
hydroxylation theory after the peroxide has been formed. The non-knocking
characteristics of olefin peroxides also indicate a different mechenism of

oxidation.

Aromatic Hydrocarbons. Benzene does not oxidize until a fairly

high temperature, 500° C, is reached, but once the benzene nucleus dis-
rupts, very reactive and easily oxidized producis are formed. Vhen
side chsins are present, sttack begins on the & -carbon atom of the side
chain, ‘There is an induction pericd, and very little chemiluminescence,
Naphthenes, The process is probably very similar to that of the
primary hydrocarbons, the only edditionsl complication is the rupture
of a C ~ C link st some stege of the oxidation. Very little work has

been done with the naphthenes,

3. Effect of Catalysts

The presence of minute quantities of certain materials has a
marked effect on the rate of the oxidstion. The rate may be changed
such thet the products from the resction with end without the catalyst
are differents The length of the induction period is very much short-
ened and the ignition tempersture is lowered by positive catelysts. A
number of positive catalysts have been discovered. The chief of these are
nitrogen peroxide snd other oxidizing catelysts. Aldehydes in meny cases
fucilitate the combustion of hydroczrbons., Lead tetraethyl before it is
oxidized aslso accelerutes combustion. Iodine und meny iodine compounds
act as positive catalysts in some instances, =nd negative catalysts in

other instances.
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There are a large number of negstive catalysts, smong these are
inorgsnic halides, elkyl iodides, carbon tetrachloride, inorganic sulphides,
emines, nitrites and inorganie compounds of phosphorus, arsenic, antimony,
bismuth, vanadium,borcn,silicon, tin, le=d,ete., The metellic asntiknocks
are 8lso good negstive catalysts., Lead tetraethyl, when decomposed, in
most cases raises the initisl ignition tempersture of hydrocarbons slmost

150° ¢,
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II. Physical 4snects of Combustion,

In the previous sections it wes seen that most of the invest-
igations reported were carried out using = slow combustion method,
Lctusrlly the combustion of hydrocarbons can occur in one of three
ways depending on the conditions of tempersturs, nressure, compos-
ition of the mixture, and source of heat. It may occur as s slow
combustion without the eppeerance of a flame =znd the reaction takes

a measurable tine to go to completion. At hirgher temveratures in-
flammation occurs; the oxidstion suto-accelerates and the reaction
.oes to completion in & very short time accompanied by the emission
of & considersble amount of light, Under suitable conditions, an
extremely rapid resction occurs 2lmost instantaneously over = largze
portion of the charge. This detonation as it is called is extremely
violent,

In order to initiate fleme in a mixture of & hydrocsrbon and
alr,it 1s necessary that its composition should lie within a range
of mixtures bounded by the lower znd uoper 'limits of inflammsbility’.
Within these limits, self-propagetion of fl=zme will tske place after
ignition has been effected., At any given composition, there are
actually three explosion limits. There is a pressure below which no
explosion will occur czlled the 'lower explosion limitt. If the press-
ure is above this, ignition will occur unless the pressure is above a
certain pressure where sgain no explosion will occur., This is the
tupper explosion limit'. At & still higher pressure however, a third
limit is found at pressures above which ignition will always occur. Up

to the pressure of the lower limit, deactivation by the walls maintains
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eguilibrium between the formation and destruction of chain carriers.
Above the first limit the formation of chain cerriers just exceeds the
rete at which the chains are broken so thezt =2 slow reaction is changed
abruptly into a very revid one., This is supported by the fact that the
gddition of an inert gss which would prevent diffusion to the walls,
lowers the limit; wheress a reduction in diameter of the containing
vessel which would incerease chasin-bresking, rsises the limit,.

The upper limit is due to gss phase deactivation. Thus an
addition of sn inert ges to the mixture narrows the limit. At a
somewhat higher pressure the conditions no longer remsin isothermal,
the heat of reaction is no longer dissipated and fresh chains sre
initiated in the explosive medium owing ‘o the incressed temperature.
Thus ignition can sgain be effected, and a repid itemperature rise
results with asuto-acceleration of the reaction.

The renge of inflammability in a homologous series narrows prog-
essively as the combustible increases in molecular weight; thus the
ronge 5.4 - 14.8% for methene msy be contrasted with approximately
1.2 - 4.2 % for hexene (26). ihen endothermic combustibles are consid-
ered, the renge is very much wider owing to their exothermic decompos-
ition in combustion, e. g. for acetylene the range is 3.3 - 52,3 %
{26).

Ignition limits, inflemmation iimits and ignition temperature
are all affected considerably by the method of ignition (spark or
hested surface), by the shape and size of the vessel, and by the
degres of turbulencs. The letter raises the ignition temperature but
widens the limits of composition in which inflammation may occur.

Increase of pressure mey slso eppreciably affect ranges of inflamm-

ebility.
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The rate and nature of flame movement in a given gas-air mixture
can vary widely with the conditions of experiment. Any factor which
influences the area of the fleme will influence its speed in a proport-
ionate degree. Also any movement in the mixture snead of the flame, due
either to the expansion of the burnt products or to an external agency will
also affect it., Other factors that control it are the initial temperature
and pressure of the mixture and the nature and concentration of the in-
flammable gas.

When the inflemmation is in an asymmetrical combustion chamber, a
complicatéd combustion msy oceur due to the effect of resonance set up
in the mixture itself. Resonance gives rise to vibrations of the flame
front which increases the srea of the flame surface and augments surge
effects, This tends to be exponential and increases until the influence
of the walls checks the effect. Such vibrations may lead to a 'deton-
ation wave', the sudden greatly enhenced and constant speed of flame
movement in which the flame is accompsnied by a pressure-wave travell-
ing with the speed of sound; or the inflemmebility mey extinguish itself
during a particularly extensive backward vibration.

With the higher psraffin hydrocarbons, & chemiluminescence occurs
at & temperature below the ignition temperature. This is called 'cool
flames'; an eanalysis of the products of combustion at this stage shows
that aldehydes are present. The fleme temperatures for the paraffin
hydrocarbons are in the vicinity of 1900o C. The unsaturated hydro-
cerbons have a slightly higher flsme temperature, usually about 50°

higher. The fleme speeds are of the order of 60 -~ 260 cm., per second
with air mixtures and between 1000 and 4000 cm. per second with oxygen

mixtures,



15

Detonation also cen occur only between certain well defined
tlimits of detonation' which are influenced by the shspe and size of the
vessel, initial temperature, diluents etc. Detonastion is not set up
instantaneously sfter the action of the igniting agent. The detonstion
wave is formed by the juxtaposition of a fleme and s compression wave and
is set up a8t the moment when the fleme front and the front of the compress—
ion wave ccincide. The compression weve is set up shead of the flame
front immediately upon ignition of the charge. But since the velocity
of the flame is increassing, it overteskes the compression wave and sets
up the detonstion wave, The detonetion wave may be set up by reflections
of the compression wave from the walls of the confining vessel'and it
may be necessary for several increases due to reflected wasves before
actual explosion sets in. The phenomenon hes alsoc been obtsined when
the interior walls of the confining vessel presents irregularities (27},
A8 these irregularities favor an increase of pressure inm the front of
the compression wave, they cause s kind of suto-ignition of the mixture,
leading to detonetion at a point which the flame hss not yet reached,

Once it hes been set up, the detonation is propageted at a strict-
ly uniform velocity in a stable mixture. The velocity is betweeﬁ 1000
and 4000 metres per second. The presence of very smell quentities of
inert gases or of impurities do not usually modify to any appreciable
extent the velocity of oropagation of an explosion wave., iater vapour
is an exception to this (28). The presence of antiknocks does not modify
the velocity of propegation.

Photographic evidence has shown that the detonatlion wave travels
with a 'spin'. There is doubt as to whether the whole body of the gas

rotates or, as is more generally believed, the head of detonation alone
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follows & helical track,

It is improbable that & true detonation could be set up in an
internal-combustion engine chiefly on account of the smsll length of
the cylinder. Furthermore, the mixtures used, being diluted by the
nitrogen in the air, are much less explosive than those used to study
detonation waves. However it is possible for combustion to be pro-
pegated in en engine st a relatively high velocity although less than

thet of a true explosion wave, which results in knocking operation,
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III. Knock

1. Combustion in Internal Combustion Engines.,

When the inflesmmation of the gesoline-air mixture is effected
by the passage of the igniting spark, the movement of the flame across
the combustion chamber is very similar to its moverient in an explosion
chamber of constant volume in & laboratory experiment. After a slow
start in the plug-body, the flume accelerstes until about helf the
total path tc the opposite wall has been traversed, then checks and
subsequently travels at a neerly uniform or slightly decreasing speed un-
til the end of inflammation. In pon-knocking eperation that is all that
oceurs,

If for some reason conditions change, e. g. the compression press-
ure is increased a little, or the speed of the engine is diminished on
account of increase of load, knocking mey set in. The flame burns the
mixture at much the seme speed as.before, then begins to vibrate and
suddenly accelerates after sbout three-quarters to seven-eighths of the
total path has been traversed. Sometimes, but not invarisbly, ignition
of unburnt mixture ahéad of the fleme precedes or is synchronous with
this sudden acceleration., At this point a reillumination or 'after
glow' flashes back from the fleme front with the speed of sound through
the burnt products and a pressure pulse or shock-wave asccompanies this
after glow., The impingement of this shock-wave on the walls of the
_‘combustion chamber sets up vibration in the metal giving the 'knock’'.
The pressure waves travel at a speed of 800 to 900 metres a second.

Knocking fuels give a very 'thin' flame front and a pronounced
reillumination when the shock-wave is sent back, but with non-knocking
fuels, such &s benzene, there is & continuous zone of combustion behind

the fleme front, and, even though in certain elrcumstances accelerstion
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of the fleme is observed towards the end of its travel, there appear
to be insufficient residual energy in the burnt portions to develop
a real shock-wave,

Two knocks can result if the flsme front is complex, If the fore-
most portion of the flame front touches the end wall of the combugtion
chamber priocr to knock, tae last part of the charge to burn will be
separated into twe sections by & wall of flame end the combustion-
chember walls. Then knock can occur in these two regions at slightly
different times. Knock mey occur after peak pressure because, owing
to the rounded shape of the flame, a portion of the charge may be un-
burnt although part of the flame may have reached the end well. When
severe knock occurs before any of the fleme resches the cylinder wall,
there is no evidence of multiple knock.

Antiknocks such as lead tetraethyl have little effect in delaying
the normal travel of the flame of a mixture unless the flsme travel is
very slow and vibratory (29) and unless the antiknock is already de-
comrosed prior to the arrival of the flame (30), Thus the processes
which oeccur in front of the flame during the heating of the gaseous
mixture are hindered by the antiknock, but it has little effect on the
setting up of a true detonstion in a detonating mixture and very little
effect on the 8diabatie ignition temperature,

Thus, knock is a result of intense compression waves occasiocned by
the enormously enhanced rate of combustion which occurs in the l=zst pert
of the cherge when exposed to certain conditions of temperature and
pressure., If the rste of pressure rise is great, the loecal concentrat-
ion of reactants increasses and the loss of energy for a given volume is
diminished, with a consequent rise in reaction rate. The temperature to
which the gases are exposed not only influences the resction rate but

substances sre formed by slow oxidation prior to the actual arrival of
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the flesme which affect the subsequent rate of combustion. It is not
certain to what extent such substances are produced as a result of the
temperature of the fleme itself or as & result of the hot surfaces to
which the gases are exposed, but since increassed length of flame travel,
temperature of valves, and carbonized surfaces all fesvour knock it is
concluded that it is not merely a matter of the effect of the temperature
of the flame.

In knocking operation there is & loss of power and performsnce.
In heavy duty engines, this may be the only result of continued knocking,
but in high duty engines, such as for aircraft and torpedo boats, knock~
ing is very serious and may wreck the engine in a few minutes by caus~

ing seizure (31).

2. Theories of Knock

From & consiﬁeration of the previous sections it might seem that
knock was similar to, if not identical with detonation. However the
evidence seems to indicate that it is not a true detonation, but that it
is a type of combustion intermediate between inflammation and detonation.
It is similsr in that it is & violent and almost instantsneous reaction
of a presensitized fuel-air mixture but it is neither as violent nor as
rapid as s true detonation. The velocity is 1000 feet per second, that
of 2 true detonation as high as 10000 feet per second; the pressurse
developnent is slso much less than that of a true detonation. It is
2lso unlikely from the conditions of mixture charged, temperature,
pressure, =nd vessel shape and size that 2 true detonation could occur
in sn engine cylinder.

There ig much controversy regarding the cause of the knock and

a concise, clear statement of the different theories that have been

proposed is very difficult. The situation is further complicated due
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to the fact that s large number of experiments have been performed

under conditions widely different from those existing in an engine

cylinder, Ffrom these data much conflicting evidence is found which
has led to the many theories of knock.

The mechanical knock theory wzs advenced by Dickinson (32), and
in an early paper of Midgley snd Boyd (33). It was assumed tha?&he
knock>was due to the impact of the metal parts in the engine cylinder,
They did not attempt to explasin the origin of the force which supposed-
ly caused the impsct,

The free hydrogen theory postulstes that hydrogen is liberuted by
the cracking of hydrocerbomsin the gasoline prior to any extensive
oxidation, The knocking is then caused by the rapid combination of the
hydrogen with oxygen. Acetylene which likewise has a high rate of
reaction with oxygen may also be formed by hydrocarbon cracking. This
theory is supported by the fact that the rates of flame propagation of
thege two substances ere sbout ten times that of gssoline-air mixtures,
The fact that many sntiknock compounds do combine with hydrogen elso
supports this theory. Steele (34) points out that addition of hydrogen
to the engine cylinder causes viclent knocking, asnd thst stsble hydro-~
carbon molecules suclhh ss benzene and metheane sre less prone to knockinge

Clark and Henne (35) studied the spectrum of non-knocking and
knocking operation of an engine., They found that during knocking oper-
ation the spectrum of the first cuarter of the combustion period was
intense and extended into the ultra-violet region, snd that of the
succeeding portion greatly diminished in energy; The gzseous mass may
sbsorb the radiation which would tend to decompose them into hydrogen

or lighter constituents which then burn with & higher velocity producing
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the knock as described in the free hydrogen theory. The activation of
the hydrocsrbon would then be dependent upon the density of the fuel-air
mixture. “endt and Crimm (36) helé that the explosion flame is promoted
by the emission of electrons from the reacting molecules which activated
the unburnt gas by ionization ,detonation resulting if the temperesture
and pressure were sufficiently high.

When combustible mixtures are ignited in tubes, the flame may
begin to vibrate violently sfter travelling & certain distence., These
rapid vibrations generate a high pitched note that resembles certain
types of knock., This note wes associsted with knock by Morgan (37) who
advanced the flame vibration theory of knock, Although this might sce-
ount for certain of the notes in an engine knock, it does not sccount for
the pronounced metsllic knock. Egerton and Gates (38,39) account for
the noise by compression weves set up by the enhanced vibrutory combust-
ion near the cylinder walls, Maxwell snd iheeler (40) noted that =
vibratory combustion during knocking sterted a shock weve which caused
detonation of the unburned fuel,

The theory of auto~ignition by pressure is due to Ricardo (41)
who supposed that the portion of the charge which is first ignited
compresses the unburnt portion ceusing hesting. VWhen the temperzture
rise exceeds the rate st which the heat can be dissipsted, the remeining
portion ignites spontsneocusly and almost simultsneously throughout,
with resultant knocking. This implies s tendency to knock proportional
to the spontaneous ignition tempersture of the fuel., There is a close
parellelism between eese of autoxidation end susceptibility to knocking
for many fuels, This is not the cese in =211 instances, however, &s
Tizerd and Pye (42) state thst carbon-disulphide has & lower ignition
temperzture than heptane but the latter is more susceptible to knock.

Eowever Withrow and Boyd (43) who obtesined simultazneous flume and
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. pressure data by photographic means showed that when knock occurred

there was spontaneous ignition in the part of the charge esheesd of the
flame part, accompenied by a very rapld rise in the cylinder pressure.
The high pressure—wavé or detonation wave theory 88 put forth by
Midgley and Boyd (33),suggests that knocking resuits from the impact of
a high-velocity, high~pressure wave against the cylinder wslls énd
head. In normsal combustion, the differential between the pressure
immediately in front of the flame front and the lower pressure behind
it is very small, but in detonating combustion the flame front is moving
at a very high velocity and is preceded by a region of denseigas at
éxtremeiy highApressure which strikes the top and sides of the combustion
chember. Callendar (§4) further discussed this theory and observed that
the inecreased suscéptibility to knock found in a long cylinder agreed
with this theory. He states that a compression wave which crosses the
cylinder with a velocity greater than that of sound would cause practic-
el ly instentaneous ignition by compression as.it passed. He proposed a
different theory to aceount for the ignition shead of the flsme front,
Callendar (44) proposed the nuclear drop theory and it was accepted
in a modified form by other authors. He suggested that when the gasoline
.was atomized in the sir, the drops as they evaporated, left a residue
or nucleus consisting of the higher boiling constituents of the fuel,
These nuclel would serve as fogi of ignitign since the higher members
of a hydrocarbon series are more easily ignited. Chemical action should
be easier st the liquid-vapour intefface as a result of strain due to
surface'tension. Also the drops could absorb radiation more readily
then vapour. Carbon particles would likewise induce ignition by

combining with lower boiling components forming nuclei of much lower
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ignition tempersture than the pure vépour.

Callendar (44) later found that peroxides are formed freely with
detonating fuels in the period of low-temperature combustion which precedes
ignition, He suggested that the peroxides accumilated in the nuclear
drops during rapid compression, end acted as primers for the simultan~-
eous ignition of the drops. This theory implies that the kind of‘oxidation
essential to knocking is a liquid phase, end not a gaseous phase, phenomenon,.

Mourseu, Dufreisse end Cheux (45) agreed with this liquid phase re-
agtion. They showed thet peroxldes were formed at 160° by the higher
boiling petroleum fractions and by the paraffin hydrocarbons.’

Egerton and Gates (46) proposed a theory similar to that of Callendar.

They accept the evidence that peroxides are essential to knocking, but declare.
~that the detonation can take place in the gaseous phase., They do admit |
however that liquid droplets are likely to be present in the charge of
liquid fuél. Egerton and Gates also differ from Callendar's theory by
regarding the peroxides, not as primers for the ignition of the drops,
but as catalysts of the main process. Egerton declares definitely for a
chaiﬁ mechanism of engine combustion with the peroxides 1n1tiatinqﬁie
chain. Egloff, Scheed and Lowry (47) also favour a theory involving
reaction chains of this type.

Mondain-Monval and Quanquin (48) aiffer from other peioxide theories
for they assumed that the peroxide is formed not from whole molecules and
oxygen, but from already fragmented molecules which give aleoholic per-
oxides of the type R O 0 H. Ubbelohde and Egerton (50) and Egerton, Smith,
and Ubbelohde (51) investigated the part played by peroxides. Peroxides

OH which can split readily to.give

of the type CgHsO | OCHs or CzHSO

redicals C2H50-?,give a pro~-knock effect; while peroxides which cannot be
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thus disrupted, such as Gﬂzcﬁ-vCHé had no marked pro-knock effect.

|
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They pointed out the similarity of this theory with that of Hinshel-
wood, Williesms, end Wolfenden (51), that chain-brenching in the combust-
ion of hydrogen is due to & similar type of fiésion, HQ; OH into hydro-
xyl radicals. They suggested that the peroxide radicel also tekes part
in chein-branching. |

Rice (52) noted the relation between knock ratings for heptane

isomers and the number of molecules of lower hydrocarbons produced from
‘them during their thermal decomposition. This he argued showed that
knock was due to thermel decomposition of the hydrocarbon before oxid-
stion., Most observers agree that knock is causéd by some sort of
presensitization of the last part of the charge, explainable on a»’
chain resction mechanism., Beaty end Edgar (53) point out that the
end gas is subjected to slow oxidstion by a chain mechanism which gives
active products. These may b;ing about further oxidétion aend the form-
ation of additional active products, continuilng the reaction chain, or
they may be deactivated by an unfavorable collision. So.long as this
deactivaetion process predominates the net effect is merely a partisl
oxidation of a portion of the original fuel and a slow rise in the
temperature of the mixture and at the arrival of the flame front, norm=-
al combustion takes place. When the temperature and time factors sre
such that knock can occur, the kinetics of the reactions in the end gas
are modified in the following way. As the temperature rises, the number
of acti&e molecules formed in unit time increases somewhat and the Pro-

bability of their desctivation is much less. This starts chain branch-
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ing and at the ecritical point at which the probability of chain branching
approaches unity, there is a sudden and very considerable increase in
the ' concentration of activated oxidation producte in the end gas. The
resulting mixture 1s far more inflammable than the original mixture

and its combustion may be abruptly completed by a flame which spreads

et a rate much greater than in normal inflammation, This does not
correspond in velocity to a true detonation wave for here the molecular
collision efficiency is much less tham that occuring in a detonation

wave; for detonation the probability of chain branching is unity.

5. Measurement of Knock

With the development of the modern high compregsioh engine, the
importance of an accurate knowledge of knocking tendency became appar-
ent, The economies of marketing gasoline made it essential that the
oil companies should know the rating of the fuel they were msking. Up
until 1928, no standard method of knock rating had been establigshed,
although meny methods of comparing fuels had been suggested,

The earliest methods depended upon the Obseivation of knock
in engines by ear. Ricardo (54) in 1921 devised a method of compars
ing knocking tendency by expressing it in terms of the "Highest
Useful Compression Ratio", %his being the highest compression ratio
at which the engine could be operated on the fuel in question without
audible knock. Other methods consisted of determining the spark
advance for various knock intensities; measuring the time required to
rupture a diaphram of known‘thickness; determination of power at var-
ious rates of fuel flow at throttle setting for incipient knocking,
comparison of the temperature in a plug located in a cylind;r, etcs
In some cases an audiometer was uéed to measure the knock intensity.

Bomb tests and chemical analysis have also been tried to measure the

knocking tendency.
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A very popular system of expressing anti-knock values which is
still found quite frequently in the literature today is the taniline ¥
equivalent scale's This represents, in terms of aniline, a knock
suppressar:, the knock effect ;} a substance when messured in a solut-
ion of.l grem molecule per litre of solution in a reference gasoline,
or as many grams per litre as there are units in the molecular weight
of the substance,

In 1928, the Co-operative Fuel Research Commlttee standardized the
knock testing technique. The method decided upon makes use of the
bouncing pin indicator first used by Midgley in 1922 (55). In this
indicator, a steel pin rests on a thin steei diaphregm which is in
direct contact with the combustion chember, When knoceck occurs the pin
is given sufficient impulse to be driven upwards, thereby closing a
pair of contacts aﬁd thus causing current to flow. The contacts are
adjusted so that they do not close during non-knoeking combustion.

The electric circuit contains a hot-wird element., A thermocouple,
placéd near the hot wire elemént, is connected to s millivolimeter,
the reading of which varies with the temperature of the wire, and
thus with the knock intensity. This millivoltmeter is known as a
knockmeter, It does not give an absolute measure of knock intensity,
but gives a comparative indication of the knock intensity between
fuels.¥o: compare fuels on the same basis, a set of stendard reference
fuels hed to be established.

Tb'establish e scale for measuring relative knocking tendency,
two hydrocarboﬁs, normal heptane and iso-octane {2, 2, 4-trimethylpentane)
as suggested by Edgar (52)’1n 1927, were selected. Nbrmal'hepténe has

a very low anti-knock value and iso-octane has a high enti~knock value;

both are definite, reproducible compounds having similer physical cher-
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acteristics. The knocking tendency of.any given fuel to be rated

can be expressed in terms of an equivalent mixture of iso-octene and
heptane. The octane number of & fuel is the‘whole number nesrest to
the octane number of that mixture of iso-octane and normel heptane
which the motor fuel matches in knock charascteristics. The octane
number is‘defined by, and is numerically equal to, the psrcentage

by volume of iso-~octane in a mixture of iso~octane and normal heptane,
Thus, by definition, normal heptane has an ectane mumber of zero and
iso~-octane of 100.

Sihce these two fuels have a releatively high cost, secondary
reference fuels are used. These consist of stsble, straight~run gasolines,
one of comparatively high knockingvtendency and another of low knocking
tendéncy. Mixtures of these have been carefully calibrated in terms of
octane number directly against heptane and iso-octane;

A carefully controlled procedure is essential in a knock-testing
method beceuse knock is sffected by & large number of engine variebles,
Some of these are compression ratio (54), throttle openiné (56), engine
speed (57), spark timing (58), mixture ratio (58), mixture temperature
(57), Jacket temperature (57), and inteke air temperature (57). Standard-
ization of the test equipﬁent was thus necessary.

The engine which was evolved for these tests is a single-cylinder,
value-in~-head, variable-compression engine. The power output of the
engine is absorbed by & form of induction motor-generator which runs at
oonstant speed. It operates as a motor to start the engine and as a
generator to absorb the load and to control the speed. No attempt
is made to measure the power. The Ethyl I[ype 30-B Knock Testing
Engine is operated at 900 rpm., the compression is varied by insert-.
ing shims in the engine block and raising the engine head. The cxmpress-

ion is kept constent for a given octane range. This engine is now
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considered obsolete and the (o~operative Fuel Research Engine hes

been adopted.

The C. F. R. engine is also a variable compression engine. The
compression in this can be varied readily by raising the engine hesd.
The spark snd rocker arms sre sutomatically adjusted. The specifications
for operating this engine are given in the American Society of Testing
Materials pamphlet D 357-41T.

The knock rating engine is standsrdized to give a knock rating thet
will agree with rosd tests. As road tests vary with the make of the car
and in fact with different csrs of the ssme mseke, the average is taken,
Since the automotive industry is slweys modifying their engines, there
is & drift awsy from the ectene retings as given on the C. ¥. R. engine
but with several modifications of the original specifications, e. g.
mixture temperatures, etc., the engine has kept fairly well in line with

the rosd tests.

4. Knock Cheracteristics and Lead Susceptibilities of Fuels

The fact that isomeric hydrocarbons may have very widely different
tendencies to knock led to the investigation of the relation between the
molecular structure of hydrocarbons snd their knocking characteristics,

e. g. normsl heptane begins knocking et & compression ratio of below
3 to 1, wnile its isomer,2, £, 3 - trimethyl butane, does not begin to
knock until the ratio is raised to L3 to 1 (59).

The following relstionships are found for the paraffin hydrocarbons.
For the normal or straight-chain vareffin hydrocarbons there appears to
be a regular incresse in tendency to knoek with increase in the length

of the carbon chain in the molecule. The knock increase per carbon atom
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increase in length, i1s substantislly constant. The successive
addition of methyl groups to a carbon-atom chain results in a decreas-—
ed tendency to knock. The reletionship here is slsoc regular. For s
ziven molecular size, i. e. for isomers, there is less tendency to
knock as the structure srrangement becomnes more compsct. The actuzl
number of carbon atoms in the peraffin hydrocarbon has no relation to
knocking tendency. The greater the number of carbon atoms in the
molecule, the greater is the range between the best and the worst
isomer,

In general the olefins show less knock tendency than the
corresponding paraffins. 'lhe effect of lengthening the carbon chain
unbroken by a double bond appesrs to be similar %o thst found in the
case of the veraffins. In the strdght-chein olefins, the tendency
to knock decresses by feirly regular steps as the double bond is
progressively nearer to the centre of the molecule. Tbe knocking
tendency of these compounds sppesrs to be determined by the largest
unbroken straight carbon chein, irrespective of the size of the
molecule,

The cyclie hydrocarbons have superior anti-knock qualities to
the corresponding straight chain parsffin hydrocarbons, The presence
of an unbranched side chain results in = decrease in aniline equivslent.
Lengthening ihe side chain, whether it is branched or unbranched in-
creases its knocking tendency. The effeet on knock of branching of
& side chein is very great; & highly branched or centralized side
éhain nay meke the compound superior in antiknock value to the par-

ent c¢yclic compound., ‘Yhe effect of position of side chains on these

cyclic compounds appesrs to be very small. The cyclic hydrocerbons
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conteining s single double bond in the ring are very similsr to
the saturated cyclic hydrocarbons. Here agsin lengthening of the
unbranched side chain results in & progressive decrezse in anti-
knock value, However, the effect of position isomerism is much
greater then for the corresponding ssturated compounds.

The aromstic hydrocerbons have antiknock quslities definitely
superior to the naraffin hydrocarbons, ‘lhe additicn of a progress-
ivel& lengtnened straight saturated side chain t¢ the benzene nucleus
results in 8 progressive incresse in anti-knock vslue up to n -
propylhenzene and then further increzse results in & progressive lcwer-
ing of the entiknock quality. Addition of methyl groups to the ben-
zerne pnucleus results in a progressive inciease ir arti-krock qualities,
Position isomerism exeris z considerable effect andE;g;itioned side
chains zre superior to mets and to sriho,Brenching of the side chains
containing more then three carbon atoms results in en incresse knocking
tendency.

The 'lead susceptibility', that is the increase in octane number
of fvels procauced ty the addition of & fixed proportion of lead in the
form of tetraethyl lead, vurles greatly with the types of gasolines. It
is determined not only by the hydrocasrbons present, but may be markedly
affected by sm=ll amounts of impurities. In genersl, natursl gasclines
have & high lead susceptibility, cracked gasolines ere npext cnd streight-
run gnasolines the lowest.

For the pure hydrocarbons there is & rough relationship between
critical compression rutio and lead susceptibility., For pzraffins and
naphthenes, the higher the critical coripression ratic the grester is the
lesd susceptibility; for olefins and acetylenes, incresse in compression
ratio produces no marked change in lead susceptibility; end for unsatur-

ated cyclies, increase in compression ratio produces & decline ip lead



31

susceptibility. A4 few aromstic hydrocarbons whicin heve been

investigated were found to show relatively high lead susceptibilities.
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IV, Antiknock Compounds

Three distinet meihods have beer considered for improving the
knock-reting of fuels: a fuel of hiegh knock rating is blended with
one of lower rsting; & very small smount of an "entiknock reagent”
csn be added to the fuel,; or it has been considered that a catelyst
could be applied to the surfsce of the combustion chamber, These

methods sre discussed below,

Blending of Fuels

There are a number of fvels which show little tendency to knock-
ing, ‘[rese can be =dded in reletively large prorcrtions {10 - 60%)
to & knocking fuel to give a fuel of ressonably good antiknock properties.
Cracked gssoline, especially vepor phase cracked fuel, is much better
then straight run gesoline. This is due to the unsaturated corpounds
rresent =znd elsc due to the lcwer sulphur conuvent, Natvrsl or cesing-
head gasoline slso has good anti-knock qualities., These are widely
used to improve gesoline stocks,

Aromatic compounds are also good antiknock fuels, PERenzene has
been sdded to gasaline to improve its reting for many yesrs. ‘[he more
complex or irreguler the structure of the molecule, the better is its
non-detonant qualities, The terpenes also have excellent untiknock
properties (60)., Alcchol is =slso a very good non~knocking fuel and is
used to blend fuelss Iso-octare although not used in commerciazl blends
of gssoline has s very high knock rating.

It is difficult to decide whether the effect obtained in & blend
of non-knocking fuel with & knocking fuel is uerely the sum of the part-
ial effects of the two, or whether the non-knocking fuel also zcts as
an inhibitor of the knock caused by the other fuel, There =re a few

~

indicetions that non-knocking fuels also exert a slight sntiknock effect (61)
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Antiknock Compounds

f:idgely and Boyd {62, 63, 64) discovered the existence of seversl
compounds, which when 2dded to 2 motor fuel in small quantities caused a
considersble incresse in the knock rating of the fuel. This led to the
further discovery of s large nunber of compounds which suvpressed the
knoeking tendency fazr out of proportion to the amount adaued. The most
effective of these compounds are organo-metellic compounds. Some nitro-
gen contuining compounds are elso quite effective., The following ig =
list of the more important anliknocks classified sccording to their
chericsl structure.

1. Nitrogen Compounds
These are true antiknock compounds. The better of these show

measureble effect in e concentration as low as 0.1%, an amount which
can hardly be corsidered sufficient to modify the bulk concentration
of the fuel. '[he antiknock effect is nct cue to the presence of ike
nitrogen alcre, since some nitrogen conteining cornourds {nitre-,
nitrites snd nitraiec) promcte knocking. The effectiveress apparently
depends upon & specizl type of linkasge between the nitrogen and the
organic redicals, In this class amines show the grestest effect. Teble
I shows the relative effectiveness of several amines. The values listed
are the reciprocsl of the nunber of moles giving the same antiknock

effect as one mol. of aniline.
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TABLE I (65)
Comparison of Antiknock Activity of Several Amines

{Numbers ere recivprocals of the moles giving the seme effect as one
mol of aniline.) '

Toluidene cevececsocscses 1,22
m-Xylidene 1.4

Ammonia c.ececcesencccsnne
‘thyl 2111015 o1 - T
. Diethyl amin® seeeceovasse
Triethyl amine ¢eeccvevecee
Triphenyl amine, ....ec004
Aniline »

Diphenyl amine

Monomethyl aniline .¢¢ce..l.4
Monoethyl aniline ........1.02
Dimethyl aniline sevee....0.21
Diethyl aniline ....cee.. 0.24

HFHOOOOO
[ ]
NOO UM

Y ReX)

The presence of an asromatic linkege to the nitrogen greatly
increaseé the antiknock effect. Side chains on the aromatic ring elso
increeses the effectiveness. Secondary emines are in general better
than primary or tertiary. Amides (20), imines (67), carbamides (20)
and cyanogen compounds (67,68) have been shown to have aniiknock
properties, but to a much lesser extend then the smines.

2. Other Group Five Elements

(a) Phosphorous and arsenic (20). Some of these compounds are
known to be oxidation'inhibitors, but there is very little mention of
antiknock properties.

(b) Antimony (20,v69) Trivalent antimony acts as an antiknock
compound, while pentavaleht antimony igs a pro-knock. Antimony tri-
phenyl and trichloride are effective antiknocks,

(¢) Bismuth (20, 61, 67, 70). Some bismuth compounds are rather
good antiknocks, €. L. bismuth trimethyl, triethyl and triphenyl.,

3. Halogens |

Although halogens, particularly the lighter ones, are generally
| ponSidered to possess pro-knock tendencies, several halogen compounds

are antiknocks, Carbon tetrachbride (71) ammonium halides (71), alkyl
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halides, perticularly iocdides (£0, 84, ©5) chloro, bromd =ni 1240

nheen report-

-

naphthalens (71), iodina {20,72) znd phenyl hulidss bave =1
ed a8 being sntiknock compounds. Iodine compounds =re statad to bs the
tess, bromine next, +nd cnlorine the lswst effective (£0).

4, Sulphur, Seleniwnr, Telluriun.

Seversl sulpaur comounds such =28 inporganie sulphides (7), organic
sulohur compounds and silpuur itself sre sntilknocks., Selenium compounds
heve & much ~reater =ntiknocck tendency than sulnhur =2nd tellurium rore

a
thzn selenium. 3elenium diethyl (21, ©1, 70) is jvite/vocd aniiknock :nd
seleniunm diethyl (20, 51) is fair. Tellurium disthyl (61) is 2 strong
knock inhibitor rad tellurium diphenyl (81) slichtly less so.
5. Other Non-metals,
()

(b} Zilicon (20, 71}, ®oiliccn tetrzetuyl is = foir untiknock,

-oron {80) Lzs some entiknock effset,

-

6. T.etals,

L creat many wmetels, both their s=lts =nd orgono-metellic
compounds, have zntiknock properties, Here the cetion is identified more
closely with the elerment itself rether tasn with the type of linknges
{(81). There hss been much aiscussion as tc whether uncombined metals
have or have not untiknock effect, without zny definite conclusion nuv-

ing been reoched. ‘The most effective zntiknock compounds known belongz

The lichter metsl compounds hsve been found not to heve very gresat

effect, Imong the potessiur compounds the gallste, oxslete and citrate
(20} ethylate {73), =nd ioalde {72} =re eflective. Potzssium vazpours

acbing in the oxide form z2re more effectiive than tetrsethyl lead., Zerium
cerbide (74) has also been revorted =s having =antiknock properties,

scwever, it is meinly the ieavy metallic elements that possess



the greatest asntiknock activity. Lesd compounds sre the best commercial
antiknock compounds known. It appears that tetrayalent lead compouncs
glriost alweys Luve untikpnock power, while bivezlent lead compounds sre in-
effective (£0). Lezd tetraethyl is the best aniiknock knowr snd is added
to most corriercisl gescline in gquentities varying from 0.5 to 6.0 m. 1.
ver gullon. Lead tetramethyl (70), lead tetrapropyl (20) and many other
lesd compounds (£1, 81, 70) have sll been studied snd found to be effect-
ive in vaerying degrees.

Iron, cobelt snd nickel are slso very eftectiive., 1lhe czrbonyls
are next tc tetrsethyl lesd in sectivifly (2C, €1, 70, 75, 78). Iron
carbonyl has been widely vsed ir some Lurcrean countries in improvirg
cermerceinl egsscline, Ircen ecety) acetcne (70 is also effective.

Chromiurm phenyl (€6) and molybdenum cerbonyl (75) also heve
& slight effect.

Tin tetramethyl, tetrasethyl end tetraphenyl (£0) sre fuirly good,
and some of the stannic Lalides have also been reported ss antiknocks
(21, 61, 70, 72).

Compounds of zinc (71), eadmium {£1), mercury (77, 78), cerium
(20, 66), thallium (79), vansdium (20) and titanium (61) have also been
fourd to be antiknock .sgents. Thallium vapour is a very good antiknock,
beirg more effective ihan leud tetraethyl.

‘The following tebles show the relstive efiectiveness of & number

of anti-kncck compounds:



TiBLE 2 (6, 44, 45)

Relstive Effeetiveness of
Lifferent Compounds of the Same Element

(Mumber is reciprocal of the number of mols giving
the same effect as one mole of aniline)

Tlement Ethyl Compound Phenyl Compound
Iodine 1.09 0.88
Selenium 6.9 5.2
Tellurium 2E8 22.0

JARLE 3 (80)
Relstive Antiknock Effectiveness

(Reciprocal of the numter of mols giving the same
effect as one mol of aniline)

Lead tetraethyl : 118 Riamuth trimethyl 23.8
Leed tetrsphenyl 7C Bismuth triethyl 23.8
lLead diphenyl direthyl 118 Zismuth trivhenyl 21.4
Leed diphenyl diethyl 109 Slernic chloride 4,1
Lead diethyl chloride 79 Staennic iodide 15.1
Le=d thioacetate 10 Monophenyl arsine 1.6
Cedmium dimethyl le24 Triphenyl arsine 1.6
Titeniwn tetrachloride P

In sll cases where the elernent is the determining factor rether
then the linksge, tlie change from ethyl tu phenyl causes at most =
209 decrecse in sctivity (61l). 'lhe effectiveness varies with ncsiticn
in the pericdic teble, increasing down the grours.

7. Aromatic Cocmpournds.

In genersal arcmatic compounds pesczezs arntiknock activity; this
sctivily decreuses with hydrocarbon side chains but increasses with hydro-
xvl cor smine groups (8l). Phenyl chleride (71), iodidev(EO, 72), sulvhide
{20) nitrite (82}, monophenyl srn¢ triphenyl arsines {11}, diphenyl cxide
(2C), dihydrexy benzere (21, 70), phenol (66), crescl (20) end quincne

(20, 66) have been repcrted to possesg antiknoek properties,



£, ¥etones and Lsters.

In general these do not chow very grest pro- or anti-knock activity.
Some ketones (8l) particulsrly higher ones are effective, the methyl &and
ethyl esters, and szlts of boric, silicic ~nd acetic acids (71), come of
the paphthenic azcid esters (83), furocyanic acid esters (84), the esters
of pelmitic, oleic,myriste, ard lauric zcide (20), and potassium .allate,
oxalate =nd ciirate (&£C) sre sntiknocks.

2, Inorgznic Szlts

Copper nitrete (85) hydroxy compounds (8l) =nd water (26) also hesve
santiknpock nwroperties,

Non-detonztiorn Cutelysts iixed on tne Inside of the Lictor.

It hes been proppsed thet the inside of the explosion chambter of
the cylindzzs cculc te painted wiilh subsiances wnich give reversible
clenical rescticns of the type that are endothermic at high temperatures
anid exothermic &t low temperatures., Carbonates of lesd, ccpper, calcium,
magnesiuvm, sofiuvm or potassium, mixed with an inert meterisl such as silics,
have been patented (85). The oxides of vanadiuvm, cobealt, and rare earth
meisls, especislly ceriws hsve slse beern recurmended [%€).  1le efficiency

-f such a method ig low, and fouling znd other riechanicsl difficultiss sre

elso to its disadvantage.

Compounds are zlso added to gmsolins in smell smounts, not to
ircresse the sntiknock rating, but to preserve the entidetcrnurt qualities
cf ecracked gmsoline., ariline, hydroquinbne, naphthalene, snd snthracene

(87) have £1l beer fournd to inhibit {he charge on storinez. In genarsl

4

any antioxicaticn cstalyst s geod,



V. Pro-xnock Compounds

Compared with the la—_: rnurber of deta uvaellable on antiknock

wroinds until very recently.

Al

compounds very few existed on pro-zncclh

This is not surprising, =since the search wes for particularly =ffectiva
sriiknock materiels for improvins gesoline, Pro-knock comnounds are mater-
ials ~hich when added T¢ zasoline in small emounts, incresse the knocking

VAL

s1i internal combustion engine, Iiost of these were discovered during

-

0
tae sesrch for wnti-knock compounds, or from & study of the intermediste
products in the combustion of hydrocarbons.

Here sgein there are knocking fuels &s well as the true pro-knock

compounds, 3thers and sldehydes =zre in general knocking fuels znd the

addition of s fair!v large smount o! thase suhztinces will canse o decrease

g

in the octane rating of =z fusl (7).

Organic peroxides are reported as being emong the best knock inducers
{66). Ozone [3%) has an effect comparable with the antiknock effect of lead
tetraethyl. Iyirs_ 2n peroxide (77) is ;lso fairly effective. Dimethyl (&8},
diethyl (66, £8) and ethyl aydrosen neroxides (66) are smong the best; ethyl-
idene peroxide (88) slightly less so. acetyl {28}, benzoyl (20, £9;, cetyl
benzoyl (88}, =2nd diacete peroxides (88} are very effective zlso. Llethyl,

and etiiyl ketone vneroxides (90) znd olefin vneroxides ure not effective (LC,

o2y 915,
The oreganic nitrites zre zlso cuite powerful pro-knock sgents; etiyl

butyl (2G, 92}, emyl {20, 89) =nd isocusmyl nitrites

~

(91}, »ropyl (70, 91
he enrrespondins nitrates (93), nitro compounds

snd oxides of nitrogen, N0, Mg (£C, <1, 68, 89, 91) sre wuch less effective

although some heve s wronounced effect,
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The lighter hnlogzens exhibit pro-knock tendencies, Foth bhromine
and chlorine (L0, ©6, 94) have been reported as effective, as sre seversl
of their orgsnic compnounds. The zctivity renortsd zppears to be chlorine

recter than bromine, grester tnen iodine., Indeed, iodine end severcl of

U0

\

its compounds are reported as being snti-knock =gents.
Among the more intensified studizs of this pro-knock effect is that
included in 2 report by Stacey &nd ‘asson (95}. ‘Lhe following compounds

are listed &s "inducers" of knock,

nitroso~isopropyvl-p-toluidine petrolatum
thiocarbanilide benzaldehyde
allyl-iso-cyanate heptalidehyde
allyl-iso-thiocyanite methylnonyl ketone
amyl salicylate zinc diethyl

methyl sulphate emyl mercuric iodide
ethyl nitrite lead triphenyl iodide
isopropyl nitrite phenyl mercuric iodid
amyl nitrite cetyl elcohol

smyl ether steuric acid
mercurfc diphenyl cobalt oleate

tin tetraphenyl cadmium bromide
silicon tetraphenyl ammonia (gss dry)

tin tetrephenyl snd worm seed oil
They concluded that nitrogen when present £s =an organic nitrate
or nitrite,was a pro-knock, and when present in the smine form, either en
anti-knock or neutrsl., HEsters formed by the a2ction of nitric acid on
zlcohols were found to be inducers. Iodine in scme compounds showed up as
anti-knocks, &nd in other cases as pro-knocks.
In a more recent report by Lapeyrouse and Lebo (96) the octzne blend-

ing imorovement (C. B. I.) of 300 compounds are given.

Here 0. B. I. = C_;_é. ¢ = octsne number of blend of X
in the basse stock

A - octane number of buse stock

AL = proportion of blending esgent

{fractionsl pert)
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Those with a high negntive 0. B. I. are

Or Dv ditolyl p. phenylene dismine =300

allyl isocyanate =200
aliphatic hydroxy amines -1000
zinc salt of the diketone CgHpOp -940

iron (ferric) selt of the diketome CgHnOy =940
A comparison might be made here with one of the better pro-
knocks invsstigeted in this research. Chloropicrin gzve an 0. B. 1.
value of -~16,700.

In 2 memorsnaum by Sugden (97) giving an account of work done in
Engl=nd phosphorous trichloride, phosphorous oxychloride and carbon
tetrachloride are listed as having stopped an engine either by causing
the pistons to stick, or by fouling the spsrk plugs. Carbon bisulphide
end chlorine are given ns compounds which caused "considerable knocking".

Recent work has been done at the Thomss snd Hochwalt laboratories
(98) on sasbotaging friendly gusoline, i. e. gasoline stores which must

be ebandoned. As a result of tests made on twelve Delcolite engines they
found that adding smell smounts of resins would be effective in rendering
gasoline unuseable, ‘they indicate that the best resin tor this purpose
is peredura 10 - P, & commerciasl oil-soluble phenolic resin mede by
condensing a psratertiary alkyl phenol with formeldehyde., A solution of
10 grams per gallon will quite effectively gum the piston of an engine
after sbout 1 gallon per cylinder of the doped fuel has passed through

an engine, Other compounds suggested, in order of effectiveness, are
peradura 367, super bechacite 1001, rosin ester or santoresin, china-
wood oil, and PCl3 or PNClg. Metal naphthenates are slso mentioned

us effective in sticking an engine.
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The work that is reported in the following sections wes done
up to September 1, 1941, Similar work was undertaken in the United
Stetes., This work is reported in papers by T. Midgley Jr. and A. L.

Henne (99). ‘“he following =re the better pro-knocks that they have

investigated.

sulphur trioxide phosphorous sulphochloride
nitrogen chloride phosphorous tribromide

n butyl dichlorophosphine phosphorous trichloride
sulphur chloride phosphorous oxychloride

1l - chleeo - 1 - nitropropane chloropicrin

1, 1 - dichloro-l-nitroethane thioxylchloride

sulphuryl chloride

The best one reported is sulphur trioxide which on & gasoline
conteining 5.36 ml, of tetraethyl lead per imperiel gasllon, required 11
parts per million of air by volume to produce = ten octane decrease,

They have slso determined the asction of these compounds on an
unlesded fuel in an endeavor 1o determine the mechanism of the pro-
knock action., They observe that while it requires much grester con-
centration of adultrsnt in an unleaded fuel than that required in &
leaded fuel to cause the same octane decrease, the pro-~knock activity is
not simply counterascting of the lesd tetraethyl., 7he effect seems to vary
with the pro-knock agent and with the base stock of the fuel, Some pro-
knocks, like phosphorous oxychloride, reduce the octane number of the
lended gasoline by counteracting the effect of the tetrsethyl lead, &nd
when this effect has been completely counterscted, no further pro-knock
effect is obtained by adding more of such msterisls; nor do these compounds
show any pro-knock effect in unleaded fuel. Other compounds like isoamyl
nitrite have the same effectiveness in unlesded =28 in leaded fuels., Still

others, like sulphur trioxide which counteracts the lead tetraethyl, also
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affects the unleaded fuel.

Qualitative and semi-quantitative work was earried out in these
laboratories (iOO) using a Chevrolet engine and testing the effectiveness
of a compound injected into the airrintake,'by the sudibility of the
resulting knoek, Some 197 compounds were tested which indicated the
compounds to be investigated on the knock testing engine. The more
effective compounds that were found were chloropierin, bromopiecrin,
isocamyl nitrite, normal butyl nitrite, tertiary butyl nitrite, thio-
nyl chloride, nitromethane, 2 - nitro propane, acetoacetic estef and

~1sopropyl ether,.
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Vi. Theories of Pro- and Antiknock Action

A theory of antiknock action must not only account for the
inhibiting sction of certain compounds, but alsc the action of knock
inducers, It must explain not only why organo-metallic compounds like
tetraethyl lesd zre effsctive but also why some organic compounds, not-
ably the amines, are antiknock agents. 'The theory must explain why one
molecule of tetraethyl lead in 200,000 of gesoline should be as effective
a8 a 25 percent benzene addition in suppressing knock. The effect
appears to be chemical rather than 2 physical phenomena and their
action occurs in the brief time interval prior to the inflammation of
the charge. A4 theory of sntikmock action must account for the fact that

the change from normal to knocking combustion is abrupt rather than

continuous,

Theories of Antiknock Action.

The film theory of antiknock sction postulates that the antiknock =zcts
as & polson to destroy the catalytic sctivity of the walls. Jolibois and
Normand (101) suggested that leud tetramethyl was decomposed and the atoms
of lezd were deposited first on sharp edges end points or &t the "=active
spots" in the cylinder, increasing their radius of curvature and thus mak-
ingvthem less cepable of initiating combustion. This theory feils to
acgount for the anti-detonant properties of compounds such as amines, and
also fails to explain why knocking recommences as soon as an ordinary
fuel is used although lead snd its oxides should continue to cling to
the walls. However, under some conditions, there has been found a contin-
ued inhibiting effect in vessels used for oxidation experiments in the
laboratory. Sokal (86) also regarded combustion as fundementelly heter-

ogeneous and reduced knocking by coating the walls of the chamber with
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a material containing either carbonztes or oxides of lesd, cerium and
other elements.

The theory that the sntiknock absorbs rediations or intercepts
electrons wss put forth by Midgley (102) and by Wendt and Grimm (36).
The antiknock promoted the combination of ions previous to combustion,
thus reducing the rate 2t which the combustion asccelerated. The heavier
elements in the lower right-hand corner of Mendeléeff's table pick up
negative charges easily, hence they should form good antiknock compounds.
A4S evidence they stzted that the lighter elements in each periodic group
yare pro-knocks and the heavier ones often antiknocks. Experimental
evidence wzs advanced for this theory by Wendt and Grimm who found the
recombination of ions sbove 2 pool of benzene with tetrsethyl lezd was

more raepid then without tetreethyl leasd. These results have been

challenged by several suthors. 7This theory implies thet kpnock inducers
should act by increasing ionization, an effect which has not been observed,
The =action of antiknock compounds in minute amounts is explained
guite well on the basis of Gallendar's droplet theory. Since the urops
form only & small proportion of the total fuel, end if the‘compound were
concentrated in these drops, the effect would be out of all proportion
with its concentration in the totel fuel mixture., Msany antiknock com-
pounds heve low volatility and would remain in the liguid phsse if such
were present. He postulastes thet the metallic antiknock should be
decomposed to free metal which would then decompose the peroxides as
fast as they were formed., HMoureau, Dufraisse and Chaux (45) visualize
the sntiknock compound es forming an unstable oxide, followed by mutusal

destruction of the peroxides.
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Egerton and Gutes (46) also suggest thet it is the metal of the
anti-knock compound which prevents the eccumulation of the peroxides,
Thus only metels capable of forming peroxides such as potassium, sodium,
manganese or lead can act =s antiknocks by forming a metal peroxide from
the fuel peroxide. This metal peroxide subsecguently decomposes, regener-
ating the metsl. Orgenic antiknocks sct similarly but are not as effect-
ive since they would not be regenersted as easily.

The action of the zntiknock =gent is explsined on the suto-ignition
theory by inecreasing the spontaneous ignition tempersture of the fuel,
Several metal compounds were found to retzrd pre-ignition combustion
as noted by Egerton and Getes (46) znd others. Sckhaad =nd Boord (103)
found that theré was no effect of sntiknock agents on the ignition temper-
atures of certain orgenic vapours when = direct-current break spark was
used for ignition; but the antiknock increased the current required when
igznition was caused by a heated wire. They explain this by suggesting
that some pre-ignition oxidation took place before the current required
for ignition was reasched., Thus knock-suppressors were capable of
decressing this pre-ignition oxidation, while knock-inducers were shown
to promote it. There is wuch controversy sbout the elevsiion of the
spontaneous ignition temperature by antiknock agents. Lewis (104) found
that certain pro-knock compounds rsised the ignition temperature of some
fuels, and on other fuels lowered the ignition tempersture. He concluded
that there waus no relation between change of spontaneous ignition temper-
ature and pro- or antiknock activity. This opinion is expressed by other
authors (105, 106)

In contrast to the supposed inhibiting effect of the antiknock
compound expressed in the above theories are some theories which regzrd

the antiknock &s an accelerstor,
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Dickinson (32) showed that multiple sperk plugs tend to reduce
knock. Clark, Bergmenn and Thee (105) include a tkheor: of knock supp-
ression that suggests that the tetraethyl lead decomposed to lead pert-
icles wnich become incandescent and act as multiple miniature spark plugs
causing uniform combustion., On this theory, it is not the speed of the
oxidstion which causes knocking, but its unevenness. Charch, Mack and
Boord (80) modify this theory by assuming that since the particles of
metsl are liber=ted in a hot oxidizing atmosphere, they must be capeble
of immediate oxidetion., The heet developed by this oxidation raises the
tempersture around the particle which promotes combustion and thus there
is partisl oxidstion homogeneously throughout the entire volume. With
aromatic amines the hydroecarbon radicels atteched to the nitrogen oxidize
more readily than the fuel end so spresd the region of oxidation. Lewis
(104) sugeested substituting the ideg of flameless combustion for active
combustion shesd of the fl=sme front,

Ubbelohde and Egerton (49) and Egerton,Smith and Ubbelohde (50) in
connection with their peroxide theory of knock give the quelities off;ood
antiknock. They state tihst it must be (&) oxidized, (b) dispersed so as
to be slmost a vapour and {c¢) capeble of being oxidized to a higher oxide.
When tetrsethyl lesd, iron carbonyl, etc. are used, metsllic oxldes are
formed as &n essential part of their mechsnism. They consider the anti-
knock to act either (i) by being peroxidized so as t0 remove oxygen from
the active chain carriers or (ii) by mutuel destruction of peroxides or
(iii) by removing energy from the chesin carriers., They do not exclude
the possibility that antiknocks may heve & surface action,

From all these theories and from experimental eviuence available

to
one is led to ccnclude that the antiknock action is Anhibit the pre-
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flume combustion in the engire., There is nov time lag or inducticn
period in the action of an inhibitor, as is sowetimes the case for =
positive catalyst, provided the inhibitor is available in its reactive
form, Vhether the reaction involved is considered as peroxidetions,
hydroxylations, thermal or oxidative decorpositions etc., a generzl term
such as chain reaciions covers all these. The specific method by which
the pro- cr sntiknock affects the propagation of these reasction chains
remaing unknown although evidence points to an oxidation mechanism. The
pro-knock materiels are usuelly of & chemicel type which would be expect-
ed to initiste oxidstion processes snd it appears probable that their
function is meinly that of sterting reaction chains et a rate much
greater than thet which results from normsl reéction. If the deactiv-
ation of the chains cerriers is not zlso ineressed, the criticsl point
is reasched, where the chains are formed faster thesn they are broken, in
a shorter time giving the chsrge a grester opportunity to knock. It may
be necessary to enlarge this to include the extension and breaking of
chains,as well as initistion of these chains’as the pro-knock activity.
Since there is such a marked fdifference in the relstive effective-
ness of metallic antiknock sgents and the organic compounds, it seems
indiceted that tiaere is =2 fundamental distinction between their modes of
action. The theory put forth by Egerton, as mentioned above, that the
action is due to the oxice formation frorm the antiknock compound seems
to exnlein as well &s eny their sction. 'The difference in degree of
action seems to be due to the esse with which wetal cen form =ctive
oxide or =atow,while the organic antiknock compounds cennot underzc such
reversible reactions ss readily. The sction of the sctive oxide or

atom is one of inhibiting the formution of the reaction chains, thus



49

reducing pre-flame combustion and nreventing any repid combustion
of the last part of the charge until tie flame front has resched

it. Before en sctual mechanism of antiknock sction can be developed

further experimentation is necessary.
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Fig. 1. Ethyl Knock Testing Engine, Type 30-B
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EXPERINENTAL

The investigation coné&sted egsentially of determining the
octane drop crused by various concentrastions of a compound added
to the air inteke of, or dissolved in, the gasoline used in a knock
testing engine, The oetane number of the gt soline wss first deter-
mined andythen the rating of the fuel with the pro-knock added. The
decreases in the octzne rafing of the fusl were found for several
concentrations of the pro-knock agent snd the graph of octezne
decrease vs., concentration wes established.

For this, an Ethyl Knock Testing Xngine, 'lype 30-B, &8s pict-
ured in figure 1, was used. sAlthough this engine is now obsolete
for aceurate fuel testing, it was found to be quite sstisfzctory for
these investigations where sbsolute octane ratings were not required.
The results obtazined in checking the octane numbers of gasoline sagreed
closely with those determined by the company which supplied the gascline,
4lso results of tests conducted on this type 30-B engine end similer
tests conducted on a more moucern Co-operative Fuel kesesrch - fmericen
Society for Testing Msterisls Knock Test Unit in another laborstory were
in good agreement,

The gasoline used {or these experiments was an 80,5 octane leaded
eviation fuel of 72,6 octane cracked bsse stock, as supplied to the
Re Cu L4 F. by Shell Cil Compeny. This gasoline was used because it had
the most convenient octane rsting that could be used on the 30-D engine
without modifying the enuine., A lesded gasoline was used since these
would be ret in Ffield applications. The reference fuels were the fuels
listed as A-6, F-3, snd C-12, ss supplied by Standard Cil Development

compeny.
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Sinece it was desired to express the concentrations of pro-
knoek comnounds used as parts by volume ver million of air consumed by
the engine, the sir consumption of the engine wss determined, For this
a 200 cubic feet per minute gaus meter wes attached in series with a
45 gellon drum and to tne sir inlet of the engine., fhe drum acted to
smooth out tressure varistions. One inca dizmeter rubber and glass
tubing wss used throughout the set-up. The resistsnce of the calibra-
tion epparsius,as mezsured by a simple U type water gesuge, was less than
four inches of water. Wessurement of the rates of air consumption at
various throttle openings were mede, The graph of &ir consumption in
cubic feet per minute agsinst throttle opening in degrees is given in
figure 2,

The conditicns of operevion ci the engine were as follows: at
full throt:le for an octane renge of 7C to 80, a compression pressure of
133 M 2 pounds per squere inch was used; for =n octane range of 60 to
70, 126 ¥ 2 nounds per sgusare inch wes used. The throttle was set ut
180 &s this varticuler getting wave a conveniently wide linesr range
of knockmeter readings for & ten coctane range. The engine speed was
maintained constant 2t 900 revolutions per minute end » spark advence
of 150 wes used. The spark gap of the spurk plugs wess set =t 0,025 inches.
The bouncing pin contzcts were maintzined approximately 0.0l inches
apart, but were edjusted from time to time to maintein & wide knock=
meter renge st the 18°% throttle setting.

For every compound, et least five octane determinations were
necessary to establish a curve of octane decresse vs., concentration.
The stendard method of determining the octune number of a gasoline

s . - - +
requires about two hours per determirators sna is sccurszie teo - 0.1
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of an octzne number, An accuracy of only : 0.5 of an octane nuvrber

wes considered satisfretory in this work, <o & more rapid method, al-
though less sccurate, was deviged. ‘The average time for esch determination
was reduced to sbout ten minutes.

The metnod consisted essentislly of culibrating the knockmeter scale,
However & simple calibretion of cctane number sgeinst knockmeter resding
wes not satisfactory since, under constant engine conditions, the knock-
meter reading wss not alwsays constant for 2 single octsne reting. liowever,
for twe fuels of different octzane retings, the difference in the knockmeter
deflections feor the fuels was constsnt to within one scsle divisgion, Vor
exemnle, for = iuel of octane nuwber 70, the knockmster resding for succ-
eseive determinations miecht be RO, 82, 78, snd for s fuel of 80 octane, the
corresponding readings might be 50, 53, 48; the difference in knockmeter
reading is 30 * 1 for this ten octene range. 4 range such eg this wes
readily obttained by suitashle zdjustment of the bouncing pin contacts, and
the knockmeter rhecstat, A celibration of chasnge in knockweter scale with
change in octane number resulted in = strzight line (figure 2 (a})

The detailed prccedure of one determinstion wss:

1. The 80 octzne fuel used in these tests was standardized by the
usual wmethod, using standard reference fuels,

2. The knockmeter resding for this fuel wss then determined.

%e A knocknmeter calibrsiicn grsph wes established using standard
reference fuels over tie desired range.

4., The knockrueter readings for several tests using an adulé%ant were ¥
teken. Before and =zfter each of these, tiue knockmeter reading for the 80
octane fuel was checked. The octane change for ecch of these was then

resdily determined from the graph.
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Tig. 3. Apparstus for Adding Liquids to 4ir Intseke,



5. From time to time the calibration graph was checked by using

a stenderd re.erence fuel. ‘he position of the curve wmight have changed
very slightly over a period oi tirme. ‘lhe newly determinec éosition would
then be used as the celibration grzph for further determinations.

A1l reedings were teken at maximum knock zir-fucl ruatic.

Since gaseous, liquid =and solid compounds were used, various technicues
were regulred Lo «drit thieir vapours into the air inlet of ine engine,

The liquid compounds were generslly handled by bubbling = small sair
or nitrogen strezm throuih the compounds This sir stresm then joinea the
alr tszken intc the engine. In some cases the lisuid hsd te be hested or
cooled,. und in all cases the gmrll air or nitrogen streum hsd to be perfectly
CTY e

About five c. c. of the linuid wns placed in & pycenometer n (figure
%) which wss then closzd with sround less caps and weighed, Ihe pyencreter

n the set up &«s shown, Air wes taken from & compresced

u
e

nisace

v 3 tazn

£

air line snd passed into s 4F gsllon drum to smooth out minor pressure
chenges in the line. Part of the zir frowm this drum, the smount controlled
by adjusting outlet K, was then pussed through s long calecivm chlorice

.ubke and over pregprhorous pentexide C o dry 1t wells The air flow was
measured on g dibutyl phthallate flowmeter D. The air or nitrogen was
bubbled through the liguid in the pycncrieter X zand then into tne air

inlet of 51e ergine, cerrying tne vapour of sha ligula with 1te In cases
whers Lhe oxygen of Lhe zipr deccmpesed the compounds, nitrogen was used

sg surplied in cylinders by the Dominior Oxygen Compsny. +he outlet

valve on the cylinder was wttacned airectly to the flowmeter L. If the

compound wszs too volatile, an ice or ice-sult bath wes placed zround the



(&
D

the pyenoreter, 1f it were = high bciling point comround, the pycno-
meter wss heusted electricslly. In this latter case, the inlet fube G
wes £180 elecirically nested ithroushout its lengta te prevent conuens-
shion of the vanour lnere, The concentrationrn of e vanpour in ihe zir
cntering ine engine wes contrclled by verying the alr or nitrogen Tlow as
measured on the flowmeter,

The zir or nitrogen was blown through for ten minutes and the
knockmeter resding =%t meximum knock zir-fuel re=tioc was found durirvg this
vime, .- storp waten was used to time this intervel., The pyenometer was
then remcved, caps put on, snd reweighed. From the loss in weight cf
the pycrnometer snd the sir consumotion the concentretiorn in mumber of
parts of comnound r#s vapour ver millicn of =ir wuse determined,

g vere rode for esch conouved and
the dste tihus cobiszired were plotted, cct=ne drop vs. concentrastion, on a
semilog greph pzper., The concentrstion necessery to zive o ten oclane
drop wes determined from this curve,

£ sinilar tecunicue wus used for nsndling solides with an zppreci-
ztle vepour mressure. Lor these a horizonitzl type of pycnometer wss
used (figure 3)., ‘“he dried =2ir or nitrogen wes pussed sbove the compound
snd into the envine, If ueatine wass recnired to inerecse the vapour
pregsure over the compound, the tube wns placed in & heznting ccil,

Compounds woich were ruses at room temperature were haipdled in
8 Cifferent rnanver, They were added by displacement with an inert liruid
from & suitable burrette sttscned to the inlet tube (ficure 4). In
most cases rerenry wee used as tne displeciryg medium, but in csges vrere

the mercury rescied vwith the gas, e, . for chlerire, corcenirated

sulphuric weid¢ was used; with £till other guses, = nigh beiling ssztur-



A Gos Inlef. DLevehng Bul b,
B:Mercory Manometer E:ToVacusmPump
C: To Mercory Reservorr F:Te Engine Air Inkake.

Fig., 4, Cus Disvlscement Lpparutus.



50
ated paraffin hydrocarbon was used.

The vessel containing the gas was attached to A (figure 4), and
the apparatus evacuated through E. Then the gas wés admitted into the
burrette until the pressure was about atmospherie, and étopcock A was
closed. Final adjustment of the pressure to atmospherié was done by
moving the levelling bulb D, BStopcock F was then opened and varying
flows of the displacing liquid were admitted into burrette, the rate
being controlled by the étopcoek C. The rate was measured by noting
with a'stop-watch the .time for 5 or more ¢. €. t0 be displaced.

For gases that were better tham about thirty parts per million
for a drop of ten octane, it was necessary to dilute. them previously
with dry air, following which the mixture was dispiaced from the burr-
ette,

In solut;on work 5 ¢, ¢. of the liquid was diluted to 500 e¢. c.
with gasoline. A quantity of this stock solution was diluted to 200
¢. c. This fuel was then tested in the engine and the knockmeter read-
ing recorded. Increased quantities of the stock solution were diluted
to 200 c. c. and knockmeter resdings teken until a ten or more octane
drop was noted.

When solids were used in solution work, a weighed quantity was

dissolved in 500 c. ¢. of gasoline and this was used as a stock sol-

ution from which other dilutions were made,

RESULTS
The concentration necessary for ten octane drop was the refer-
ence selected to compare the relative effectiveness of the compoundé
tested., Those compounds that were tested in solution were calculated

as parts per million of air by using the relationship that 1000 c. c.

of gesoline, which was consumed in two hours, was equivalent to 3960
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crours of related compounds.
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The graphs of octane dron vs.,curceniration in parts of compound ws
venour per million of air are 2lso siven in ke wool _wnyin-s fioures.

1. Butyl HNitrites

Table 4
a cubyl nitrite
Isobuiyl nitrite
Bec, butyl nitri:ce
Tert. butyl nitrite
02 complete oreone Ty these
Iormel bubtyl nivrite 1szs the lowest r
of the ciain seems Y0 Incresse ithe am

2, Amyl Nitrites

T=ble 5

Anyl nitrite

Isoamyl nitrite

Tert. amyl nitrite

Nitrite of sec, butyl carbinol
Nitrite of dietnyl carbinol

[=]

”~

Fisure 6 shows these curves.
Srunciiing at the e~d of the chain as

P

to nave much effeci, Lrancning nesay
effect, There would appear to be un

which increused brancning nas little

P.pem. for 10 ccizne arop
Q2,1
107.0
Pe,0
9.5
compounds zre saown in fisure 5.
equired concentration., DBranching

ount required.

Again the normal is the best.

in isoamyl nitrite does not eppear
the nitrite grouop has bYhe greatest
ontimut branching effeet zbove

or no effect,
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3. dormal Pesraffin Nitritses.

Table ©

Peo P Il

n Propyl nitrite 125.0
n Butyl nitrite 82.5
n Amyl nitrite 6260
n Octyl nitrite 45.0

I'rom table # end fi_vee 7, 1t is upparent tuat tne pro-xnock
quslity imnroves witn increcsed lenpth of carvbon casin, =t lesst to
the eight membered carbon chain, ¥Yisure 8 is the nlot of nuwmber of
carbon stome in vae chesin vs, the comcentrasbtion for ten ocisne drop.
nig carve see:s vo becore sgsvmbotic to the 20 p. Pe Me line and
does s0 aronnd the 1¢ rembere2? chain,

4, Lromine snd MNitro Substituted Methanes.

Table 7

Tetra nitro rethine £8,0

Bromo nitro methene 21.5

Monobromo trinitro methsane 15,7

Dibromo dinitro methan 1l.4

sritroso nitro wethene (bromo-

picrin) £.2

The curves for these nre snown in figure 9. Jletranitro methane is

sueit better than nitro methane (= vslue for this obtzined hy extropolat-—

ing the curve of figure 4, would be above 300 p. ». m.) Also the mon-

] 3 . - P ey g A e Ve ~ 5 -
trinitro —methance *. AT Mloagn monotrems nonenivre

bromo,/methsne, -iving ssﬂé iﬁdiéation as to the effectiveness of the
nitro radicel. Put the bromine radical has considersble more pro-knock
effect then the nitro group; in f=zct the pro-knock effect of the nitro
groups seems to be slmost negligible with that of bromine. As will be

shown later, thnis is only true =fter the 1irst nitro group has been add-

ed to the nucleus. Figure 10 shows the concentretion in varts per million
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for the ten octerne drop vs. nnber of tromine radicals. This curve
wonld have & sreater slope if The nitro groups were noct present on the

molecule,

- PR T - e L
efiective vmen on the

5. Chlore-nitro Substituted Pareffins.

Tahle 8.
P. p. m.

2 Chloro-2 nitro propane 91.4
1 Chloro -~ 1 nitro ethazne 28.9
“richloro=nitro-nethane (chloropicrin) 15,4
1, 1 Jienloro - L nitro sthane 1244

these sre shown in figsvre 1l. that the

radios

4]

end carbon atoms, for in teble 6, increesed

length of carbon stom chain csused increased oro-knock asctivity, where-

gs here the 1 chlorce-1 nitro ethane is fzar better thar
rropane,
hetter

chain haes &

chlorine compounus, 6. Z.

[ e S LT T

SE i

ther

?/{Yiuf_:}'(

2 chloro-2 nitro

It is Gichloro-l nitro ethsreis

ing that 1, 1
trictloro nitrc methsne., Cvidently the increcced lengih of

grester pro-kncck effect than the third cnlorine rudieal,

Bromine compounds appear to be better thar the corresponding

bromopierin is nearly twice us powerful as
ag chleroplerin.

~

o ielogens

and Hydrosen Ealides,

Table Y.

Iodine 56 {(approX. )
Chlerine 40,0
Bromine 16,8
Hydrogen Fluoride ¢

Hydroger. Bromide ¢z

Hydrogen Chloride 3

Iodine trichloride 10.8

Iodine moncehloride
Icdine monobronmdde
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In table 9 and figures 12 and 13, bromine appears t0 be the
best of the halogens except in the case of hydrogen bromide which
‘was not as effective as hydrogen chloride, No explanation for the
disecrepancy can be given. The va;ue listed for iodine is only approx-
imate since there was some condensation of the iodine in the intake tube,
The iodine halide compouhds are better than the halogéns alone which
would meke it seem that the‘approximate value for iodine is mﬁch too
high. From & consideration of these compounds, iodine would appear to
be nearly as good if not better than 5romine.

_ 7. Halogen Substituted Methanes,

Table 10.
P. p. m.
Methyl chloride “ 195
Methylene chloride 68.0
Chloroform 44,0
Carbon tetrachloride ‘ 33.0
Difluoro-dichloro methane (freon) 125

Table 10 and figure l4 shows ﬁhe effect of increased substitut-
ion of the hydrogens of methane:with chlorine. This is fufther shown
in figure 15 where the relationship of number of chlorine stoms on the
methane base is plotted against the concentration required for ten
octane drop. It is interesting to notice that the substitution of a
nitro radical for the fourth chlorine redicsl (as in chloropicrin)
reduces the p. p. m. very markedly,from 33 down to 156

Fluorine here has less pro-knock effect than chlorine, The

two fluorine radicals on difluoro dichloro methane increase its stab-
111ty which 'may explein the fact that it is not as effective as dichloro

methane alone,
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Chloroethanes.,

Fig. 15.
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10. Arsenic, antimony and Thoschercus slides

1 z
leble 13,

iV

e
w3
.
.
.

Dichloro-methyl srsine NS
Cacodyl €hloride (in =ir stream) 4.5
(in solution) 3
Lewisgite (in solution) 446
Arsenic tribroride 4,6
Arsenic irichloride 5.8
Arsenic triflucride 11,0
aAntimony ventachloride €.l
crosphorous pentachloride 64O
FPhosphorous trichloride R.6
rhosphorcus triflucride 31.56
rhogvhorons rentufluorice £0

Tre octzne drop conecentration curves for these zre shown in
figure 20 =nd 21,
Argenic comvounds are the best pro-knock compounds investigated

during this study. Dichloro-methyl arsine ig the best pro-knoeck fourd

oR

ate, Antimony comrpounds and then nhosphorous compourds are the

s

¢l
next best,

The substitution of a methyl radical for one chlorine on a chloride
increeses the pro-knoeck effect as nas noted in sectior 5. re fluorine

is
radical/again shown to be inferior to the chlorine radicel in »re-knock

+
¢

G INCreas

(s

gctivity, Increax~3d halogsn seurvstltuiicn ig shown sgpein

I}
an

‘

¥ 1

ihe effectiverecs, ¢. T. phogsphcrous trichloride end oDhosphorous pentu-—
chloride,.

N

Both lewisite and cacocyl crlnrids hen dissolved in tne gasoline

reacted to some extent formir. o slishbt ~il¥y nreeeiplilate, Uiz sroe
2ipitatz is orobubly =n arcenic sxiig, fur fzr cocodyl chloride ves
added t¢ ithe unlesded bese stock, & heavy vhite precipitat- -:ouiizd.
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is seen in iie

Letter bty one vert ver illiion in

3

If & similer swount of effectivensss

in dissolving it in gssoline,

would be about 2.8 auich

1
Ay e
SLYesn

=8 nethyl dienrloro srsine.,
11l. Sulphides and dercuptens

Table 14

Carbon bisulphide

rercaptan

Yigure 22 shows the concentration octans decrau

Inerease

LTE

poide linkzo2 worears 0 be more effsc
for ethyl sulpnids iz vetisr Shen v hu

decreased length of

Table 15

t'fetnyl isotniocysnate
iethyl talocyenate

n Propyl sulphcne

3enzene sulnhonyl chloride

‘The curves for

IRTale)
~ U

the sir strea.
.5 rauoved from

tiie value when using

aulniur content in =n orgenic compound lowe:

ion resauired for the s=me pro-knock effectiveness. =

gweodyl chloride where tne compound Was

thizn in solution.

it in the oir

wonld mzke it st least as effective

supyes for

wers

N
[l
,.-l

i

Lomnounds

bive than = merc2pien linkege
tyl mercantan in srite of the
P. p. m.

'

thsse ure shown in figure 23.

"

il

radical- 3CN is ruch more sffaclive tas

285
115
132

54

1ne thiocyanate

tne isotniocysnste radicsl =



2 N
wé \\ \
a2 .
=
g6 ! _
(=) .
z © T
<C
}— —]
Q .
o 1 TN\ Vn ’
e SULPHONE \ METHYL | | ||
! ‘Tﬂﬁgm‘m ISOTHIOCYANATE
12
L - | \w\ NN — i 1
e CONGENTRATION M.

Fig. 23. Orgasnic Sulphur Compounds.



D

[ 1T |
|
, %
4 .
< v J
< BENZYL
2] \\_CHI ORIDE
° E \\
Sg T\~ \
=TI
O E ) g} | \
S [TREHORG- N | \ . ETHYLE'LE
fCOCLz"CHLORONITRrTE
HEPTYL | - :
SHEORIDE | ———{— T
o L 14‘0‘ : ;..Jf%:
PraTicN o

Fige. 24, iiccellaneous QOrgenic Halides.



88

13.l:iscellaneous Orgsric Felides {Tigure 24)

Table 16
P.

Ithylene chloronitrite
Dietinyl cunloroamine (spprox.)
Benzyl chloride

Btnyl nypochloride (approx.)
Puosgene

n Hevntal chloride
Trichloroetaylene

Chloral cyasnohydrin
Trichloroacetyl chloride

De M,

150
lc4
141
135
120
88
51
37
28

In tie monoch orosubstituted perafiins, tue effect of chsin

length is not =ss grest zs it is for +the mononitrites.

The shorter

cheined monochlorides are more effective Thsn the corresponding

nitrites, but the longer cheined chlorides are iar less effective

then the pitrite., 7This is shown in the tollowing
Lable,
Tebls 17,

Concentration of compounds necessary for 10

Nitrite
lethyl 300
Hthyl 200
n Heptal 49

sbbreviated

octane decrescse

Chloride

1
1

95
56
88

The wvalue obtained for ethyl hypochloride is only

imate because even though nitrogen was used through the

2pproX—

pycnomester,

it decomposed very rapidly. .ith diethyl chorosmine there was

apparently a very mobile eguilibrium with some isomer which mede

it difficult to establish the concentrstion octane drop curve.
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14. iscellaneous (Good Pro-knock ietivity) (Figure 25)

Teble 18
P. p. M,
Methylene bromide 48,3
Canlivl ehloride 45,1
Silicon tetrachloride 23,0
Sulphur chloride 10,6

Tiie bromine redicel is here shown to be better then the
chlorine radicel since methylene chloride recuired 68.0 p. V. M.

Silicon tetrmchloride is betier than carbon tetrachloride
which reguired 33.0 p. p. me Here =2gain this may be due to the
decreased stebility and e=se of hydrolysis of silicon tetrachloride,
or it mey be that silicon is a better pro-~knock nucleus then carbon.

15, Miscellaneous (Poor Pro-knock Activity) (Figures 28 & 27}

Tavle 19

P. pe m.
2 Nitro-butinol-l =cetate 310
Sulphur hexafluoride 195
Lcetyl nitrate 140
n Butyl thionitrite 130
Boron trifluoride 115
Cyanogen bromide - 113
Ethyl sulphite 100
Trichloroethyl nitrite . 76,0
Bthyl orthosilicate 23,0

The thionitrite linkage is not as effective ss the ordinary
nitrite linksge, n butyl nitrite only revuired 82.5 »., p. m., DZthyl
sulphite is much better than either the nitrite or the chloride, =

long casined sulphite might be quite effective,
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18, Compounds with no Pro-knock Effect.
Table 20

(No octane decrezase at the concentrstion indiceted.)

P, p. m.

Diacetyl ortho nitric acid 12
Stivene (approx.) 50
Isopropyl ether 440

n Butyraldehyde 453
Cyanogen 600

n Butyl borste

ssceridal

Nitrous oxide

{4 saturated sPlution in gesoline of the following compounds
was used.)

Trivhenyl-chloromethsne
Ammonium szide

Nitro scetsl dioxine
Picryl chloride

Triphenyl phosphine sulfide

17. Solution Deta.

The following is the result of work Jome by dissolving the
compounds in the gasoline and testing the octane number of the
resulting mixture. This wes done to see if there was any diiference
in the results obteined by =dding the compounds in the eir stream

and those obtained by using solutions =nd to find if oossible

a compound suitable for use in seboteging gasoline stores.
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Table 21

Results of Solution iiork

Ldulterant P.p.t of Remarks P.pems PoD.m. when
fuel by calcul- =zdded to
volume ated =a2ir stream

Chloropicrin 0.6 causes raint cloudiness 12,0 1546
Bromopicrin 0.7 faint cloudiness 13,0 8.2
Dibrom dinitro 0.7 no visible change 15.0% 11l.4
methane
1, 1 dichloro-1, 0.7 no visible change 12,0% 12.4
nitro ethane
Trinitro bromo 0.9 no visible change 17.0% 15,7
methane
Silicon tetrachlor- 0.9 slight colorless ppt. 16.0 23,0
ide
Phosphorous oxychlor- 1.2 brownish ppt. 26.5 7.7
ide
Selenium oxychloride 1.5 brownish-yellow ppt, 43.5 8.3
l-chlor-l-nitro 1.6 no visible effect 36.0% 28.8
ethane
Pentachlorethsne 1.6 no visible effect 27.0
Carbon tetrachloride 1.9 no visible effect 40,0 3340
Tetrechloroethylene 2.1 no visible effect 41,5
Tetrechloroethane 2.1 no visible effect 40.5
2-chloro~2-nitro 23 no visible effect 41,0% 91.4
propane
1,2 Dichloroethyl-— o4 no visible effect 63,0
ene
Chloroform 245 no visible effect 6245 40.0
Tert-butyl chloride 2.5 no visible effect 45,5
Dichloromethane 29 no visible effect 68.5
1,1,2-trichloro- 3.1 no visible effect 6740 55,0
ethsane
Tetranitro methane 3¢5 greenish colour 385 88,0
n-Butyl nitrite 3.8 greenish colour 67.0 82,6
Nitroform 4.8 greenish colour; part 101
did not dissolve
Isozmyl nitrite 5.0 greenish colour 74.5 6340
n octyl nitrite 5.8 no visible effect 62.5 45,0
Monochloroethane 5.8 no visible effect 56
Ethyl sulphite 9.2 no visible effect 143 100

# Calculated using ~n spproximete density.
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In this solution work @ gasoline leaded to 80.5 octane from 2
72.6 octane base stock wes used. This leeded gasocline reacted in many
ceses with the compound added before the 'doped' gesoline had entered
the engine. This was perticulerly noticezable with the chlorides which
caused a precipitation of the lesd. As the lead does not precipitate
out immedizvely in most c¢ases but may require as long as twelve hours ,
the octane decrease would depend on the time Wween prevaring the stock
solution and using it. The results are of use in determining the effect
of sabotaging gasolines, when sufficient time has been allowed, but if
any reaction occurs between the gasoline =nd the sdullerant outside the
engine, they are not of value in determining the effect of use in &an air
barrages It would appear that the efiect of adding the compound in the
air strezm and in the gesoline is sbout the same if no reasction occurs,

Some metsl naphthenates of unknown molecular weight were investigated
in soluticn. The results are shown in table 22, They were found to gum
up the piston rings and velves very badly and to cause a heavy formation

of carbon in the cylinder, necesgitating frequent overhauling of the

engines,
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Table 22

Metal Naphthenates Investigated in Solution

Metal Qctane decrezse Qctene decrease Qctane decresse
Nuphthenate ceused by adding adding adding
0.3 gram per 100 c.cC 0.,0% gram per 100 0.003 gram per 100

c.cC. C.C.

Cobalt 1.5 1.5 1.0

Zinc 0.8 0.0 0.0

Copper 2.3 0.8 0.4

lenganese 1.8 1.2 0.8

Chromium 4.2 1.1 0.8

Iron 3,0 0.0 0.0

Mereury 16,0 2.5 0.0

Lead 0.8 0.3 0.0

Magnesium 1.2 0.0 0.0

Yotassium insoluble in gssoline

Venadium 10.0 1.8 1.0

Nickel 3.3 240 0.3

Tests on Unlesded Fuels

48 stated previously, 2ll the above tests were carried out on 80.5
octane gasoline, lesded to this vslue from « bese stock of 72.6 octene. 1t
was Lhuusiu’ uesirsble to find out if the pro-knock effect obtained was
pertly or wholly due to resction with the tetraethyl lead of the gasoline.
To do this, chloropierin was tested on the unlesded base stock snd on &n
unleaded 80.5 octane fuel mede from reference fuels.

The results obtasined

are shown in table 23. Lgsin the values given are the concentration nec-

essasry for 10 octane decrease,

Teble 23

Pro~knock Effect of Chloropicrin in Different Fuels.

P. Ds ma
80,5 octane leaded fuel 15,6
72.6 octane unlesded bese stock {in 72.8
solution)
72.6 octene unlesded base stock (in 72,5

ailr stresm)
80,5 octane reference fuel 86,0
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The graph of concentration against octane decrease is shown in‘
figure 28, It is seen from this thet a large part of the effect is
counteraction of the tetraethyl lead but there is still a considerable
offect on the unleaded gasoline. The graph of concentration against
octane decrease on the unleaded fuel is linear for quite a portion»of
the curve, The effect on two types of unleaded fuels is.shown,

Cacodyl chloride when dissolved in the unleaded 72,6 octane gasoline
reacted forming & heavy white percipitate. The solution above the precip~
itate had a slighfl& less octane rating, 3000 p. p. m, reduced the reting
by 3 octane units.

Although it was seen that there was a greatly decreased effect on an

unleaded fuel, it wes felt that this would not hinder the investigation

since the fuel used in the German aircraft contains around 5,73 ml, of tetrae-
thyl lead per imperial gallon (99), If, as shown, most of the effect is due

to the presence of tetraethyl lead, the concentration necessary for a ten
octane decrease on the fuel used in German aircraft should be somewhat
legs than that found for the 80.5 octene gasoline used here., The gasoline

in these tests hazd only about 1.5 ml, of tetraethyl lead per imperisl gallon.

Discussion of Results

The most effective pro-knock radicals yet investigated are the
halides, The order of 1ncreasing sctivity is fluoride, iodide and chlor-
ide about the same, and then the bromide radical, The effectiveness of the
halide radicasls may be due to their asbility to act as chain carriers
(107). The combustion process, which is a chain mechanism, would be
accelerated by the presence of chq;n carriers, There is one instance of

the sulphite radical being much more effective than the chloride radical,



99

but further work is necessary to ascertein the use thet cen be made of
this radieel,

The best elements for the nucleus of an ide=zl rro-knock are the
middle elemernts of groups V (b} and VI (b). The group V elements are
better then those of group VI. The order of effectiveness in grouv V
is srsenic better tnan antimony better than vhosphorous. The marked
activily of these elements mey be due in part to thelr grest ssse of
hydrolysise which would liberate helogen hslides from the compound,

The presence of s nitro group on a parzffin halide sppesrs to have

en eccelereting effect on the halides present, c. f., chloropicrin

Cl Ccl
I l
Cl ——’f — Nog 2and esrbon tetrschloride Cl — ¢ — Cl , the former
|
cl Cl

requires only 15.6 p. p. m. for 10 octene decr:.sse wherezs the latter
requires 23 p. p. m. his incressed pro-knockx activity cannot be due
to the activity of the nitro group, for tetranitro nethane requires
88 p. p. m.

A methyl radicel also Lus an accelerating effect as is shown

in sever=sl compounds, c. f. Cl =nd Cl
J |
zC — C,: —~ NOg Cl— (‘3—- KNOg
cl Cl
» Cl ,CL
and Cl — As and CHS-— As The concentrztion is decressed
~ ¢l X

from 15.6 to 12.4 p. D, m. in the rfirst cese, end from 5.8 t0 3.8 Pe De Ma
in the second case,
Branching in » long orgeaic molecule decreases its pro-knock

effectiveness as shown in the butyl snd amyl nitrites. Increesing the
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length of the cihein slso incre=mses its nro-knock =zctivity., These
conclusions sre in esgreement witu the enti-kncck onuslities of orgenic
compounds; inerease in chiain branching and decresse in chsin length of
e fuel increases its octane rating (108).

The metsl navhtienztes show the effect of the metel =tom since the
nephithenzte radicel probably hss snti-knock properties (109). Mercury
and venﬁaiui naphthenates were the most effective. 4 very effective pro-
knock might result if pro-knock radicels were placed sbout these elements,

These metal napthenates gumred up the engine very rapidly. This
fact is important when considering a compound suitasble for sabotaging
gasoline stocks, ‘this sticking was also found by the Thomes sna Hochwalt
leborsiories (98).

From these results one c¢zn postulsate the structure of an "idegl™
pro-knock, The kernel shovld be arsenic, or possibly mercury or vanadiuvm,
It should be = bromide, with & metbyl radicel on one of tThe vulency bonds.
This compound might be further increesed in activity by using =z halogen substituted
carbon radicel instezd of the methylene radical, Since the one nitro radical
wes able to incresse ithe pro~knock sctivity of the hslogen substituted com-
pounds,it would be desireble to place such a radical on this halogen
substituted cerbon redicsl. The structure of the final compound might be

for exsrple

Br
| Br
[ \\‘Br
Br

Such & compound would be =z solid and further investiuyation is necessary
to see how this could be modified to make it a more suitable comopound

to use although it is nossible thet this could te used by dispersing it
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in the air =s s vapour wiich would solidify =s & fine dust. Synthesis
of, =nd tests with comnounds orf tiis tyre are projected for the nesr
future,

‘Sufficient dsts from which to nostulate s wechanism of pro-knock
activity ere not availsble, ihe pro-kpock action seems tc depend meinly
on the elements constituting the molecule and to some extent upon their
arrengement in the molecule., Ifost of the 'vpro-knock! elements sre in
groups IV, V, VI, snd VII and in series Z, 3, 4 and 5, Very few elements
outside this section had eny pro-knock activity; mercury is sbout the
only exception. lhe pro—knock ectivity of a groun appesrs to lncre=se
as its position approachs series 4,

fttemnts to releste the relative pro-knock effectiveness of the
various compounds tc¢ other propcriies of the molecules, such 28 hezts
of formetion, and combustion were impossible since sufficient data of
this nature were not sveilsble, Iowever there does appear to be a rel-
stion between pro-knock sctivity snd the catalytic effect of these
compounds on the rate of oxidation of butsne., A relation between the
concentration required for a ten octene decrezse and that required to
cive optimum reduction in helf tiwe value is indieated (110).

Whether the use of pro-knock compounds s8 @ wearon in chemiczl
warfare is practical, cannot be stated. Istimates of the octane drop
required to render an zeroplzne engine inactive vary, snd no quantitat-—
ive data are avseilable. Lt is essential thsat this should be determined
vefore sny resl estimate of the value of oro-knocks in militery tsctics
can be msde, I field trials demonstrate thet the ection of & pro-knock
can, in fact, hinder operation of military motorized equipment, at least
of certain types, it would seem perfectly justifi=zble to seek still

furtiaer for compounds of incressed pro-knock activity.
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Introduction

Sorption has been studied in many ways, most of which dealt
with a static system, With the development of the service réspir-
ator, it became‘necessary to study sorption in dynemic systems, in
an effort to relate performance of the resplrator in the field to
lsboratory tests., A neﬁ method of studying dynemic sorption waa
developedrin this laboratory (1) and the sorption of butene and

emmonia were studied using this method,



Sorption

Gases8 are sorbed on solids by interaction of the unsatisfied fields
of force of the surface atoms of the éolid, with the fields of force of the
molecules striking the solid surface., This phenomenon has led to a great
many investigations which showed sorption to be a function of pressure.
Since sorption is, in one sense, éimply an instance of the diétribution
of a substence between two phases, it might be anticipated that Nernst's
Distribution Law would apply. Thus it was postulated that the sorption
would follow e modified form of Henry's Lsw, This law holds for many
cases at low concentrations, but deviations are numerous,

The best known ettempt to modify the sorption isotherm beyond the
Henry's Law region is the so-called Freundlich isotherm,

x = kp 1/n (1)

Here x is the amount sorbed, p is the pressure of the sorbate, and 1/n
and k are constants for a given system at a given temperature. Two
great defedts are inherent in this relation. It only holds over narrow
ranges of pressures, and it is purely empirical, having no theoretical
‘basis. A more exact formulation was postulated by Lengmuir (2). He
obtained & formula from considering that the sorbed layer is only one
molecule thick when complete, and that sorption was due to the actual
condensation of the molecules arriving at the surface from the gas,
followed by & re-evaporation after a longer or shorter time. From

equating the rate of condensation to the rate of evaporation, the equation

= _8abp (ii)

was obtained, when a and b are constants., Other formulseof a similar



type have also been postulated (3,4).
The amount of gas sorbed is a function of temperature. Xxcept in

a few instances, where complicating factors intrude,the amount sorbed
at a given pressure is always found to decrease with rise in temperature,
which necessarily follows from the fact that the heat of sorption is
always positive, The effect of temperature on sorption was first invest-
igated by Miss Homfrey (5) and Titoff (6) who found a linear relation
between the logarithm of the esmount sorbed and the temperesture. The
megnitude of the temperature coefficient is guite large., With some
sorbants and sorbates the mechanism of sorption changes with temperature.

. The amount of sorption of different sorbates has been found to be
izfsrder of their boiling points. Heat is,always evolved on sorption,
the heat of sorption is greater in the earlier stéges, falling off as

sorption proceeds further. Lamb and Coolidge (7) express the heat for

changing amounts of sorption by en expression of the fomm,

q= ax? QD)
" where a and b are constants, q is the total or integrsl heat, and x
the total volume of vapour sorbed. Im ail cases the heets' of sorption
are always greater than the latent heats of vaporization to which many
authors have triedhto relate ﬁﬁaﬁ.Attempts also heve been made to relate
heats of sorption to heats of reactions,

Static sorption studieé indicate thet sorption ocecurs very rapidly
at first, then decreases rether sharply to approach the equilibrium
value, which may take weeks to complete (8) In mixtures of geses a pre-

ferentiel sorption of one or the other 1s found, the presence of one

gas lowers the amount éorbed of the second gas (9).



Mechanisms of Sorptlon

Sorption on solids is generally classified according to the type
of force involved in binding the sorbed atoms or molécules to the surface
atoms of the solid. There are two distinet types of sorption, the
"molecular” or "van derWaals" type, in which the forées are the van
der Waals forces which produce condensation in liguids; and ‘'chemisorp-
tion' defined as co-valent combination of the sorbate with the surface
atoms.

In molecular sorption, the heat of sorption is low, the binding
to the surface is not very strong; and the"sorption is fully reversible,
since the gas may be easily pumped off. This sorption may be an actuasl
condensation of liquid into the very small channels and capillaries
in the porous solid. In such spaces, the coneévity of the meniscus
in the fine capillaries produces a lowering of the vapour pressure
below that over a plane surface, thus facilitaéing condensation. This
type of sorption is most marked with gases below, or close to, their
eritical temperatures., The close relation between the ease of lique-
faction and the extent of this type of sorption is of course due to
the similarity of the forces involved. The molecules of the sorbed gases
~are not dissociated on the surface, It is also probable that the mole-
cules are more or less mobile in the sorbed lasyer, and can move along
the smrface.

Chemisorption involves the actual setting up of co~valent bonds
between the sorbate and the sorbant. The heat of sorption for this
type is almost three times as great as that for the molecular type., The
sorption may be somewhat reversible, but ususlly a high temperature is
necessary to remove all the sorbate. The binding may be 80 strong fhaf

the underlying atoms are torn sway upon removal of the sorbed gases. Thus



the adhesion of oxygen to tungsten is very strong, for at high temper-
atures, the tungsten is remove& with the oxygen as the oxide. The
chemisorbed layer of stomic oxygen will not react with hydrogen until
temperatures are reached where the oxygen begins to evaporate slowly
from the surfacg. The reectivity of the chemisorbed gases may be
greatly enhenced giving a catalytic actién to the sorbant.

This mechanism predisposes one to expect that the léyer of sorbed
" molecules will not exceed on molecule or atoﬁ in thickness since the
combining capacity of the surface 8%oms will probsbly be satisfied
by the presence of a single layer of atoms of gas on the surface,

There are other types of chemisorption which occur due to s
chemicel reasction on the surface of the sorbant. Some gases are
decomposed by hydrolysis by the water sorbed on the surface of the
sorbant, e. g. phosgene on chercoal. Decomposition of the sorbate may
be catalysed by impregmants in the sorbent. The prodﬁcts of the decomp-
osition might then be sorbed.

Solution in sorbed water may occur. This is not true sorption;
but charcoal which has been saturated with water will remove geses from
surroundings by solution of the gas in the water. This is also true when

amounts less than the saturation value of water are present on the char-

coal.,
Bxperimental results hawe indicated. that in many cases, both mole-

cular sorption and chemisorption are operating simultaneously. This is
clearly indicated in cases of sorption in which.an extremely high temper-

ature coefficient is present, ItV is also shown in sorptions which increase

with temperature.



Taylor (10) suggested that just as an sctivation energy is nec-
essary to bring about co-valent combination of atoms, so the process of
chemisorption requires an asctivation energy. Thus at very low pressures,
sorption tekes place by van der Waal sorption due to the small activation
it requires. At higher temperétures sorption will teke s different fomm,
as chemisorption, since the molecules of the sorbate have now attained
the considereble energy of activation required to combine by co~valent
forces with the surface. Polanyi (11) also points out that free valencies
at a surface would not attract molecules, until thgse have jumped over
a potential barrier, -

The preceding discussion hes dealt mainly with static sorption
systems where the amount of sorption is found by meesuring the volume
of gas which disappears from the gas when it is brought into contact with
the sorbing solid surfece. 1In some cases the weight of the gas sorbed
in a sealed system is measured by a micr&balance (18). A dynamic éorpt-

ion can also be studied, with the sorbate in an inert carrier such

as air, -

Dynamie¢ Sorption

Dynamic sorption studies became impcrtant when the respirator was
first developed as a defensive weapon. In these studies, a mixture of
the sorbate in en inert cerrier, such as ailr, is passed over a charcoal
bed, The rate at which the gas is teken up depends upon the rate at which
it is supplieds The governing rate factor may be either the actual
process of sorpfion, or the @iffusion of the sorbate froﬁ the air stream
to the surface of the charcoal. Thus the presence of the carrier gas
may interfere with the true sorption wvelocity.

Dynemic studies enable efficiency as well as capacity data to be

studied. The sorption should increase linearly with time if the rate



of supply is constant, and should reach a point when the charcoal
ceases'to be 100% efficient and there is an appearance of gas in
the effluent air streem. The time of this occulrence is called. the
service time or breskdown time. Ihe rate of sorption will decrease
at this point until at a further time, there is zero sorption. At
this time the amount of sorbate on the charcoal is in equilibrium
-with the gas stream being passed over it.

Since most investigations have been conducted wit;;jim of
inereasing the knowledge of service respirators, they deal meinly with

service time. Thus most of the theories of dynamic sorption hawe tried

to predict service time and to explein its variation with other factors.

Theories of Dynamic Sorption

There are two main treatments of thé data obtained from, and the
mechanism involved in,the dynemic sorption qn charcoal. Mecklenberg
(12, 13) madé the assumptions that the sorption wes a condensation of
the toxic gas in the capillaries of the charcoalland that the veloelity
was that of a heterogeneous reaction, and thus the Nernst equation could
be used. With these assumptions he derived equations for all the quant-
ities concerned in dynamic sorption, Danby, Davoud, Everett, Hinshel=- -
wood, and Lodge in England, later developed thelr mechanism from purely

theoretical considerations end gave mathematical expression to all the

measurable quantities.

Theory of Danby et al

This theory was treated first in a simple form which gave feir
agreement with experiment, then in a detailed form involving the solut-

ion of a partisl differential equetion.



The simple theory mskes agsumptions that are not by any meens
fulfilled in practice. It assumes that the interaction rate will follow
theiequation for a reection of the first order which assumption is likely
to be closely fulfilled. It assumes further that’each successive element
of charcoal functions with complete efficiency for a certsin time and then
passes completely out of sction, an asssumption which cannot be more than
approximately fulfilled. | ’

The concentration, then, is stated to decreasse exponentially with
length of bed travelled, and to increase exponentislly with time, viz,
-kl kbt

L L
¢ *® Cp0 e (iv)

where K is a measure of the rate of sorption reaction, L is the linear
filowrete, b is the rate of exhaustion, ¢ is the initisl concentration of
the sorhate in the gas stream snd 4 the concentration of the gas after
passing through a length 1 of the charcoal bed, and T is time from the
start of the gas flow,

From this they obtasined an equation for the service time T

=z o (XA =Xxec ) (v)
¢coL

where Ny is the initial number of active centres per cc. of charcoal,Als

the total length of the charcoal bed, and Ac the feriticael length'. The
critical‘length is defined ss a length of charcoal bed below which there

would be immediate breakdown. Above this length there would be a linear

relation between the service time and the bed length.

When the flow rate is varied, the column length being kept constant,

a corresponding relstion appears

. Ao 1.1 ] (v1)
- Co L Le



where Lp is critical flowrate esbove which breakdown is instantaneous.

In the more detailed theory, the assumption that saturation is
rapid and complete is removed, and it is considered that the saturation
of the charcoal column is gradual. The fundsmental equation for the

removal of a gas in & sorbing column is given as

- :__% = %_ %?r_ + %%] (vii)
and is independent of any assumptions as to the mechanism of the
removal. Ac/)l is the rate of concentration change of gas in the air
streem with 1ength,3c/8t the rate of sorption of the gas by the char-
cogl with time. It was then aésumed that the rate of removal of the gas

is proportionel both to the coneentration of gas in the sir stream,c, and

to the concentration of active centres N per cc. of charcoal. This gave
3 o kew (viii)

It was also assumed that, on &an average, each active centre deals with

n molecules of gas before becoming inactive. Thus if the actual

number of active centres per cc, is Nb' ’ fhen they are treated us

n Nb' = No active centres of unit activity. One centre of unit

activity was assumed destroyed each time a molecule of gas was éorbed.

The agsumption is made too that the heat of reaction or of sorption

is conducted eway irmedistely.,

Substituting equation (viii) in equation (vii) and solving

yields equations for critical length and service time:

S L
,\c - Nok ln Co / ¢’ (ix)

where ¢’4s the concentration'of the emerging gas at breakdown time,
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and A
- kNoAA /L
T - 1 In (€

kco

- 1) -1n (&y/ © -] (x)

From this latter equation is obtained the relations

= Ho (A=A (x1)
colL .
2 NA [2 1
T = [’f, - ‘ic] (xi1)
and
T’ﬁ-}; I:—-Q-—"’If AL i:% 0 (xidd)

These predict that the service time will vary:
(a) with the specifié properties of the charcoal, as with k and N ,
(b) linearly with the column length, |
(e¢) linearly with the reciprocal of the flow rate L, but at flow rates
greater then L,, the breakdown time is zero,
(d) with the reciprocal of the initial concentration &, when c, is
sufficiently small.

The critical length Xeshous’m vary with the logarithm of the initial
concentration, Coe

The experimentel data presented siow that for' carbon tetrachloride,
' nitrous fumes, arsine, and hydrogen sulphide, the service time relations
agree with those predicted.

A consideration of the simple theory indicates that the concentration
of the sorbing gas should fall off exponentially with the length of the

charcoal bed, since

&kl KkbT
cce &£ e L (iv)
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At various times, t;, tg, ete. the gradients would be as those shown
in figure 1 where concentration is plotted agesinst column length. A
similar figure would be obtained for the esmount of sorption along the
bed., c' here is the concentration et breakdown time,&s, the criticeal

length. The concentration gradients from the detailed theory would be

formed according to the relation

- —_ : )
C= — N, 2/L (xiv
e»J“‘T <¢:Jé -1

The gradients are shown in figure 2 for various times. The gradient
cheanges shapefrom an exponential curve as shown at Ty to an inflected
curve et T4. Hereafter the curves are similar and move along the bed
at a constant rate, Thé gervice time is shown in both these figures
a8 the point where thé concentration at lengthA reaches ¢', i. e. the
firat detectable trace of gas.

2. The Mecklenberg Theory.

Mecklenberg visualized the charcoal bed, after ges had been passing
for some time, as divided into threé parts:
(a) a length next to the front surface saturated with gas,
(b) a "working" length in which the sorption process was taking plece,
(é) a length not yet reached by the gas.

He.considered the "working" length and assumed that the gas‘was
being sorbed by condensation in the capillaries of the chercoal. He further
assumed that he was dealing with & "mathematical™ charcoel, i, e, one that
had all the capillaries equal to one another and of constant cross-section;
énd that the ges diffuéed out of the air stream to the outer surface of the

charcoal with a velocity similar to that given by Nernst for a heterogensous
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reaction:
ac - DF(c -cl -
- - & - § ) (xv)
where C 1s the partial pressure of the toxic gas in the air outside the

charcoal capillaries, Cl is the vepour pressure of the gas inside the

capillaries, D is the diiffusion coefficient of the gas in air, F is the
outer surface of the charcoal grains per cc.exposed for the diffusion, §

is the thickness of the gas layer sorbed on the charcoal grains and t is the

time,
He derived the following eguations for the service time Tl and the
dead length h.
o= KQ gy (xvi)
ve,
and
T . ( ) (ln cd"' c - 01; (I\Tii)
v Cx-C’ c.c’

where k is the maximum amount of gas sofbed by the charcoal, 1is the
linear velocity of the air stream over the charcoal, L and Q the length
and cross-section of the 9harcoal bed, ;egpeétively, KQ is thet portion
of the cross-section of the cell not sctually filled with charcoal, ©,
the minimum detectable conecentration of the gas, and n is a constant.
From equation (xvii') Mecklenberg was sble to predict that the dead

length, h was:
(2) inversely proportionsl to the square root of the cross-section Q,
(b) directly proportional to the square root of the velocity since n is
usually about 0.5,
(e¢) directly proportional to>the diemeter of a single charcoal grain, and
(d) directly proportional to the logarithm of the initiasl concentration, 6,.

Mecklenberg confifmed the last ‘two predictions by experiment. The

first two predictions were confirmed by Engel (15).
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Shilow, Lépin and Wosnessensky (16) studied the sorption of
chlorine from eir streams on different types of charcoal. Their appar—
atus enabled them to determine the service time of,and the amount of
ochlorine sorbea in, different sections of a cell, They attempted to
dfine dead length by two conétan£s,

h = -é;: (xviii)
where q’&s the initial loss of time of protective action and is the

coefficient of protective action. This coefficient is given as

6 = I - _service time ~
L bed depth (xix)

They found that for chlorine concentrations varying from 0.66%

to 1.36%, the equation
o x T = Constant : (xx)

was valid,

Mecklenberg (13) applied their data to his equation for service time
as a function of:
(a) the dismeter and length of charcoal bed,
(b) the velocity and initial cdncentration of the gas stream,
(c) the capacity and specific surface of the charcoal, and,
(a) t?e vapour. pressure of the sorbate in the capillarigs of the charcoal.

The'equation was confirmed by these data.

Dibinin, Parshin snd Pupuiroy (17) in an investigation of short
charcoal beds found thet there was some protective action even with bed'
lengths shoéter than the dead length. They concluded that dead length

was purely a mathematical frction and thet it had no physicel significance,

Mecklenberg pointed out that at the beginning of a run, there would
be no liquid in the capillaries of the charcoal and in consequence, the

“term c'of his equation would be zero, which would modify his equation to
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o= 8 Q)n-l ( In -1) O (xxi)
DF v Cx

As the gas is sorﬁed,c'would increase géadually to its maximum value
Co- Thms the curve of the service.time - bed length plot would be
"linear over most of its length, but at some point it would curve in
towards the origin and cut the axis at a point closer to the origin
than the dead length obtained by extrapolétionof the straeight portion of
the curve. Mecklenberg determined such a curve for chloropierin.

Shiloulet al (16) from a consideration of their results, constructed
a series of gradien;s, at different times, along the charcoal bed.,' Their
diagram'is gshown in figure 3, They indicate that the shapes of the curves
representing the early stages of sorption such as 0Q, OR differs from those
at later stages of sorption as QA, OB, etc. The curve OD represents the
final shape of the concentration gradient. They noted that the curves
at all stages of the initisl sorption started from the point O, which
represented the initial concentration of the gas stream. They point out
that the areas OPQ, OQR, etc. incréased until the area OCD was reached and
then this remained constant, They also state that after this building
up period, the welocity of the gradient through the bed becomes constant.

From equation (xvii) Meckenberg derived an expression for the decrease

in the concentration of the gas in the air stream in the charcoal bed.

m-!
- 0F (&) s
c=¢C, € +c’

{xxii)
where s is the distance along the bed. This exponential curve is shown in
figure 4 by CDB. The curve according to this equation should elways be
similar to the initial curve, that is exponentisl at all points and the

charcoael bed up to C/ should be saturated,
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The actusl gradient is of the shape EDA which Mecklenberg
explains in the following way. He points out that in the derivation of
equation (xxii) & "mathematicel™ charcoal was aésumed which possessed
capillaries of uniform and constant cross-section, and that Nernst's
diffusion law was assumed to hold for the diffusion of the gas from the
air stream to the charcoal surface. An actual charcoal has capillaries
that vary in size and in shape. The smaller capillaries ceuse a shortening
in the bottom part of the gradient from DB to DA. The upper part of the
curve is explained by him as due to the presence of larger capillaries
which are assumed not to fill as rapidly as the remainder and aere not
filled as equation (xxii) requires. Thus the curve is displaced into
the form EDA. In addition he states that the outside capillaries would
fill up rapidly, acco}ding to equation (xxii) but that the sorbate in
the outside cepillaries would slowly migrate into the inner capillaries. This
migration is slower than the outer sorption so that after the initiel
raepid condensation there follows a slow condenseation which also acts to
displace the curve from CD to ED.  Only in the mid part of the concentration
gradient does the equation hold.
| Mecklenberg considered the process of sorption of a gas to consist
of two parts,

(a) The first period is building up of the sorption gradient or working
layer to its constant shape. He defined the working layer as the length of
charcoal bed long enough to reduce the concentration of the effluent gas to
its"threshold" value, that is the limiting concentration, below which the-

presence of the gas in the air can no longer be detected by the detection

reaction used in the experiment,
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(b) The second part is the movement of this gradient, once it is built
up, through the charcosl bed with a constant linear veiocity.

Tﬁe general process of sorption whiech he pictures is as fellows. Al
charcogl bed of length 1 is considered, into which &' gas-alr mixture is
entering, Consider the air stream end the bed as split up into different-

.
ial layers_perpendicular to their longitudinel axis, In the case of the
air stream, the layers are indicated by 1; 2, 3 etc, the charcoal layers
are designated as a, b, ¢ ete., The air stream layer 1 is considered first,
In passing through charcoel lsyer a, the air stream 1 will give up a part
of its gas; a further fart of the gas is given up to layer b, ¢, 4, ete.
Finally, as a result of these removals, the concentration of the gas
falls off to the threshold valus ét charcoal layer sj. Exactly the same
process is repested with the layers 2, 3, 4.¢... Of £he air stream, only
using the charcoal layers sp, Sz, Sgeess.This does not occur at & similar
relative distance along the axis as B; bécause the stream has hed to pass
over partiaslly saturated charcoal. ‘As the process continues,.each part-
icular layér of charcoal will t;ke up less and lsas gas from each success-
ive differential amount of air that passes over 1t, Finally, at some
time t,, when a differentiel emount of air, x, enters the bed, layer a
becomes saturated and the sorption gradient has reached its full length
and extends through the bed to éome layer S.. The bed length to layer
Sx is thus the working layer. The next differential emount of air will
ssumte layer b and the gradient will extend one layer pastS y. The gradient
then moves through the bed with a constaﬁt veloclity,.

For the first differential amount of air the front trace of gas has
moved through the charcoel bed from the front surface to a point g, during

the differentiasl time intervel. When the second differentisl amount of

air enters, the front trace of gas moves a distance S2-S1in an equal time
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interval. When the ges reaches s, its concentration has been gonsid-
erably lowered in passing over the partially saturated charcoal of the

1
length%. Similarly the distance travelled by the third amount of air

'section to s, 8o that the distance sp - s) must be shorter then the

8s~ Spis less than sy — syp Thus the front trace of gas moves through ‘
the charcosl with a constantly decreasing velocity, reaching a constant
ﬁinimum velocity when layer a becomes saturated. Shilow et al confirmed

this behaviour with chlorine at a concentration of 2.13%.

.Compariéon and Experimental Proof of these Theories.

Evidence in favour of these theories‘is found in the investigations
of many workers. The varistion of sorption data éuch ag service tiﬁe, dead
length and sorption capacity_with the farious in&ﬂ?ndent factors has been
investigated and a comparison of.the results with the{predictqd,re%gtiéns is

given.

1. The service time. The theories of Mecklenberg and of banbyfet
. éi predict the following variations:' B . | | '

(a) Veriation with bed length. Both theories predict a linéar
relation. Mecklenberg further predicted thet the linear relation failed
at shorter bed lengths, curving towards the origin. This behaviour)@f the
service time bed length curve has been noted by many asuthors. -Séiip;‘et :
el and Dubinin et al show this for chlorine; Dsnby et al for hYdrogenj
sulphide, carbon tetrachloride, nitrous fumes snd arsine; Mbcklenberg
for chloropicrin; Ismailov and Sigalovskaya (18) for the vapours of
bensene, n-heptesne, phenol, naphthalene and carbon disulphide; and
Ruff (19) for solutions of ascetic acid and phenol in water.

Dubinin (17,20) expressed service time in a different form,

T-¢L-’T - (xxiii)
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where ¢»is the coefficient of protective action, L the bed depth,

and T the protective time loss due to the very rapid penetration of

the gas at the start of the run. The relation of this and the equeation

h = (xviii)

UW\

as deduced by Shilow et sl, which includes qlthe initial loss of time of
protective action, and § the coefficient of protective action, is seen
more clearly by consideration of figure 5., The coefficient of protective
action is the slope of the linear portion of the service time - bed length
curve, and the protective fime loss is the intercept of the extrapolation
linear relation on the negative service time axis.

" {b) Varietion with flow rate. Both theories predict a linear rel-
ation between the service ti@s and the reéiprocal of the flow rate. Danby
et al show good agreement with this relation with the gases tested. The
critical flow rate which they postulate however has pot been verified
experimentally.

: (e) Vvariation with the cross-seecvion of the bed. Mecklenberg equation
(xvi) indicates a direct linear relation which his experimehts verify.

(d) Variations with the physical constants of the charcoal. Deanby
et al énd Mecklenberg both predict a linear variation of tﬁe service time
with the diameter of the'charcoal'grains. This has been confirmed by the
experiemntal findings of both;

(e) Variation with initial concentration. Danby et al predicted
thaet the service time will vary as the reciprocal of the initial éoncentra-
tion for very low initlal concentrations. They.found thié relation to hold
quité well for carboh tetrachloride, hydrogen sulphi&e, nitrous fumes and
arsine up to concggtrations of 1%. Shilow et al also predict this and

show & linear relation for chlorine in concentrations from 0.66 to 1.36%.
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2¢ The dead length. This has been previously mentioned as a means of

measuring the residual activity of the charcoal at the service time.
Mecklenberg has shown thqt the true deed length is shorter than that
originally taken. The original dead length,h, is really a mathematicel
fiction which enebles one to prediet the service time over the linear
portion of the service time bed length curve,

Allmand (21) has developed an equation for the dead length,

- 1nY¥ 1/2
h = E__I:_B( z\ d (xxiv)
Ko A

wheré Q is & coefficient perculiar to charcoal end vapoury\lB the
fraction of the entering concentration of the vapour transmitted at
service time, V the volume of air flow per unit time, A the cross-
section of the charcoal bed, d the average diasmeter of a charcosl granule,

1/2; The relations that

and K, & constant which is equal to (1/T)
(this equation prédicts are identical with those preducted by Mecklenberg
from equation (xvii).

(a) Variation with cell and charcoal characteristics. The dead
length has been predicted to fary with the reciprocal of the cross-
sectional area of the charcoal bed and directly with the diameter of the
charcoal granules, Mecklenberg (15) and Engel (15) have confirmed these
relations using chloropierin,

(b) Variation with flow rate. Mecklenberg from eéuation (xvii)
predicted that

(1-n)
h =const, V

where n is a constant which is usually about 0.5. Thus the deasd length
should vary with the square root of the linear'velocity. From equation

(ix) of the theory of Danby et al, the critical length should vary directly
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as the flow rate, Engel has confirmed its dependence on the square

root of the flow rate.

(c) Variation with initial concentration. Both theories from equations
(ix) and (xvii) predict é linear relation between the dead length and the
logarithm of the initial concentration. This was confirmed by experiments
on chloropicrin and on chlorine by Shilow et él.

3. Sorption Capacity. In static systems the sopption capacity of a given

charcoal depends on the molecular weight and boiling points of the sorbing
gese. Engel noted that this is true for dynamic systems.

In dynamic systems, most of the work has dealt ﬁith the service
time of the charcoal and few investigators have aetermined the total
sofbing capac;ty of the charcoal, The volume activity of a charcoal has
been uséd,however,as an indication of its protective power. It is measured
by sorbing carbon tetrachloride under the given experimental conditions until

it i1s detected in the effluent stream,

Volume activity = Increase in weight of the charcoal x 100
volume of charcoal

In thé theory of Danby et al the dymamic sorption of gases, the
sorptive capacity of the charcoal»is expressed in terms of a capacity
constant, N, the number of active centres each of which is capable of
removing one molecule of sorbate, and a rate constant K which determines the
rate of removal of the sorbate from the gas stream. These are assumed in
the theory to be indeperddent of factors such as initial concentration, flow
rate etc.

In Mecklenberg's service time equation

' xQ (L ~h)

To= ¥Co (Iyi)

k is the maximum emount of sorbate whieh the charcoal is capable of teking
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up under the experimental conditions. He investigated its depen@enbe'
on the initial concentration of sorbate, chlorine, and fouﬁauthat it

followed the Freundlich isotherm,

b N
k = acg (xxv)

where a and b are constants; for chlorine a = 8,38 and b = 9,164,

Ruff found that the Freundlich isotherm was followed for liquids

in aqueous solution,
Syrkin and Kondraschow (22) in an investigation of the dynamic sorption X
of orgenic vapours found that the amount sorbed by the whole bed was related

to time by the equation:

log __AA e 0,434KT (xxvi)

where A is the maximum sorption, ¢ the smount sorbed in time, T,and
K a constant. K was found to very with temperature according to the

formula

T = 2 (xxvit)
Kp
1
The following experimentsvwere done to obtain numerical data for
the sorption of butane and ammonia on charcoal under various conditionacyjﬁaQA

to test further the relations derived by the various authors cited above,
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Apparatus

The apperatus used in these investigations consisted essentially
of & chercoal eell mounted on one arm of an analytical balance, to permit
the sorptioh to be followed by weight as a function of time., Provision
was mle for measuring the mixture of air and sorbate admittéd to, and

for sampling and analysis of the effluent gas stream from the cell. This
type of apparatus was first described by Pearce (1) and was sued here
with minor modifications.

4 detailed description of the apparatus may be simplified by consider-
ing separately the following systems: air purifying, sorbate, charcoel
conditioner, the sorption cell, the effluent ges stream, and the analysis.

Figure 6 shows the apparatus diagrammaticqlly.

Air was introduced from a compressed air line to a 45 litre ballast
volume Vy (figure 6). This ballést volume eliminated the smell pressure
variations which occurred in the line. Since carbon dioxide is appreciably
sorbed by charcoal, it was removed from the air stream by passing it through
three soda~lime tubes, B, connected in series. Waterivapoﬁr was also
removed, usigg four calecium chloride drying tubes, A, three anhydrous
phosphoroué.;entoxide tubes (which were in effect the soda-line tubes, the
latter material being used fo prevenf plugging of the tubes), and three
sulphuric acid bubblers, C, in series. This system could be used to obtain
air of any desired humidity by adjusting thé concentration of the acid in
the bubblers, The present study was confined to the use of dry air, hence con-
centrated sulphuric acid was used. The rate of air flow was measured with a

-rotary wet test meter, D, filled with butyyéhthallate, inserted in the line
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between the ballast volume and the soda-lime tubes. Setting of the

flow rete was facilitated by a calibrated capillary flowmeter, M13 §f the
usual type. Butyl phthallate was used as the manometer fluid. Regulation
of flow wes accomplished by & blow off valve, Kl; which consisted of a screw
clamp on a short length of rubber tubing, for rough adjustment, and a metal
needle valve, N;, for finer control. The air could be admitted to the cell,
to the conditioner, or to a fume hood as desired, by suitable adjustment of
stopcocks, S] and S2 and Sz,

The sorbate was edmitted directly from the storage cylinder E. It
was dried by passing it through four calcium chloride drying tubes, F, in
series, After passing through the 50 litre ballast volume, V5, the sorbate
entered the air sctream through the stopcock S4. Rough regulation of the flow
rate was obtained by a scrateh on the stopcock, while finer control wes
accomplished by adjusting the needle value, Ng,on the cylinder. The flow
rete was measured by the calibrated ceapillary flowmeter, Mz, containing butyl
phthallate as the manometer fluid. Stopcocks,Sg and Sg, allowed the sorbete
stream to be admitted to the air stresm or diverted to a fume hood.  The
whole sorbate system could be evavuated through stopcock S7.

The charcosl was conditioned in a stream of dry, carbon~dioxide-free
air in the conditioner G, which was constructéd from a pyrex tube about a foot
long and two inches in diasmeter., It was heated electrically, and insulated with
asbestos, A slide wire rheostat, reguleting the current, permitted the
temperature to be controlled, The conditioner was mounted above the cell
and at & slope of about thirty degrees with the hofizontal. The ground joint
Il aliowed the conditioner to be removed fof refilling, which was done through

at the uoper end. The sir stream for conditioning entered through the
the ground joint lev% stopcock Sg, and was allowed to escape through the stop—~
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cock S;n on the upper end., The conditioner was connected to the ground

joint J, by a short length of rubber tubing fitted with a screw clamp Kz.

1
The charcoal was sllowed to fall into the cell from the conditioner,

by opening the screw clamp K2 and gently tepping the conditioner, Since
the charcosal always fell from a constant height, the packing of the granules
in the cell was constant, as shown by the fact that reproducibility of
results was readily obtained. No moisture or carbon dioxide could contam-
inate the conditioned charcoel, since it only came into contact with dry; car-
bon-dioxide-free air, after being conditioned.

The charcoal cell (figure 7a) consisted of a piece of glass tubing
4 cm. insideldiameter and 21 cm. long.. A brass cap was fitted over the top
and sealed to the glass with de Khotinsky cement. A section of thin brass
'tubing 1.5 cm. in diameter and 7 cm. long was soldered through the centre
of the cep and extended down into the cell. A brass riﬁg about a quarter
of an inch wide, with small projections on each side was éealed around
the outside of the cell at the bottom. A detachable bress cap, similar
to the one at the top was machined to fit snugly around the brass ring,
and could be drawn against the bottom of the ring to form an air-tight
seal by oblique slots operating over the projections on the ring. A
length of brass tubing extended downward from the centre of the brass
cap.

The charcoal was supported.on a circular disc of metal gauze of

the type gemerally used in respirators. To allow the air to flow freely
out of the cell, this gauze disc rested on & ring of glass tubing about
half an inch in height. The cell was marked off in centimeters so that
the debth of charcoal in the cell could be varied from one to five
cehtimeters. Two thermocouples, T; and To were inserted into thevcell

through the bottom, the positions of the junctions being altered

as desireqd, The thermocouple wires were copper
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and constanten B eand S gauge number 28, They were coiled loosely outside
the cell, 80 as not to interfere with the weighing, and connected to fixed
binding posts. Temperatures were measured on a Cembridge unipivot milli-
voltmeter with a thermel scale, .

The cell was suspended by two light chains from one arm of an analytical
balance 8dapted for this purpose. To ellow the cell to move free;y and to
prevent escape of any geses from the cell, the brass tubes dipped into cups
containing butyl phthallate. These cups were attached to the inlet line at
the top by a ground joint .T3 and to the outlet line at the botdom. The
weight of.the empty cell assembly was about 200 grams,

| When greater accurac& in the weight of the amount of gas sorbed was

desired, and where equilibrium weights were sufficient, a modified cell was
used, (figure 7b). This was made from pyrex tubing,4 cm. in diemeter and 8
_cm, long, fitted with ground joints at either end. The charcoal rested on a
piece of gauze as in the previous cell, This ceil could replace the former,
being connected to the air line by the ground joint JS' Weight could not be
followed as a function of time with this, but it could be removed when suffic-
ient time had been allowed for equilibrium, sealed with ground joint caps, and
weighed accurately on an analyticel balance.

The gas stream leaving the bottom of the cell (hereafter called the
effluent streem) passed through one arm of a T tube to the fume hood; A short
length‘of.glass tubing to contain test papers was inserted in the exit line. To
sample the effluent stream, evacuated pipettes were connected to the other
arm of the T tube by a capillary tube. The bore of the capillary tube was
such that the bulbs filled at a rate less than the rate of gas flow from the
cell, '

The analysis of the effluent stream was carried out in the apparstus
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shown disgremmatically in figure 8. The semple pipette H was supported

at an angle of about thirty degrees and the gases were displaced from the

bulb with mercury from reservoir L.

For butane analysis, the gases from the bulb, after mixing with dry,
carbon-dioxide-free air were passed through a quartz tube, Q, about three

feet long end 1/4 inch in diasmeter. This quartz tube was heated for about

one foot of its length in an electric furnace, P, to a temperature of

.10000 C. A rheostat and an ammeter were used to maintain the temperature.
The caerbon dloxide formed during the combustion was absorbed in standard
sodium hydroxide solution in the absorption tubs R. For efficient absorp-
‘tion &8 sintered disc bubbler, U, of the type shown in the figure was used, an@

a few drops of butyl alcohol added to reduce the surface tension of the
soiution’sé that e fine foam was obtained. The 6xygen stream which was purified
by pessing through a soda-lime tube, W, was regulated to give about three
inches of fosm., Standard hydrochloric acid was used t6 titrate the excess
sodium hydroxide using phenalphthalein as the indicator. TFor dilute gases
1/10 normal standard solutions were used while for more concentrated géses,
1/2 normal solutions were used.

For ammonia, the apparatus used was slightly different. The asmmonia
mixture displaced from the bulb was absorbed directly inm standard sulphuric
acid after mixing with carbon—dioxidé—free'air stream to obtain the necessary
degree of foaming in the ebsorbing ligquid. Standard sodium hydroxide was
used to titrate the excess acid, using & solution of methyl red and brom-
cresol green as indieator,
Procédure

Details of the eiparimental techniq;e will be much clearer if the procedure
of a typical experiment is described and the results recorded.

The charcoal was dried in the conditioner for twelve hours at 150° C

in a stream of dry carbon-dioxide-free air, and allowed to come to equilibrium
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with the air of the desired moisture content at room temperature for_af
further twleve hours.

Since sorption is very dependent on the temperature of the charcosl, it
was important that roém tempersture be kept reasonably constant for all runs.
Before and during all experiments,room temperature was set and held at
22.50 - 0.5o C. Veriations in atmospheric pressure appeared to have little
effect on the amount of sorption.

The cell was thoroughly flushed out using the dry carbon~dioxide-free
eair. The air stream was then diverted through the stopcock Ss while the
weight of the empty cell was determined. Care was taken to have the cell swing-
ing freely in the liquid seals, Chercoal was then admitted to the cell to

the desired depth and its weight determined, without air passing through the
cell. Dry air was passed through the cell, and regulated to the desired
flow rete, using the blow off velve K; and the needle valve Nj. With_the
air stream being divered through Ss, the sorbate stream was then regulated
to the desired value using the scratched stopcock S, and the needle valve No.
At the beginning of the experiment the flow was set by adjustment of the
scratched stopcock and regulated thereaftér by the needle valve, which was
found to give finer control. The zero weight of the charcoal cell was

néXt found with the sir streem passing through the bed. The zero thermocouple
readings weré also taken., When conditions were steady ,the sorbate was
directed into the air stream, a stop-wetch started, and the initisl reading
on the wet-test meter taken. Thereafter, weight and tempersture readings
were tsken at two minute intervels., Seamples of the effluent streem were
taken at appropriete intervals, the first being taken shortly éfter the
beginning of the experiment, the second immediately after the bottom thermo-

couple reading had reached its meximum velue, snd the others at regular
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intervals until the end of ‘the experiment. The time between samples
was determined by the sorbaste and air flow rates and the depth of the

charcoal bed.,

The atmospheric pressure, room temperature, and the temperature end
pressure of thé air stream in the wet test meter was read when convenient.

When the chafcoai was no longer absorbing, as indicated by constant
weight readings for a period of at leest fifteen minutes, and by the thermo-
couple readings having returned to their original values, & final sample
of the effluent stream was teken, The final air.meter reading and time were
determined. Both the air and sorbate streams were diveried to the fume
hood, and the final static weight of the cell, charcosl and sorbate
determined., The net weight of the gas sorbed as indicated by the difference
between the initial and finsl static weights and thé zero and final weights
with the air stream passing through the cell should check.

For analysis the bulbs were connected in the analytical apparatus
(figure 8) and the gases displaced as described previously. About five
minutes was allowed for the displacement to ensure complete combustion and
absorption. The percent sorbate in the effluent gas was determined by titra-
tion of the excess absdrption solution,

The accuracy attained in the anelysis of the sample bulbs was about
b 4 5% due to variations in the sorbate aﬁa air flow rate, The anslytical
method was quite accurate, duplicate prepared samples agreeing to within
1%. One part in 10,000 of sorbate in air could be detected. Weight read-
ings were accgrate to about ¥ 0.005 of a gram, | A

Moisture and carbon dioxide determinations on the air stream

showed that it contained undetectable smounts of carbon dioxide (less than
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1:10000) and less than 0.004% moisture,

A sample date sheet is shown hers,

6/2/42
. Run 84» 7 _
Air: 2.6 (3 1./min) : _ Butane: 30.0 (24 c.c¢/ min)
Room Temp. 23°¢ Atm. Pressure 759 mm., Hg.
Height of charcoal bed 4 cms.
Weight of charcoal plus cell 31,38 gms.
Weight of cell : _3.59
Weight of charcosl ~ 87.79
Final weight . 35.34
Butane sorbed 3496
Air meter
Temperature 23°C Pressure 3,70 Hg.
Initiel meter rdg 48.556
Final " " ’ 60.427 Time 114 mins.
. 11,871 cu ft, ‘
Alr rate = 11,871 x 28,3 ‘x 273 x 853 - 3,045 1./min,
- 114 296 760
¥ Time Weight T Ty w
0 : 3202 ' 24,0 24.0
2 32.11 27.0 24,0 0.09
6 32,33 31.0 28.0 0.30
10 ' 32453 . 32,0 29.5 0.51
18 32,99 3345 , 31.5 0.97
34 33493 30.5 34,0 1.91
50 34,87 2645 31.0 2.85
70 35,71 23.5 26.0 ’ 3.69
90 35496 23,0 23.5 3.94

110 35,98 23.0 23.0 3.96
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% Analysis
Bulb Time of. c.c. coce CeCe %cs Hig
Sempling HoS04 NOH neutralized K in air
oy G02 stream

4 25 10.20  9.93 .03 © ,1045 .603%
1 110 3613 2,92 7.08 +0935 «660%

K = normelity x 22.4 x 100 T x 760

1000 v 273 P
V = vol. of semple bulb T = room temp.
P = atm., press, : % = K(c.c. NgOH)

,*ﬁhese tables have been greatly condensed.

x 3,96 22400 54,9
m 27.9% 58

Partial Pressure = 2440 7 = 5,70 mm. Hg.
3096 x 760 ‘ g

Corrected height = 27.79 = 4.23 cms,
6.57

Note Bulbs, at slow flow rates necessary for‘amménia, required approximstely

six minutes to fill. 1In caléulations, the saﬁple- was considered aes having
been taken in 3 minutes after the bulb was opened., For butane, much larger
flows were possible and a laiger capillary allowedithe bulbs to fili completely
in two minutes. The semple was then considered to be takén one minute after

sampling was started.

In desorption experiments the chercoml was saturated under the
desired condiﬁions of air and sorbate rate, pure sorbate being used in most
cases until equilibriﬁm was attained. The conditions of sorbate and air
flows were chamged to those desired for desorption and the weight-time

readings and temperature readings taken at suitable intervals. Sample
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bulbs were taken at appropriste times. This was continued until a new .
equilibrium weight was established,

The charcoal u;ed in a1l these expefiments is Canadian S. B. T.‘95 -
96 and is sllver impregnated. The ammonia used was anhydrous esmmonia as
supplied by Canadian Industries Limited. The butane was 99.5% pure and was
used without further purification except for the removal of any water vapour

presents It was obtasined from the Ohio Chemical and Manufscturing Companye
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RESULTS.
A, Ammonia

The weight increasse of the charcoal bed with time, the temperature
rise with time and the enalysis of the escaping gases were carried out
using ammonis concentrations from 5 = - parts per 1000 up,and flowrates
of 0.16 - 3.2 cm., per second, gnd at column lengths of 3, 4 and 5 cent-~
imeters of charcoal as previously deseribed., The service time, dead length,
emount of sorption and escaping concentration were calculated.

1., Amount of Sorption

The increese in wéight of the charcoal bed as the ammonia-air mixture
was passed over it is shown as a function of time for various concentrations;
flowrates and column lengths, in figures 9 and 10. It is seen that the
weight increases linearly with time until the service time is reached.,

The slope of this linear section depends on the smmonia flowrate (as figure -

10 shows) and is independent of the sir flowrate (figure 9). After the

service time is reached, the weight falls off g:adually with time until
a constant welght is reached, at which time the charcoal is in equili-
brium with the»ammopia—air sfream being passed over it.

The equilibrium sorption weights are given in tebles 1 and 2 for
various concentrations, flowretes and column lengths. The column length
wes determined using an average centimeter bed, which weighed 6.57 gram.
This was the average weight of a centimeter bed length determined from the
weights of all the beds used throughout the work. The column lengths given
in the tables 1 and 2 are spproximate., The correct bed lengths, calculated
- from the weight of charcoal have been used however in plotting'graphs of

the column length. Figures 11 and 12 show that the equilibrium wefht sorbed
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Table 1

Weight Sorbed (Grams) at Various Air Rates

(NHy flow = 60 cc. /min.)

Air Rate cc./min, Column Length (cms.)
5 4 3
0 3.65 ‘ - 2.16
100 | 1,67 1.34 ~ 1.00
200 ’ 1.08 0.89 0,67
300 | 0492 0.76 0.59
550 034 - _ -
2000 - | - " 0.10
Table 2

Weight Sorbed {Grams) at Various Ammonia Rates

(Air flow = 200 cc./min.)

Nz Rate cc./min. Column Length (ems.)
5 4 3
15 0.55 0.43 0.32
42 0.92 0,79 0.59
60 | 1,08 0.89 0.67

100 1.45 1.18 . 0.87



34

“EIGHT NH3 SORBED (GRAMS)
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Table 3

Volume Sorbed per Gram at Varlious Air Rastes

(NHz rate = 60 cc./mih.)

145

69.0

38.2

25.4

Table 4

Column Length (cms,)

4
68.8
44.0

38,0

Volume Sorbed per Gram at Verious NHz Rates

(Air rate = 200 cc./min.)

19.8
21.2
38.9
40.6
44.0

59.4

3

‘146

69.2
45,5

38.2

12.5

Column Length (cms.)

4

2l.2

39.4
41.1
44,0

59.4

21.7

38.6

45.5

58.2
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WEIGHT SORBED AGAINST COLUMN LENGTH
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is a linear function of column length at constant concenﬁration.

The variation of the equilibrium sorption, expressed as the volume
sorbed per gram of charcoal (x/m) with the rates of flow of the emmonia °
and air streems,is shown in tables 3 and 4.and in figures 13 and 14. It is
seen that at constant smmonias flow, the effect_of increasing the air flowrate
from zero is quite maerked at first but the effect diminishes at higher eir
rates. When plotted as the logarithm of the volume sorbed per gram of
charcoal ageinst the logarithm of the air rate, a straight line is obtained
(figure 15). The effect of increased ammonia flow is to increase the amount
of sorption. A linear relation is obteined between the logarithm of x/m
and the logarithm of the ammonia flowrate (figure 16).

The data for the variation of the egquilibrium sorption with partial
pressure are given in table 5. Over the range of 50 mm to 760 mm of Hg.
partisl pressure, the relati®n is linear with no indication of attaining a
constant value of x/m at higher partial pressures. Below 50 mm. partial
pressure the curve bends downwards toward the origin as the partial pressure

is further decreased (see enlarged graph figure 17-.) The logarithm of the
equlilibrium sorption plotted sgainst the logarithm of the partial pressure
gives a straight line (figure 18) for partial pressures between 50 and 760
mm. and a second straight line of decreased slope for partial pressures below
this, |

Above 50 mm, the Langmiir or Freundlich isotherms may be applied, the

equations being:

x/m = 0.278P
“ 1 + 0.000555Pp

and

i
x/m = 1,06p -3/
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where x/m is in cc. per gram of charcoal, and P in mm. of mercury.
Other-suthors have found these isotherms to hold for dynamic systems
of's cﬁlorine (16), aqueous solutions (19), and chloropicrin (13).

The linear velocity of the ammonie-air streaﬁ, at constant
ammonia concentration was found to have no effeect on the equilibrium
amount of smmonia sorbed. Table 6 shows the data for four runs of this
nature at total flowrates from 0,16 to 1.79 cm. pef second.

The slopes of the lineer portion of the weight-time curves should
give a measure of the rate of sorption during this time. Since all the
ammonia is being sorbed, the slope should be equal to the rate ofsupply
of the esmmonia. It was found, however, that the rate of sorption in c. c.
per minute was lower than the emmonia flowrate, see table 7, 4 graph of
this slope aga;nst the ammonia flowrste is shown in figure 19. This
will be further discussed in the analytical section and in the desorption

studies.
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Table 5

x/m {cc./gm.) with Various Partial Pressures of Ammonisa.

4ir Rate NHs Rate P.p. Nig _ x/m
cc,/min, ce,/min, mm, He.
0 60 _ 760 15
54 200 a5 103
150 9 300 6742
100 60 285 6940
200 100 254 " 59.4
200 ' 60 “ 175 44,8
100 20 12 38,2
200 42 132 38,9
300 ) 60 127 . 8.2
500 - 100 132 38,2
550 60 75 27.5 -
200 ‘ 15 53 ' 21,2
2000 . 80 22.1 12.5
3270 60 : 13.7 . 11.2
3270 17 : 3.9 4,1
3270 14.7 Bk 547
3270 13.2 3.1 5.6
3270 o 3.4 0.79 2.3

3270 1.6 0.37 1.1
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- x/m AGAINST PARTIAL PRESSURE OF AMMONIA
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Table 6

Effact of Total Velocity orn Iquilibrium Sorption at Constant Composition

Conc. % Rate of flow W (gms.) x/m Velocity
cc./min. ce./gm, cms./sec.
16,7 120 0.92 11.2 0.16
16,7 242 0.92 11.4 0.32
16.7 360 | 0.92 1.2 0.48
16.7 600 0.95 11.1 0.79
Table 7

Calculated Slopes at Various Ammonia Retes.

Ammonia ' Bate

Pate calculated from
ce./min, slope

¢c./min,

13 10.6

15,7 ‘ 13,8

42,0 3645

80 51,5

1100 87.5
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ANALYTICAL CURVES
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2. - Analytical Data

The concentration of ammoniakin the escaping gases is shown asM

a function of time in figures 20 to 23 for various conditions. Figures
20, 21, 22 and 23 show the varietion with column length, air flowrate,
smmonia flowrate, and totel lineasr velocity respectively. It is seen
that no ammonia appears in the effluent gases until the service time
is reached, indiceating complete sorption of the emmoniz supplied in
the entering stream. After the service time, the concentration of
smmonia in the escaping gsses increases rapidly at first, but approaches
a constant value when the charcosl bed is saturated., In these graphs
the ammonia concentration is expressed as s percent concentration of the
gas stream leaving the charcoesl bed based on the metel flowrate of the
gas stream entering the cell.

On the same graphs is plotted the differential =smount sorbed as
g function of time. This was obtained by graphical differentiation of
the welght-time curves plotted in figures 9 and 10, When expressed in the
same units as the concentration of the ammonie in the escaping gases, it
is a complementary curve toAthat of the anal&sis of.the effluent stream,
It represents the percent of the total entering stream which is being
removed by the charcoal bed at any time. It is, therefore, constant
until the service time, and thereafter decreases, approaching zero when

the @éharcoal bed is saturated,

In tabie 8 the data for the escaping concentration as & function
of time are presented. If the escaping concentration of ammonia in the
effluent streeam is expressed as a function of time by plotting the
logarithm of the reciprocal of the concentration, (1/c) against time as

in figure 24, a curve is obtained in contrast to the predictions of
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ANALYTICAL CURVES
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Table 8

_Escaping Concentration as & Function of Time.

~ Time after
Service Time

mins,

| 4
10
14
19
25
30
40
50 .
60

c. 80

Concentration
o
4,3
10.2
12.0
13.5
15,0 -
15.6
16.3
16.8
17,0

. 17.4

1/T

«250
+100
0712
0526
«0400

« 0333

#0250

«0200
.0167

.0125
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ESCAPING CONCENTRATION
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Danby et al, who derive the equation for escaping concentration as

1n(fo_ 1) a -kegrén (e WL )
where é is the'eséaping concentration and T the time. They state
however that this relation only holds when Co/c is large, 1. e. in the
early stages of breskdown. From f&gure 24, it is seen that an spprox-
imation to a straight line is obteined for the first few minutes,

A linear relation is obtainéd, however, between the logarithm of
the reciprocal of the escaping concentration and the reciprocal of the
time (figure 25) if the time is measured from the service time. Thege
deta for escaping concentration are presented only for one rum, All
other runs gaveé similar results. |

It may be noted thet the sorption as indicated by the constant
differential amount sorbed does not correspond to the ammonia flowrate as
measured by the anaslysis of the esceping geses when the charcoal is
saturated, This was found‘to be due to ai{ displaced from the charcosal
by the emmonia, and will be discussed later under the desorption studies
which confirmed this behaviour.

The escaping concentrations calculsted from the differential sorption
curves would not, they represent the trug concentration of smmonia in the
effluent stream, The‘apparent weight of smmonie on the charcosl is less

than that actually sorbed, by the weight of the air displaced.



3. Service Time Data

The service time was determined in these investigations as the time
when the charcoal ceased to be 100% etficient in removing the smmonia
from the alr stream. This was‘the time at which the weight-time curves
deviated from the linear relation. Service times calculated on this basis
agreed within half a minute of those determined using a phenolphthalein
or litmus test paper in the effluent gas line., The deviation between the
observed weight and theiactuél weight sorbed due to the displaced air, would
have no effect on the service time since, if the true weight of ammonia sorbed
wére plotted against time, the aﬁoﬁnt of ammoniea taken up by the charcoal
wpen the graph devietes from the linear relation would be greater, but the
time at which this occurs would be unchanged.

The service times at various éolumn lengths end rates of sir end
ammonia flow are given in tables 9 and 10 and are shown graphically as a
function of these variables in figures 26 to 31. A Straight line is obtained
when the service time is plotted against column length, (figure 26 and 27),
which if extrapolated cuts the column length axis at a positive length.

This intercept is the "ecritical™ or "deed" length., It was not possible to
test the behaviour at very short bed lengths as the weight change would
not be very large since smmonia is so poorly sorbed. Thus it cannot be
stated whether or not the graph curves in towards the origin at short
column lengths, as was found by Dubinin et &l (17) and Mecklenberé (13).
.These extrapolated straight' lines converge to a point below the origin.

No theoretical significance has been attached to this fact, :

The linear relstion which was found to hold,agrees with the theories . *

of Danby et al and Mecklenberg which give the eguations
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Table 9

Service Time at Various Air Rates

(MHz flow 60 cc./min.)

Air Rete Column Lengths (cm8)
cc./min.
5 4 ' 3
100 22.5 17.5 12.5
200 : 16 12 8.5
300 : 14 i1 8
Table 10

Service Time at Various Ammonia Rates

(Air flow - 200 cc./min.)

WHz Rate ' Column Length (cms.)
cc./min. _
5 4 . 3
15 - 30 23 17
42 20.5 T: - 11.5
60 ) A 16 12 8.5

100 8 6 4
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Tw No (A—AQ)
col

and

T = kK (1L- L,)
Ve,

respectively. [The slope of these curves is the coefficient of protective
used by Shilow (16) and Dubinin (20) ip their equations for the dead length
and service time (equations xviiji & xxiit)

Since the service time thus varies with column length, it is important
in discussing its variation with flowrate, concentration, etc., that compar-
able runs be done at exactly eqgual column lengths, This was impractical so that
"corrected" service times were used. These were determined by interpolation of
the service time-column length graphs to the nesrest integral column length,

" This corrected service time hss beeﬁ plotted in figurés 28 to 31 and recorded .
in tables 9 and 10,

Figure 28 shows the effect on the service time of varying the rate of
air flow at constanteammonis flowrste. The service time using 60 ¢c¢, per
minute of pure emmonia is cuite high but decreeses rapidly at first as the air
stream is increased, but the effect i1s not very great at air flowrates above
300 cc. per minute. Whgn the iogarithm of the service time is plotted ageinst
the logarithm of the air rate (figure 29) a straight line results.

The service time decreases also as the ammonia flowrate is increaséd
at constant air rate as in figure 30, but the logarithm of the service time
decreases linearly with the smmonia flowrate (figure 31). From the slopes
of the logarithmic curves it is seen that the service time is much more
dependent on the ammonia flowrate than on the air flowrate since the service
time decresses gxponentially with the ammonia rate but only with the 0.4

power of the air flowrate,
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L’FECT OF AIR RATE Ol CERVICE TIME
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sFTSCT OF AMMONIA RATE ON SERVICE TIME

o
4
g
]
3
[
=
3
2]
0 ] i A 4 4 .
20 40 60 80 100 120
AMMONIA RATE (cc/min.)
FIGURE 30
1.4
1.2
5
g 1.0
-
&
42]
g B
—
.6
| I | L L. 1 |
20 40 60 80 100 120

LOG AMMONIA RATE
" FIGURE 31
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Table 11

Air Rate
cc./min,

100
200
300

500

Air Rate
ce./min,

150
200
200
200

235

NHz

Velocity (L) Service Time

ce./min.
20
42
60

100

Effect of Concentretion on Service Time

Total
cc./min, cms./sec,
120 O.lé
242 0.32
_ 360 0.48
600 0.79
Teble 12

(Flow rate = 250 cc./min.)

NH5 Rate
ec./min,

97
54
60
42

19.5

Conc. (eo)

39.2

2l.2

23,0

17.4

7.65

min.
42
20.5

14

Service Time
min.

9

17

1/L

6.2

3.1
2.1

1.3

1/e,

0.0254
0.0470
0.0435
0.0576

0.131
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At constant concentration of smmonia in the bntering gas, the
service time depends upon the reciprocal of the flowrate as shown in
table 11 and figure 32. Extrapolation of the straight line so obtained
intercepts the flowrate axis, correspon@ing to a "critical" flowrate, above
which there would presumebly be immediste breskdown of the charcoal bed;
at this particular concentration. ZExperimentsl proof of the existence of
this critical flowrate is, however, lacking.

At constant flowrate the dependence of the service time on the‘initial
doncentration of the ammonia in the entéring stream was studied. The dati
obtained is given in table 12, A linear relatioﬁ was found to hold (figure
33) between the service time and the reciprocal bf the initisl concentretion
over the range of ammonia concentrétions of 17 to 40%, but which fell off
rapidly at lower concentrations. Danby et‘al_predicted a linear relation
should be obtained at iow, but not at high concentrations from the equation

1 K NoA co
3 ( L - ln &7

Koy,

.
where 1n c°/c was assumed negligibie at low concentfations and Ny on

8o appears to be much éreater than the theory assumes, Shilqh et al (16)
have found a linear relation for chlorine over the concentration range of
0.66 to 1.36%

.An illuminating way éf showing this relation is to plot service time
times initial concentration against the initial concentration (ficure 34).
It is readily seen that the relation

| coT = constant
holds only at concentrations at some minimum value. Arnell (23) hés also
noted the increase of the product e, T from zero until it reaches a constant

value.
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4, Critical Lengths.

These are determined by the intercept of the extrapolated service
time~column length curves., Roughly this critical or dead length increéses
with increase in the’air flowrate at constant ammonis rate, and with
increased ammonia rate at constant air rate similar to the decrease of
vthe service time with these variables. The long extrapolation necessary
in the curves shown in figures 26 and 27, mekes the calculation of numerical

3

values for the eritical length rather inaccurate.
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- 5. Temperature Data

The temperature rise in the bottom ( Te) and third from the bottom
( T1) centimeter charcoal layers is shown as a function of time for a
number of typical cases in figure 35. The tempersture rises rapidly in both
layers at first to & meximum value and falls more slowly as the charcoal
bed is cooled by the gas stream, The maximumAtemperatﬁre rise in the upper
layer was found to be greater than thét in the bottom layer, presumably due
to heat losses by greater contact of the bottom layer with the surroundings.

Teble 13 and figure 36 show that the maximum temperature rise is a
linear function of the ammonia flowrate at a constant air flowrate. An
"~ increase in the sir flowrate at constant emmonia rate has a slight cooling
effect as shown in figure 37. |

The relation between the maximum ﬁemperature rise and the linear
flowrate is shown in table 14 and figure 58.‘ The increase with increasing
flow is due to the increased amount of esmmonis sorbed per unit time. The
cooling effect of the increased eir flow is also shown by the graph.

Since eorption is affected greatly by change in temperature, the
- effect on the relations given previously is marked, The service time
would be decreased where there is an apprecisble temperature rlse due
to the sorption since the length of the working layer would be increased
due to the decreased sorption capacity of the charcoals This would increase
the residual activity, and hence also the dead length,

The Weight-time curves would slope off more gradually due to the
flacreased sorption when the bed is heating, and the continuance of sorption
as the bed cools down to room temperature. This would increase the saturation'
time. Since the service time would be decreased and the-saturation time

increased, the escaping concentration would be lower at any given time
L ]
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Table 13

Meximum Temperature Rise (°C)

NH; Rate Air Rate (cc./min.)
cc,/min, 0 100 200 300
18 4.5
42 ; 16
60 . R85, 24.5 21 19.5
100 ; 32 -

Table 14

Effect of Flowrate on Meximum Temperature Rise

Velocity 120 242 360 © 800

ce./min
AT, 10.5 19 21 27

AT, g 12,5 16 19
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MAXIMUM TEMPERATUR® RISE DATA
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Butene sorption was studied over the concentration range of
3 to 100 parts per thousand, with two runs of pure butane. The butane
flowrate was varied from 9 to 71 ce. per minute and the air rate was varied
from zero to 3000 ce., per minute. The flowrate was varied from 153 to
3100 ce. per minute, Since the amount sorbed was quite lerge, the sorption
could be studied using short beds; the depths were varied from one to five
centimeters;

1. Amount Sorbed

In teble 15, the weight sorbed, and x/m data sre presented., The

height given in column one is the height calculated from the weight qf the
charcoal bed., The data in the last column give the number of cc, of butane
sorbed per minute as determined by the slope of the linear portion of the
weight-time curves,»(some of which are shown in figures 39 and 40). This
portion of the curve, since it depends solely on the rate of supply of the
butane, should have a slope equal to the butane rate as iﬁdicated in column
three., Here, as in the ammonis sorption, this difference is due to the air
displaced from the charcoal. |

In figure 59,the'weight—time curves as determined directly from the
weight readings, are presented. As in the case of ammonia sorption, the char-
coal is 100% efficient until the service time when the curve ceases to be
linear and butane is present in the effluent gas stresm. The curve then bends
to & horizontal straight line which is the saturation weight under those
conditions., It will be noted that the curvature of these curves is more
rapid than those found for ammonia, This is pertly due to the more rapid

removal of the heat of sorption by the greaster air flow used in the butane

sorption ,



68

Table 15

Welght Sorbed and x/m Data.

Height  Air Butame  Partial UWeight x/m Slope

(cms.) Rate Rete Press. (grems) (cc./gm.) (cc./min,)
(cc./min.)(ec./min,) (min. Hg.)

4.08 3120 53 12,7 432 62.0 51.6
1.94 3020 53 13.2 2.07 63,0 51.5
5.01 1590 53 24.5 5.80 68.0 51.5
4,09 1830 53 24.5 4,73 68.0 51.5
2,96 1520 53 24.5 3.43 68.0 51.5
2,13 1530 53 24.5 2,47 68.0 5.5
1.19 1520 53 . 24.5 1.38 68.0  5L.5
3.96 500 53 72.8 5.26 7841 51.4
3.95 0 71 760 5,98 89.2 = 69.1
4.12 0 53 760 6.26 89.2 51.5
4,00 3020 - 71 - 17.4 4,42 6540 6940
3,70 3020 30 7.5 3.60 57.2 29.0
2,18 3020 30 7.5  2.12 - 57.2 29,0
4,23 3045 24 5.7 3.96 54,9 22,6
4.16 3040 9 2.3 3.13 44.3 8.7
2,12 3000 9 2.3  1.66 45,1 B.8
1.27 3020 9 2.3 - 0.96 44,3 847
4.01 1500 30 15.0  4.34 637 29.0
2,09 1500 30 15,0 2,27 6347 29.0
3.99 1403 30 15.8 4.26 6246 29.0

-~

3.88 151 2.7 13.7 4,20 6347 2.5
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It is seen from the curves that the air rete has no effect on
the initisl slope, but that the final value increases as the air flow-
rate is decreased.

In figﬁre 40 a similar set of curves are shown with a constant air
rate and variable butane rate. Here the slope of the straight line portion
of the curve is not the same but depends on the butane rate, The saturation
value increases as the butané flow is increased.

Figure 41 shows the variation in x/m (cec.'s per gram),due to the
increased air rate. A smooth curve is obtained which decreéses from the
meximm value at zero air flow., The logarithm of x/m plotted against the
logarithm of the eir rate gives straight lines which converge. These ére
shown in figure 42. |

The effect of butene concentration on x/m is shown in figure 43,
Since the totel flow rate is epproximately constant, varying from about
3030 to 3090 ce. per minute, the partial pressure could be plotted instead
of the flowrate. The logerithmic relation is showgdin figure 44. Here
the relation is linear for high butane concentrations but fells off for the
low butane concentrations. This shows that log x/m varies directly as the
logarithm of the initial goncentration.

Figure 45 shows the complete curve of x/m ageinst partial pressure

of Sutane up to 760 mm. of Hg. This curve does not follow one Langmuir
or Freun&lich isotherm over its whole course,.differ&nhf pressure renges
require different isotherms. A portion of the curve for partial pressure below
70 mm, of Hg. is shown plotted on a larger scale in figure 46. The experiment-
al points ere not more than one division from the curve drawn which indicates
thet, in this respect at least, the experimental error is about ¥ 1% .

The curve shown rises steeply at first and then flattens off quite

_ rapidly to a constant value of x/m. This behaviour is in contrast with that
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of emmonia, where the partial pressure curve was linear, rising towar&;vf

the right, and did not reach a maximum velue in the pressure range;étﬁdied.

This would indicate a different type of sorption mechanism in the two cases.
This difference is also shown in figure 47 wheré the logerithm of

x/m is plotted against the logarithm of the partial pressure, This does

not glve the straight line relation found for ammonia sorption.

As in the case with emmonis, flowrafe had no effect on the value
- of x/m in the ranges investigated, from 153 to’SlBO ¢¢. per minute.

In figure 48 the curve of cec, per minute calculated from the slope
of the initial porﬁion of the weight sgainst time curves against ectual
butane rate (as found by analysis) was plotted. A'straight line relation
was obtaineds The difference between the caiculated and acﬁual value is
approximetely the same as8 that found for emmonia, e, g. at 60 ce., per
minute flowrate of sorbate, the difference for ammonias is 7.5 ce. per
minute while that for builane is 2 ce, per minute, On a weight basis these
correspond to 7.5 x 17 = 127 for emmonis (using the molecular weight) and
2 x 568 = 116 for butane. The difference in these two figures is well -

within the experimental error in determining the flowrates.
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2. Analytical Date

The date for the following sets of curves, figures 49 to 52 inclusive
are not presented since they are too extensive. The curves, however,
indicate the data adequately.

These curves are plots of grams of sorbate per minute against time.

The curve starting from zero is the analytical curve of the effluent

gases, The curve starting from the top is that obtained by differentiating
graphiéally the weight-time as was indicated in the ammonia results. The
enalytical curve reaches & highei value than the differential curve dus to the
air displaced from the charcosl.

In figure 49, the curves obtained from the 5 béd depths of the 53
cc. per minutes butene rate, 1520 ce, per minute sir rate runs, are shown.

- The curves are horizontal until the service times are reached, then bresk
off rapidly end curve exponentially to a final horizontsl line. The shape
of the curves are similar after the first centimeter bed, In the one
centimeter bed, the bresk is not so sharp but soon assumes a shape similar
to the others.

The analyticsal curves; &8 will be éhown later, can be used to determine
the concentration gradients of the sorbete air stream throughout a five
centimeter bed since the exit ges is, in fact, the gas that is in the
working layer of the charcoal bed,

Figure 50 shows the analyticel, differential sorption curves for 3000
cc, per minute air flow, four centimeter bed depths, and varying butane
concentrations., It is seen that the initial slope of these curves is decreased
as the butane concentration is decreased.

Figure 51 shows the effect of air rate on the curves. These are

for & constant butane flow of 53 cec. pér minute and 4 centimeter beds., The
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shapes of the curves are not affected by the air rate except that the
breaking point is shifted to higher times with decreased air flow.

The analyticel and differential sorption curves for variable flow-
rate and constant.concentration are shown in figure 52. The pertisl pressure
of the butane in the entering gases is 13,8 mm. of Hg. and the flowrate is
varied from 154 to 3183 ce. per minute. The rate of change of these
curvés ts decreased with decreased stream v2locity. Thus the curves from
the service time to completion for the 3183 cc. per minute rete extend over
50 minutes, while for the 154 cc. per minute they extend over 200 minutes, -
The weight per minute of butene is changed for the three runs since the partial
pressure is constapt. -

The date for the reletion of escaping concentration as a funetion of
time are shown in tsble 16, These are the dats obteined from one run,
all other runs gave similar data, The time axis is started at the service
time, setting it equal to zero. The coneentration of the escaping gases is
expressed s grams of butane per minute,

In-figure 53, the logarithm of the reciprocel of the concentration
of the escaping gases is plotted against time. A curve is obtained that is
not linear, in contrast with the prediction of Danby et al. However they
state that the straight line relation only holds when co/ & is large; i. e.
in the early stages of breskdown. It is éeen that this is epproximately true
for the first few minutes. If the logerithm of the esceping concentration
is plotted ageinst the reciprocal of the time, a straight line relation is

obtained as shown in figure 54,
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Table 16

Esceping Concentration as a Function of Time.

(Butene rate = 53 cc./min,; Air rate = 1500 cc./min. Bed depth: 5 cms,)

Time (mins.) Concantration  log. © "log l/c /T
[Setting Service of escaping '
Time equal to Zero) gases
0 Q3
3.5 . 0,031 2.491 1,509 0.286
8.5 0.062 3.792  1.208 0.118
13.5 0.085 2.929 i.071 0.0740
18.5 0.102 ' 1.009 0.991 +0540
23.5 0.116 1,065 0.935 0425
28.5 . 0.122 1,086 0.914 «0349
33.5 0.129 1.110 ~ 0.890 .0298
38.5 0,133 1.124 0,876 .0260
43,5 | 0.136 1.134 0.866 .0230

48,5 0.137 : 71.137 0.863 .0205
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3. Service Time Data.

The service time was taken as the breek in the linear portion of the
weight-time curves eas in the case of ammonia, Thé data for the service
time relations are given in Teble 17, Here the first four columns are
the same as those in teble 15, In column 5 the observed service time
is given whil= in column 6 the corrected service time is given.

Figure 55 shows the service time-column length relation for constant
butane flowrate aﬁd variable air flowrate. Figure 56 shows similar curves
for constant air flow snd variable butane flowrates., The stfaighﬁ lines
intersect at a common point off the graph, except for a high air rate
and a low butane rate. The various critieal lengths for these variables
can be determined from these graphs. Here again the bed lengths used were
. %00 long to show the curvature of the graph towards the origin as described
in emmonis.

In figure 57, the service times for a four centimeter bed snd constant
butene flow are plotted against air rate. The service time decreases from
its meximum value at zero air rate but the rate of decrease becomes smell
at high eir flowrates: The logarithm of the service time is plotted ageinst
the logarithm of the eair rate in figure 58, and a linear relation is obtained.

The effect of varying the butane rate at constant air rate and constant
bed length is shown in figure 59. The partial pressures corresponding to
the butané flowrate are also éhown. These detefminations were made essentially
at constant flowrate since the effect of changing the butane rate on the
total flow is negligible; The relation of the logafithm of the service
time and the logarithm of the 5utane rate 1s shown in figure 60. A linear
relation was found. This is in contrast with the relation between ammonis

time
rate and servicq(found in the previous section, In trat case the logarithm
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Table 17

Service Time Data

Height Air Butene  Partial Service Corr,
Rate Rate Press. Time S. T.
4.08 3130 53 12,7 22,0 21.5
1.94 3020 53 13.2 7.0 7.5
5.01 1590 53 24.5 31.5 31.0
4,09 11830 53 24.5 24,5 24
2.96 1520 53 24.5 16.5 16.0
2,13 1530 53 24,5 . 8.0 . 840
1.19 1520 53 © 24.5 2,0 0.2
3.96 500 53 72,8 . 29,0 - 29.5
3,95 0 71 760 25,0 25,5
4,12 0 53 760 40.0 38.5
4,00 3020 71 17.4 17.5 17.5
3.70 3020 30 7.5 37.0 39,0
2,18 3020 30 745 19.0 16.0
4.23 3045 24 5.7 53,0 49.5
4.16 3040 9 2.3 129 123
2.12 3000 9 2.3 6240 61.0
1.27 3020 9 2.3 34.0 30,5
4,01 1500 30 - 15,0 - 47,0 47.0
2,09 1500 30 15.0 21.5 20.5
3.99 '+ 1403 | 30 . 15.9 48.0 48,0

3.88 151 2.7 13,7 540 - 558
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of the service time plotted against the armonia ratelgave a straight
line.

The <4beory of Danby et al and of Mecklenberg predicts that the service
time varies imversely as the iﬁitial concentration for low concentrations,
The date for the plot of service time against the reciprocal of the initial
concentration cre given in table 18. The plot of service time against 1/c,
is shown in figure 61 and & straight line is obtasined which is in asgreement
with the Danby et al and Mechlenberg predictions, It is seen that the
relation is followed within the error of the experiment. The abrupt curve
thet was found in the plot of ammonia concentration against 1/cy is not
seén in the concentration range studied here. The value obtained by multiply-
ing the concentration and the service time, is approximately constant in
agreement with the results of Shilow et al (16).

The dete showing the effect of.flowrate are shown in tsble 19, The
concentration here is approximgtely constant and a four centimeter bed was
used. The curve of service time against flowrate is shown in figure 62,

The service time decrezses rapidly with incresse in flowrate at first, the
"effect is not so marked at flowrates greater than 1500 cc. per minutes.

The velocity of the gas streasm through the cell is calculated from
the rate (cc. per minufe) and the cross-section of the cell. No attempt
was made to determine the reduction in cross~section due to the presence
of the charcoal.b The service time was plotted against the reciprocal of the
velocity in figure 63. A straight line relation is obtained which is in

egreement with the equation of Danby et al,

L

T (so2)
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The critical flowrate, L,, for the butane concentration used Lere as_ > .
found by extrapolation of the straight line to the axis, is 10,000 -
cms, per second. This value, however, was not tested experimentelly.

This relation is also in agreement with Mecklenberghs theory.



Service Time as a

Air
Rate
cc,/min,
3040
3045
3020
3020

3020

Alr
Rste
ce,/min,
151
1500

3130

89

Table 18

Funcfion of Initial Concentration

Butane
Rate
ce,/min,

24
30
53

71

Effect of Flowrete

Initial

Concen. (ecg)
(]

0,296

0,788

0.995

1.695

24300

Table 19

/e,

3.38
1.27
1.007
0,590

0,435

on Service Time

Butane
Rate
cc./min,
247
20

53

Total
Flow

cc./min.
154

1530

3183

Velocity (L)

ems./sec,

12,22
121.4

252, 4

Corrected
Service Time

(min.)
123
49,5
39.0
21.5

17.5

Corrected
Service
Time

558
47

21.5

1/L

.0818
.00823

»00396
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4 Critiesl Lengths.

| The date for the effect of variation in air rate are given in table 20,
The plot of critical length against air rate is shown in figure 64. The
critical length is increased by'increasing the air rate, but the rel&tiwe
effect decreases as the rate becomes larger. In figure 65, the critical
length is plotted against the logarithm of the air rate, end a straight
line is obtained,
The theory of Danby et al predicts that the relation between critical

length and concentration of the gas in the air stream follows the equation

Xc = E%: 1n (eqfe’ ~ 1)

where Acis the critlical length, k is a constant, N, is the number of
active centers per cc. of charcoal which they assume constant, and ¢’ the
escaping concentration of the gas at service time,which will be a constant
for any test to determine the service time., If L, the total flowrate, is
kept constant, then the eritical length should vary as the logerithm of
the initial concentration (eg). Thus the critical length plotted aéainst
the logerithm of the initialvconcentration should give a straight line,

The equation that Mecklenberg derives for the dead length

- 58 i - o]

also predicts that it should vary with the logarithm of the initial con-
centration, if, as is assumed for his "mathematical" charcoel, the vepour
presgure in the capillaries, ¢ ', is constant,

The data for the effeet of concentration on critical length are
given in table 21, In figure 66; the eritical length was plotted against

the partial pressure of butane. The criticael length im seen to incre=se
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Table 20

Effect of Air Rate on Critical Length,

(Butane flowrate 53 ce,/min. )

Air Rate Critical Length
ce./min, (cms.)
0 0.57
500 0.75
1530 0.95
3130 1.03
Table 21

Effect of Concentration on Critical Length at Constant Flowrate

(Total flow 3050 cc./min.)

Partial Pressure Critical

of Butane Length

mm. of hg. . (ems.)
2.3 0.10
5.7 | 0.40
7.5 . 0.55
1207 . 1.08

17.4 3,26
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with th=2 partial pressure of butane, but the curve seems to tend towards
a maximum at higher partial pressures. the critical length is plotted
against the logarithm of the pertial pressure as in figure 67, and a
lineer relation is found at higher partial pressures (above 7 mm, of Hg.),
but the graph does not continue to be linear at partial pressures below

this, but curves towsrds the origin,
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5. Distribution of Butane in the Charcosl Cell.

(a) Distribution of Sorbed Butane.

From a counslderation of the characteristics of sorption of 1, 2, 3, 4,
and 5 cenﬁimeter beds, it is possible to determine both the distribution of
the sorbete throughout a 5 centimeter bed, and the concentration gradient in
the air stream passing through the bed, at various times. The concentration
gredients for a five centimeter bed, at various times and with a butane flow-
rate of 53 ce¢. per minute and en air flowrate of 1520 ce. per minute, are
determined in this section. Similar curves couid be construected for other
flowrates repbrted in this investigation.

The data for the time of saturation of the 1, 2, 3, 4, and 5 centimeter
beds are found in teble 22. The curve of saturation time egainst bed depth is
showﬁ in figure 68. From this curve, the bed depth that is saturated in
times 2, 4, 10 etc., are determined and plotted on the horizontal line of
figure 70 corresponding to 1l.16 grams of butane sorbed per centimeter of
charcoal, which is the saturation concentration for the gas flows used.

The coiumn lengths which have service times of 2,74, 10 etc. as determin~
ed.from figure 55, are plotted alohg the base line of figure 70. |

The weight-time data for the 1, 2, 3, 4, and 5 centimeter beds are
also found in table 22. The curves showing the piot of these dsta are
given in figure 69. From these data, the number of grams of bufane per
centimeter sorbed in each centimeter layer at times 2, 4, 10 etc, were
determined as shown in table 23, and this value agssigned to the mid-
point of that centimeter layer. These values were then plotted on figure
70 at their respective mid—points. The curves joining points of egual
time were then drawn, giving the concentration gradients of the sorbed

butane throughout the charcoal bed at the various times,
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Table 22

Weight - Time Deta

(Butane rate = 53 cc./min; air rate = 1520 cc./min.)

Time Column Length (cms.)
nins, 1.19 2.13 2.96 4,09 5,01
2 0.215 0.22 0.22 0.22 0.22
4 0.45 0.46 0.46 0.46 0.46
10 1,06 1.24 l.24 - 1.24 l.24
15 1l.29 1,83 1.94 1.92 1.92
20 1,35 2.18 2.59 2.60 2.60
30 1,38 2.42 3.17 3.79 3.95
40 2.47 3,35 4,34 4,94
50 ’ 3.39 4,62 5.44
60 3.42 4,72 5.64
70 4,73 5«75
80 , 5.80
Table 23

Weight Increments (gms./cm.)

Time Column Length (cms.)
mins. 0.6 1l.66 2,54 3.52 4,55
2 0.180 «016
4 0.380 - ,053
10 0.890 .180  ,012
15 . 1,080 .575 .108
20 1.135 880 «495 009
30 1.160 1.105 <904 «550 174
40 1.160 1.060 «875 «650
50 A 1.110 1.090 +«890
60 1.160 1.150 1.00
70 1,160 1.110

80 1.1€0
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From figure 70 it can be seen that the gradient is changing at
times below 30 minutes until the final gredient is established. It
will be shown later that actuslly the 30 minute gradient is not the
. final shape, but that there is & slight chaﬁge in shape until the 60
minute gradient is established. The first gradients appeer to follow
the exponential curves of the "mathematical" chercoel of Mecklenberg, or
the curves postulated in the approximate theory of Danby et al, but they
leave this form as Mecklenberg prediéted.‘ This beheviour is in agreement
with that predicted by the detailed theory of Denby et =al.

Mécklenberg explains the falling off of the top part of the concentr-
ation gradient ss due to the larger capillsries in thercharcoal, and due
to the slow migration of the outer sorbed material into the inner capill-

aries, ‘But 1t appears that = third factor operating to increase the time

required for saturation, is the temperature change due to the heat of
sofption. As will be seen in the section 6, the temperature rise for butane
(and also fér eammonia) is quite high. Before the final saturation value can
be obtained, this heét must be removed by the air stream, and this delays
the.time of saturation. This of course would not be so marked with very

low initial concentrations,

These céncentration gradients coul@ als& be obtained by graphicel
differentiation of the integral sorption curves shown in figure 71. Thesev
integral sorption curves are drawn from the data presented in table 22, and
are a plot of the weight sorbed in grams against the bed depth in centimeters
for constant times.

In figure 72 the differentisl weight of gas sorbed as given in figure

70 is plotted ageinst time at different depths in the bed, The relation between

the weight sorbed and the time appesred to follow an exponentisl curve of

the type

x =g (1 - e~P%)
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where x is the weight of gas sorbed in time t, and Wg is the equilibrium
weight of the gas sorbed, and b is a constaﬁt. This relation is identical
to that given by Syrkin and Kondraschow (22).

There is another relation between the weight of gas sorbed and time
at constant bed depth. This is shown in figure 73 where the logarithm of
the weight of gas sorbed is plotted against the re ciprocal of the time of
passage for different depths in the bed. The data give straight lines which
intersect at a point, This point does not seem to have eny particular
significance. |

It is possible, however, to write an equation for these curves

x ='We'1/t

where W is a constant relating to the equilibrium weight of the gas sorbed,
and_I.a constant for any given bed length.

(b) Concentration Gradient of the gas stream in the charcoal céll.

From figure 49, the concentration gredients shown in figure 74 were
drawn. Figure 49 gave the coneentration of the gases leaving each centimeter
layer and entering the next centimeter layer. The values obtained by erecting
verticals at times 4, 10, 15 etg¢ were plotted against the corresponding

'

béd depth on figure 74. As before in figure 70, the satwration times were

plotted along the maximum concentration and the service times slong zero

concentration, |

The gradients obtained are very similar to those obtained for the
amount of the gas sorbed on the chsrcoal. These gradients agree with those
postulated by Danby et al as shown in figure 2, and thus verifies the applic-
ation of their squations for the concentration of the -geses in equilibrium
with the charcoal bed.

The initial expoﬁential curves follow the relation postulated by Danby
et al

KN, 2/L

-c
Cc o ®
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when very few of the active centers have been used up. The gradients then

change over to their finsl shape which follows the equation

Co
-kCQT kNol/L
e (e -1) ¢ 1

as given by their detailed theory.'

The increase in the length of the working layer with time is given in
fable 24. The values_given are those meassured from the curves on figures
70 and 74.

The curvedf this relation shown in figure 75 indicates that in a five
centimeter bed the concentration gradient has not been completely established.
The final length of the wofking layer would appear to be about 4.8 centimeters

and would be established at about 60 minutes.
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Table 24

Length of Working Layer .

Time Worki ng Layer
(mins.) _ (cms.)
2 1.20
4 1.36
10 1,98
15 2.45

20 | .2.89

30 3,64
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€. Temperature Data

The temperature rise in the centre of the second and fourth centimeter
layers, from the bottom of the charcoal bed)were measured as & function of .x
time. Thé data is recorded in table 25. The temperature rise time curves
are similer in shape to those for ammonia (see figure 35) and so are not
shown here. With the positions used in the butene experiments, the maximum
temperature rise recorded by them were approximately equal if they were
both further than one centimeter from the top of the bed.

The meximum tempersture rise was found to be meinly dependent on the
rate at which the butene was supplied. A linear relation was obtained between
them (figure 76). Since these were taken in a four centimeter bed, the top
thermocouple Ty was only half a centimeter from the surface of the charcosl,
and recorded a lower temperature than To due to the cooling éffect of the
gas streem.

Increase in the air flowrate causes a linear decrease in the maximum
temperature attained as shown in figure 77,

From the temperature rises recorded in the 1, 2, 3, 4 and 5 centimeter
‘bed at constant concentration and flowrate, the temperature rise through
a 5 centimeter bed can be found., This is shown in figure 78, The maximum
temperature ettained is constant through the bed except at the top centimeter
layer, due to the cooling of the air streem, and probably et the bottom centi-
meter layer as was found for ammonia.

The times at which these maximum temperatures were atteined are plotted

in figures 79 and 80, These were found to decrease rapidly with increase

in butane and air flowrates, apparently to a minimum values
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Table 25

Temperature Data

Height Air Butane Ty t °T2

(cms.) Rate Rate °c (m:lL_nS- ) o}
4,08 3130 53 18 6 23
1.94 3020 53 16
5461 1590 53 . 30 12 29
4,09 1530 53 25 7 | 29
z.ée 1520 53 » © 27.5
2413 1530 53 _ 24
1.19 1520 53
3.96 500 53 29.5 13 33
3495 0 7L 36.5 13.5 39
4.12 0 53 32 20 36
4.00 3020 71 23 5 28
3470 3020 30 10 1 1
2,18 3020 30 - |
10.5
4,23 3045 24 9.5 18
' . 10
4,16 3040 9 1.7 25 3
2.12 3000 9 4
1.27 3020 9
4,01 1500 30 16.5 12 16.5
2,09 1500 30 6
3,99 1403 30 11,5 13.5 12

3,88 151 2.7 ' 0

(m11215. )

17

30
21

15

27.5
24
37
12

a7

24

90
24

34
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C. Desorption Studies

As mentioned in the discussion of the analytical results for

both ammonia and butane, the rate of increase in weight of the
charcoal over the linear portion of the weight-time curve did not
correspond to the total amount of gas admitted to the cell, yet no sorb-
ete appeared in the effluent stream. It was thought that this might
perhaps be due to competition for active cepters between the sorbate and
the eir, The charcosal is satufated with oxygen and nitrogen before any
gorbate is admitted. These molecules would be displaced, at least in
part, from'the charcoal surface by esmmonia or butane molecules., This
would result in a weight being recorded which would be less than the
ackual amount of butane or emmonia taken up by the charcoal, by the
amount of oxygen and nitrogen displeced. | -

To confirm this behasviour, and to investigete the reversibility
of the sorption, studies on the desorption of both ammonia and butane
were carried out as previouély described, For the first two runs the
charcoal was allowed to come to eqﬁilibrium with‘a gtream of pure ammonia,
It was desorbed using air streams of 100 cc. and 5QO,cc. per minute and
no emmoniae flow., The results are given in table 26 and figure 8l1. The
desportion occurs very rapidly at first and then the rate graduaslly decreases
to zero, The desorption does not, however, follow a logarithmic relation
with time., Not all of the ammonia is desorbed at the equilibrium, 0.2
grems are left, and this apparently does not vary with the air velocity
though the bed for the amount is the seme for desorption by both 100
and 500 cc., per minute of air. The initial rate of desorption is more
rapid with the greater velocity of the desorbing stream,

Two runs were also carried out using charcoal saturated as above,
but these were desorbed using gas streams of 200 cc. per minute air rste

and 60 cc. per minute ammonia rate; and with a streem of 300 cc, per
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Table 26

Desorption Studies

Sorption Equilibrium Desorption Desorp.
Conditions Weight conditions Equil'm,.
gms. ' Weight
Air Sorbate Air Sorbate gns,
cc./min, cc,/min, ce./min, ecc,/min,
A. Ammonia
0 60 2.16 100 0 0.20
0 60 2.16 500 0 0.20
0 60 2.16 200 60 0.79
0 60 2.16 300 60 0.79
200 60 : 0.67 200 0 0.09
300 60 - 0.59 300 o 0.05
B. Butsane

(0.40)

o

-0 53 © 6426 3000
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minute of air and 66 cc. per minute of ammonia, The equilibriumeeights
for sorption using these conditions are 0.67 gms and Q59 grems respect-
ively. The equilibrium desorption weight was 0.79 grams in both of

the above cases, These are also shown on figure 8l. Here again sorp-
tion was more rapid initially with the faster air stresm.

Sterting with charcoal which was in equilibrium with smmonia and
air streams of 60 and 200 cc. per minute, and 60 and 300 cc. per minute
and desorbing by cutting off the smmonia supply give the desorptbn

curves shown in figgre 82. VIn these cases ogly 0.09 and 0.05 grams of
ammonlé.reﬂained on the chgrcoal at equilibrium.”

Figure 83 shows a typical desorption of butane. The charcosl was
saturated using pure butane, and desorbed, using an air stream of 3000
cc. per minute, from 6.26 grems to 0.40 grams of butane after 30 hours,
but had not yet reached equilibrium. It appeared probable that, given-
sufficient time, the butane would be completely desorbed.

The indications are that for emmonia the sorption is not completely
reversible, but that the sorption is reversible for butane. This would
indicate that there is at least in part a different mechanism of sorption
for butene and ammonis.

Figure 84 shows the differential desorption curves of volume desorbed
per minute plotted agesinst time, The lower curve was éalculated from the
loss in weight of the charcoal by graphical differentiation similar to
that done for sorption; the upper curve is calculated from the anelysis
of the effluent gases. This indicates that more sorbate was detected in
the exit gases than apfears to be desorbed from the charcoél from its
loss in weight. The deviation between the two curves is quite large &t
first but graduaslly decreases to zero. Uhen the logarithm of this devi-

ation is plotted against time, a linear curve is obtained (figure 85)
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except during the very first and very last stages of the desorption.
If it is assumed thet during sorption, éir is displaced from the charcosal
by sorbate molecules, and during desorption, sorbate is displaced from the
charcoal by iolecules of oxygén and nitrogen, then thgse deviations between
sorption weight and analytical dats are readily explained. It méy be
noted that the analytical‘methods were sufficiently accurate to justify
this explanation.

Berl and Andress (24) have n&ted this displacement of sorbed air
from charcoal by the vapors pf several organic compounds and have determined

the amount of air displaced,
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DISCUSSION.

A study of the dynamic sorption of ammonia and butane has been
made over the concentration range of § barts per thousand up, and 3 to
100 parts per thousand respectively. In this work an apparatus which
permitted the sorption to be followed as a function of time over a
wide range of conditions of sorbate concentration and flowrate, was
used. In addition, with this apparatus it was possible to obtain temper-~
ature data and to analyse the effluent gas stream.

The apparatus was found to be very convenient for an accurate
study of such sorption data as sorption capacity, service time, escaping
concentration, dead length, sorption gradients in both the charcoal bed
and the gas stream, and tempereture rise in various sections of the
charcoal bed. This type of apparatus has the advantage of measuring
the sorption as & function of time rather than of bed length as in a
segmented cell. This results in a considerable saving of time as less
runs are required for a complete study of any particular sorbate.

It seems advantagzeous to follow the sorption beyond the service
time of any bed for, as pointed out by Mecklenberg (13), the escaping
gases are in fact those in equilibrium with the working layer of the
charcoal. From the analysis of the effluent stream from various bed
lengths, the sorption gradients in the gas phase throughout the bed can
be determined.

The accuracy of this apparatus may be increased by the use of a
light cell of plastic material, and a more sensitive balance. Such
modifications would permit studies to be made of gases which are more
difficult to sorb, and also allow the use of shorter bed lengths.

The studies of the sorption of ammonia and butane appear to in-



dicate a difference in the mechanism of sorption of the two gases. On
2 weight basis, butane is scrbed to a greater extent than ammonia, but
on a volume basis, more ammonia is sorbed. For a four centimeter bed,
using a stream of pure sorbate, 6.26 grams of butane were sorbed, but
only 2.92 grams of ammonia. On a volume basis, 146 cc. of ammonia and
89.2 ce. of butane were sorbed per gram of charcoal.

The equilibrium sorption weights for ammonia were found to be
expressed closely by the Langmuir and rreundlich isotherms over the range

30 - 760 mm. Hg partial pressure. The equations determined were

_ 0.278 P
%m = 1 + 0.000555 P
nd
an 1
x/m = 1.06 p 131

The isotherm over this range of pressures, does not show a maximum amount
sorbed as the partial pressure is increased. Below IO mm. Hg the isotherm
fell off quite rapidly to the crigin. Butene, on the other hand, did not
follow an iscotherm of this type at all closely over the same range of
partial pressures. The amount sorbed increased very rapidly at low part-
ial pressures, but sloped off nore gradually than either isotherm predicts,
to a maximum value.

The desorption of the two gases using pure air was different.
Ammonia was not renoved completely from the chsrecoal when egnilibrium had
been established between the desorbing stream and the charcoal, while
butane desorption indicated thut complete removai was possible. Ammoniag
sorption thus appears to be reversible to a limited extent, and the re-
maining gas is bound to the charcoal gquite firmly. Butane however appears
to be sorbed in a completely reversible manner.

The relation between service time and sorbate rate at constant air

flow is different for the two gases. The variation of service time with
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armonia rate shows a straicht line relation between the logarithm of the
service time ana the rate. ith butane sorption, & straight line relation
was obtained between the logarithm of the service time and the logarithm
of the butane rate. This difference is possibly due to the difference

in the sorptive capacity of charcozl for the two gases as shown by their
sorption isotherms.

These differences indicate some difference in the mechanisms of
sorption in the two cases. The butane sorption seems to be a molecular
sorption, in which the forces binding the gas to the charcoal_are not
very great, and the sorption is easily reversible. The ammonia sorption,
however, appears to be a combination of molecular sorption and chemisorption.
The sorption is reversible to some extent indicating some molecular sorption,
but there is a residual quantity of ammonia which cannot be desorbed by re-
duecing the vartial pressure of the ammonia in the gases above the charcozal.
This indicates that chemisorption is occuring in which the ammonia is held
by co-volent bonds between the sorbate and the charcoal, a binding which
is more difficult to break, making the sorption not completely reversible.

The theories of sorption as developed by Danby et al and Necklenberg
were based on entirely different considerationse. Mecklenberg assumed
sorption to occur by capillary condensation, while Danby et al postulated
the existence of active centers sach of which were capable of dealing with
a certain number of molecules of sorbate. The theory of Danby et al
assumed that the sorption was the rate controlling step, while Liecklenberg
assumed the process to be expressible by the Nernst formula for hetercgen-—
eous reactions whiech is dependent on the diffusion rate. Their predictions

however, are similar for the relations of the sorption data in terms of the

experimental variables.
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From the relations in both theories, the concentration of the gas
decreases exponentially with Adistance along the bed from the initial
concentration of the entering gases, and increases exponentially with
time, so that there is a working laver established when the sorbate is
being removed. The relations between the sorption data such as sorption
capacity, service time, escaping concentration, dead length, and sorption
gradients as derived by both theories has been previously discussed.

In general, the results of the investigations preéented herein are
in good agreement with the theories of sorption, as expressed by these two
authors, and with data for other gases as found by other investigators.

It was found that the logarithm of the escaping concentration gave
a linear relation with time during the early stages of breskdown, but
deviated as the escaping concentration increased as was predicted by
Danby et al. At the higher concentrations, a linear relation was obtained
between the logarithm of the escaping concentration, and the reciprocal
of the time.

The service timegives a linear relation with column length over the
ranges investigated. A linear relation was also found between the service
time and the reciprocal of the flowrate at constant concentration. There
appears to be a slight disagreement with the theories concerning the re-
lation between service time and initial concentration at low concentrations.
- The theories predict c, timesT equals a constant. This was found to be
true except at low smmonia concentrations when the product falls off as
concentration is decreased. This appears to be due to the decreased sorp-
tion capacity at very low concentrations, neither theories take this fact
into account in their relations.

It was found thst the linear relation predicted between dead length

and the logarithm of the initial concentrations did not hold below 7 mm.

partial pressure of butane. In this region, a linear relation was found
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between the dead length and the initial concentration. This again appears
to be due to the decreased sorption cepacity at very low concentrations.

The sorption gradients obtaived agree well with those predicted
by Danby et al in their cetailed thecry, and fournd by Shilow et al and
explained by Kecklsnberg. The gradients differ in shape in the first
sections of the bed from these in the later since initially the charcoal
is completely unsaturated, but the finsl shape is gradually built up
which then moves along the bed at a constant velocity. The len~th of the
working layer thus increases also to a constant value. liecklenberg explained
the change in shape of the gradisnts as due to the variation in capillary
size and the slow migrastion from the outer into the inner canillaries.
Another factor which is suggested by this investigation is that of the
temperature rise, which lengthens the working layer by reducing the sorption
capacity when the stream first passes through the bed, allowing thé sorbeate
to penetrate further before being completely sorbed. Thus the sorption
continues near the end of the gradients as the charcoal in this region is
cooled to the temperature of the gas stream.

The investigations reported in this work indicate tha%t the sorption
of ammonia and butane agrees with the theories of dynamic sorption with
very little modification. They also indicate that the apparatus used is
adequate to obtain a thorough investigation of the dynamic sorption of
gases. The apparatus could be adopted quite well for the study of gases

more pertinent to the present international conflict.
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INTRODUCTION

The reaction of hydrogen stoms with hydrocarbons has bsen con-
fined to the ssturated peraffins and to ethylene. The resction of
propylene with hydrogen atoms produced by the Woéd-Bonhoeffer method
appeared as the next logical reaction to investigate for it would
increase the date of olefin reactions =znd also, since the chesracter-
igstics of propylene zre intermediete between those of saturated and

unseturated hydrocarbons, would 'tie in' the reactions of olefins

with those of seturates.
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The Kinetics of Unimolecular Reactions

The contribution of van't Hoff (1) in establishing his law for

the tempersture dependence of the velocity constent

-E/RT

k = Be

from general thermodynsmical considerations, =and the later realiz-
etion of the kinetic meaning of this lsw by Arrhenius, (2) wes
essentially the besis of modern chemical kineties. Arrhenius show-
ed that not all the molecules enter the reaction but only those
which heve an energy grester than a ceriticel velue E called the
tactivation energy'. This is the most importent dynamical constant
cheracterizing the reacting substance,

In 1918, Lewis (3) made = further modification of Arrhenius'
rete lsw by stating thet the rete of & reaction could be represent-
ed by the total number of collisions, Z, multiplied by the Maxwell
distribution function for the number of molecules with energies above
E; i. e.

~E/Rt
Rate = Ze

The ~uestion of activation of uniwmoleculzr reactions became
important for, secording to this theory, at the limit of low press-
ures, no reaction could tcke plece. To solve this Perrin (4) sugze-
ested that the cause of reaction wes in the action of radiation upon
the molecules, This theory received much support by Lewis (3),
Trantz (5) end others but wms abandoned when Daniels (o) proved
radiation was of negligible effect in & conclusive experiment.

This Lewis ecustion can esgily be solved since Z masy be

calculated by use of molécular diemeters, snd E cen be determined



from the varistion of the specific reaction rate with temperature.
Since the rete of unimoleculsr reaction is proportionsl to

the concentraetion of the reacting gass, it was appsrent that collis-

ions slone could not be the complete explanstion. The constant of the

Arrhenius ecuetion wes then related to the vibration frequencyy of

one of the bonds of the reacting molecule.

~E/RT
k = Qe o/

This alone is not 2 full explanation of the way that s molecule
ecruires its sctivetion energy. Lindemaznn (7) explaeined the peculkr-
ities of unimolecular reactions by suggesting that a reacting molecule
actuires its activation energy as z result of & collision, but th=t
there is & time leg before the nolecule decomposes. If the period of
time between cctivoiion rnd collision is large in comperison to the
time between successive collisions, the resction is kinetiezlly firgt
order even though two molecules zre involved in ccllision. The ecuat-
ion for this is

normel molecules _— " Activeted molecules
collision
products of resction
As the pressure is decre=zsed, the rate is independent of pressure until
2t very low pressures & "criticel" pressure is reached where the rcte
falls off. A% thls pressure the time between collisions of nomel
molecules is comparable to the time lag snd so the stetionery concentr-
ation of activated molecules is diminished by their removal by chemicel
transformation.

This theory wes elsborated by Hinshelwood (8) who assumed that

the rate of reaction was independent of the energy &s long £s it excesd-



ed the necessary activation energy. Rice and Remsperger (9) treeted this
theory wethemztically snd suggested that the energy must collect in =
single bond for & reaction to take place. Thus the activation emergy is
g measure of the bond strengths.

Kegsel (10) leter modified this by ststing thet the rste was not
independent c¢f the amount of enerzy in excess of B, but =2 function of this
smount. Kessel here trested mathematically the reletion between the rate
of resction end the number of cusnte which must be loceted in & particuler

bond to react,

~h V/kT
ko= Le

where A is = messure of the frecuency with which the energy of the mole-
cule is redistributed emong the various oscillators,V, the frequency
of the oscillators (here assumed equsl) and k, the Boltzmann constant.

Chein Mechsnisms

The chein theory of chemiczl resctions srose from two principel
sources; the investigetion of the hydrogen-chlorine reaction by Boden-
stein in 1913 snd from s peper by Christiansen snd Kreamers in 1923,

Bodenstein (11, 12, 13) in sn investigstion of the photochemicel
reaction between hydrogen snd chlorine showed that the Finstein law
wes not even approximztely obeyed. The rete of reaction was msny times
greater than caleculeted. To explain this he suggested that the absorp-
tion of the light cuanta by the chlorine molecule resulted in an sctiv-
ated molecule, which rescted with hydrogen producing two molecules of
hydrogen chloride, one of which wsg activated. This azctivated wolecule
of hydrogen chloride would then zctivete znother chlorine molecule, thus

continuing the chain, i. e.
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Cly + lig—>ICl #ICL

* ¥*
FCl 4 Cls —>Cly  + 10l ete.

Nernst {14, two yeszrs later propesad an "atom ohalin' whereby the
lizght split the chlorins molecule into two atcms which would

g chain according to

Clo + hV—y 2C1

Cl 4 Hp — 01 4 1

i+ Cle 0L + C1 cuce
he other apprcse” to the chain theory was by Christisnsen and
arsmer (1E) wio atterpisd for the first time %o apply the chain concepi-

ion to thermel resctions. lhe kind of cusin suzgested was one in wiich

the energy of activation, and *the heat libersted were handed on from the
preducts tc fresh molecules of resciion, Dhis theory has been further

928 and Semenoff (17) in 1932,

}._:

advanced by Christi=nsen (10) in

Althoush the energy chain theory is asccepted today with some
reservations, the real impulse 10 & chain mechanizr was the Rice free
radical theorye. [he thermal rescticns were easily explsined on the
baslis of atoms and radicsl chaln carriers,

Papeth and [ofeditz {12) in 1929 snd Faneth and Laubtseh (19) in
1930 found that they could produce, by pyrolytic reactiomns, orgenic
radicals that could ve detected by their combiration with mirrors of
nercury or tellurium. it~ tuis proof of free radical existance, and
with further work done by himself and co-workers, F. 0. Rice (2C, 21)
fermulated free radical mechenisms for many reactions, HFice end lierz-
feld (22) with arbitrary assurption of activation energies showed that

rropagetion of radical chains should bes possible,
rice postulated that the primary step in the hydrocasrbon decomp-



osition was & unimoleculsr reaction and consisted of @ split into free
radicels, On the basis of the sctivation energies recuired for the
nossible methods of this splitting, the most probable bresk c¢an be
determired. The activation energies deternined then for these reactions
should be & easure of the strength of the ruptured bonds.

The strengths of & nunber of bonds cslculsted by Pauling (23) from
the experimental values of heats of combustion and formetion of the gas-

eous molecules are 28 follows: (values given by Huckel (24) sre also

presented)
Pauling Hickel
C - H (Hydrocsrbons) 100 K.cal. 101 K.cel.
¢ - C (Hydrocarbons) 82.5 K.cal. 71 K.cal.
C = C (Hydrocerbons) 145 K.cal. 125 K.cel.
¢ # C (Hydrocarbons) 200 K.cal. 166 K.cal.

As the strength of the C ~ H bond is considerably stronger than
thet of the ¢ - C bond, one can conclude that the primsry breck would
be # ¢ - C bond and not & C - H or » double cor triple bond. bBubt substit-
ution 2nd structure also have = msrked effect on the bond strengths.
There is probsbly only = smsll difference in strength between the primary,
secondery ~nd tertizry C ~ H bonds in sctureted hydrocarbons{25) but the
presence of a double or triple bond in the molecule has & pronounced
effect upon the sdjacent bonds. The bonds in the slphe position to the
double bond sre much stronger then normel, wherecs those in the bets
position sre much weaker (21,26); e. g., for propylene znd 1 - butene

H

H
‘ |
H I H
H C. C: g H-C Cc. C: €
| H H | i B
] H
H H



week bonds — normal bonds . strong bonds

Rice =ssumes thet a betaC -~ H bond in en olefin is =t least
6 Kecal less th#n thet of a primsry C - H bond in & pareffin hydrocarbon,
and that, on the other hsnd, the strength of the bond holding the slphe
hydrogen atom is increesed by approximetely the same amount. The alpha
C - C bond strength is incressed in e corresponding ratio. From these
assumptions we see thst in zny resction between & free radicsl =nd an
olefinic molecule, the bets hydrogen stoms will be sttacked slmost ex-
clusively, unless of course associstion tekes place.

A typicsl Rice mechanism for 2 szturated hydrocerbon is shown by
the following decomposition of propsne., The primery resctions wauld be

Py Calig —= CHgz + CHzCHo

followed by the secondary resciions

51 CzHs + CHpCHg —= CgHp + CH3CH2CHS or
Then Ay Catig + R —> RH -CHzCHgCH2

—> RH ~ CgoHy4 - CHg
Ao Czlig+ R —— HH - CHzCHCHz
where R = Clgor H
This mechanism sssumes thzt reactions Sl and So have activation
energies less than P;. The mein products of the resction sre govermed
by the chsin mechanism Al and Ao 2nd consist therefore of methane end
ethylene in ecual smounts, and of hydrogen and propylene, also in equel
smounts. Since there are six primary end two secondsry hydrogen atoms

(which =re twice ss reactive as the primary) the rstio of A1 to Ap

would be zs 6:4, and the quantitative result would be



6 CgHg —> 6 CHg + 6CpHg
4 Cgtlg —=> 4 CzHg + 4 Hp
Rice =nd Hersfeld (27) devised 2 mechanism to explein why the

experimentel wctivetion energy is less thasn that reruired for a C - C
split snd why, slthough the resction is e series of comvlex steps, the
overall mechanism is first order. 3By making suiteble choice of activ-
ation energies of the individuel steps, they were able to zet the oversil
ectivetion energy to sgree with the experimentsl value. For molecules
thet contain only one kind of hydrogen atom (and which therefore heve
only one chain cycle) the only important reactions are those involving
the primery rupture of the molecule, the two resctions of the chein
cycle, =nd the final collision of the chain carriers to‘produce one or

more molecules. These mey be represented as

E (K.cal)
(1) M3 —> R1 + Mg k1E1 80
(2) Ry + My —> RiH + R koEo 15
(3) Ry ~> Ry + Mg kyBs 38
(4) Ry + Rg — My kqByg 8

A molecule My decomposes into £ redical Ry and @ smeller molecule,

Radical R] then takes off & hydrogen stom from snother reactant molecule
My formirng the molecule RiH and radicel Rg which in turn decomposes into
R3 and Mz. The chasin process (3) 2nd (4) is finally terminsted by collis-
ion of Rl end Ry forming My.

Setting up the rete ecustions we have

dR)

_d_t__ = (0 = KlMl- kZRlMl + kSRz— k4RlR2



ARy _

Solving for Rjend Rp we get

k rk k

-dMl . . 217173
- = K-M7 + koRqiiy = kdiq() # —]—/—m )
dt 1 2RIl 1 k¥ Zxoky

KEKS k. ko k
kll"-.-Il(l +/— )NMl .1_2_.3
2k1kq 2ky

i. €., it follows & unimolecular law, The oversll rate of rezction

is determined by two factors, the rete of primary resction (kjl;) end
that of the choin resction (kgRlMl); the ratio KgRl/ k1 of these two
rates gives the length of the chain., Also
B overall = 1/2 (E] + E o2+ B3 + E4) = 6£.,5 Kcal. which is well
below the strength of the ¢ - C bond.
If the chain terminating step hed been
2Ry —> g
then the rate would be proportional to the 1.5 power of the concentrat-
ion of Ml. If the chzin had terminested by
2Rg —> Mg
then the r=zte would be proportiornsl to the 6,5 power of the concentrat-

ion of Mi. Thus it is necessary to assume that
% fR2+M4
is much faster thon the oteer two possible recombinations to predict a

first order rate.
The Rice mechenism for propylene decomposition is as follows:

1 CSH6—> CHB-— + CH2 = CH—
{ P
51 Callg + — CHg — CHy + CHs CHCIIp

) i o1
52 .03d6 + CHz = CH- — 02d4 + ChzcﬁCHg
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The chief grseous products are thus methene and ethylene, There
is no chein resction becmuse the sllyl group simply regenerates itself
and forms propylene when either of the end carbon #tomns tekes s hydrogen
stom from & propylene molecule, or if the middle carbon £dds a hydrogen

atom.It either isomerizes to propylene or finally forms propane according

to
o0 | l bt
Sz Cally 4 CHpuHCHg —> CHpCHpCHg + CHoCHCHg
o ! } 1t
8,  ©aHy + CHyCHpCH, > CHRCHoCH, + ChigCHCH,
I ! 1t
S5 CgHg + CgClgCHy > Cglig + CHpCHCH

Each £1lyl redicel that becomes vropsne is replzced by three other aliyl
radicnls. Tnese eventueslly combine with esch other to form disllyl which
sutsequently decomposes to form liruid products. The overall decompos-
ition should be

BCgHg —> CHy + Clp = CHp + CHp = CHCH,CH = CH .

The emount of propesne foried would be smell.

Support for the free rediczl theory was immediete with severzl
chain decompositions being induced by the introduction of free rodicels
(28, 29, 30).

Stavelcy and Hinshelwood (31) and others (32, 33) obtained further
evidence for tnis mechanism with the discovery thst l-rge =mounts of add-
ed nitric oxide catalyzed reactions, and smell smounts =acted zs sn inhib-
itor. They assume that maximum inhibition corresponds to complete suppress-
ion of the chains. On this besis they calculmted the chain lengths of
most reactions,in which inhibition wes found,to be from two to fifteen

which is too smell to sgree with the Rice-Herzfeld mechznism but is

direct evidence for the presence of chains. Recent work (34, 35) indie~
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stes that there may be a few long chzins rsther than & large number of
short ones,

The Rice-Herzfeld theory has received much support but the specific
mechanisms for # number of reections do not =gree with those originally
suggested., It appears thot the theory is in pert correct but that its
present form is too brosd snd incomplete.

The two msin methods of investigrting further the elementsry
reactions of the hydrocasrbons are by photochemical ond atomic reactions.

With hydrocarbons the photochemicsl resaction is ususlly e photo-
sensitized reaction rsther then photodecomposition since they are trens-~
parent dovn to the extreme ultra-violet. The photosensitizetion is done
either with hydrogen present to produce = known concantration of hydro-
gen atoms which react, or the excited vapor can trensfer its energy by
direct collision with the hydrocarbon molecule., Mercury photosensitiz-
ation (3%, 37) is the most common, using the Hg (BSPl) level. Other
metealg have been used, however, as sensitizers 1o very the energy
gvailable in the sensiiizing gtom., Cadmium (38,39) using the 55Pl
and the SlPl lines; snd zine (40) using the 43P1 and the 41P1 lines
heve been used.

Jungers ~nd Teylor (41) used the sodium D~ doublet but they
found thzt although ethylene cquenched the rzdisition, no reaction occurr-~

ed,

The other mein method is the production of the sctive species by
an electrical discherge. ZEither the hydrocerbon ges is itself subjected
to the dischzrge, which results in almost every possible stom or radicsl
being produced, thus meking it impossible to obtein much information
sbout specific chemical resctions; or the product?from 2 discherge are

mixed with znother substance., Hydrogen, oxygen, nitrogen =and other geses
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heve been used to produce stoms which =zre then removed and mixed with
the reacting substance.

In this investigation the latter method was employed, using hydro-
gen atoms, as produced by the \jood-~Bonhoeffer method, ss the uactive
species. .jood (42) showed that hydrogen stoms could be pumped out of
a hydrogen dischurge tube for considerzble distsnce before they recombined.
Bonhoeffer (20, 21) modified lood's apperstus and mode extensive invest-
igations with etomic hyurogen. In this type of spparstus s pressure of
about 0,1 to 1 mm. is used with & very high rate of flow, about 2 meters

per second,
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Atomic Resctions of the Simple Hydrocarbons

The resction H + CHy —> CHz + Hy (1)
wos investigeted first by Bonhoeffer :nd Herteck (44) =nd lster by von
wertenberg nd Schultze (45) and Chadwell =nd Titani (46) who found thst
meth=ne wss very inert.

Geib =and Harteck (47) investigzted the reaction up to 183°C but
0t no epprrent re=ction znd concluded that tiae =zctivetion energy was
at lesst 17 K.ce2l. They ruled out the suggestion thet rodicals were
formed but thei the resction

GH5 + H — GH4
wes so rapid thet other reactions could not occur on the grounds
thet it wrs unlikely thet no other secondary resctions of the methyl
radical could occur, =2nd also th=t the H atows concentration wes not
zltered by the presence of methane. This latter argunent could be
explained by essuming thet the sctivetion energy of the reverse
reaction

CHz + Illp —>CHy + K v 2)
was low and that the H atom concentration was maintsined in tiis
wey. Estimitions of the activation energy range belbween 8 to 23 K
cal (48, 49), but it is probebly between 15 to 20 K.cels.

Further evidence thrt resction (1) has en esctivotion energy
greater than 11 K.cel was obbtzined by Geib =nd Steacie (50) who
investigrted the resction of deuterium =toms with methsne up to 100°C
using the !Jood-Bonhoeffer :zethod. 'There wasg no detecteble exchange.,
Their investigation indicated thnt the resction wss probably

CHy + D —>CHgD + H



14

Steacie (51) further investigeted this re=zction up to 500°C &nd
obtAined an activation energy of 12.9 B 2 K.cel,

Ferkes (52) in investigating the thermasl exchsnge rezction between
deutirium and methane =t temperstures around 1000°k concluded thet the
thermal resction proceeds by sn stomic mechenisgm with an ~ctivation
energy for the exchenge of about 11 to 1& K.cals.

Leter studies hrve given the value of the sactivation ensrgy for
the exchenge tc be between 11.7 and 15.6 K .cals. (49, 53, 54, 55, 56),
with the evidence pointing tc asbout 15 K .,cels. There is z difference
of opinion £s to whether the primary rezction concurred is
D+ 0114——> CHSD + H
or
D+ CH4 —> CH3 + ID
The latter reaction seems more plausible.
Gorin, Ksuzmen, Walier ~nd Eyring (57) celculate for the reaction
H+ CHy—> CHy + H
en 2ctivation energy of 37 K. cals. which would rule out this reaction
in favour of
H + CH,—> CH3 + Hy
for which they calculste an sctivetion energy of 9.5 K.cals.
From this it appesrs methsne is feirly steble in H stoms and does
not resect until = temperazture over 180°¢ is reacned,
The reverse reaction
Chig + Ho — H + CH4
oceurs to some extent eround 200°C with sn activation energy of between

8 to 23 K.cals.
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Ethane

Bonhoeffer =nd harteck (44) and von Vartenberg end Schultze
(45) first investigated the resction of hydrogen atoms and ethane.

They reported the ethane unchanged, though they lost ges which might
have been methene, Chrdwell znd Titani (46) reported methane snd
ethylene formed in this reaction. Xemuls (58) found methsne in the
»reaction of ethene with hydrogen atoms produced by mercury photosensit-
ization.

Steacie and Phillips (53) investignated the reaction of deuter-
ium 2toms with ethzne using the Jood-Bonhoeffer technirue and obtained
e value of 6.3 K.cals, for the exchange reaction. They concluded the
likely mechenism wes

CoH

276

+D——‘702H5+HD (1)

Trenner, Norikawa and Taylor (56) reinvestigated this resaction
=nd obteined 10 -~ 20% ethane decomposition to methane which wes 50%
deuterized., They stste theat &t room tempersture the mein resction is

Colig + D —> CHzD + CHg 7.2 K.cals. (3)
end that above 100°C resmction (1) als. oecurs.

Steacie (59) on reinvestigeting the resction alsc found methane
st room tempersture.

The reaction of ethisane with hydrogen =atoms hes been investigsted
nuclitetively by vhotogensitizstion with mercury by seversl workers
(68, 60}, Steacie snd Phillips (61) investigated this resction in a
flow system #nd found ithat hydrogen was consumed and methane, propane
end butane formed., The mechanism they suggest is in eccordance with

enustions (1) =nd (3).
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The reverse reaction
Colig + Ho —> CoHy + H
hes been investigated by Leermakers (62) and others (63, 64) and the opin-
ion is that this reaction does occur to sowe extent =t temperatures above
16000, with sctivation energy between ¢ - 15 K.cals.
Propene

Taylor =nd Hill {60) by wereury photosensitvizztion found thet pro-
psne reacts somewhz2t faster with hydrogen - toms than does ethane, but more
slowly then butsne.

Trenner, liorikeswe end Teylor (56) made two runs with propsne and
deuterium =toms produced by the s00d-Bonhoeffer method snd found taat
the products were methene and ethsne which were highly deutsrized and
propane wihich was not deuterized.

Stescie and Psrlee (65) investigated the resction of hydrogen =toms
and propene using the vood-Bonhoeffer method. They found methane almost
exclusively "t lower teuperatures, -t 100°C ethene started to form while
51 25000 there vw=s more ethane than methane, At some higher temperstures
some ethylene wss also formed. They obtained = value of 10 t 2 K, C=ls.
for the setivation energy of the primsry step.

Thuat tne primery step is

H + CSHB'_’ CZH7 + Hy
wes established definitely by Steszcie snd Lewer (66) who found only
hydrogen =nd hexane =s products of the rerciion of hydrogen estons

produced by mercury photosensitizetion with propene.
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by the mercury photosensitizetion and by the discherge tube methods.

Geib snd Harteck (69) found thst hydrogen stoms =nd ethylene formed ethene
£t liouid eir tempersture which indicastes a very low sctivation energy
(less then 5 K.cals.)

The reasction was first studied by mercury photosensitizstion by Tay-
lor =nd Marshzll {70) who found that there wss & stesdy drop in pressure,
presumably owing to the formction o. 2:hane. <Lthe rate was high, suggest-
ing chein resction,.

Olsen #nd Meyers (71) using the same method found the initiel
slope of the pressure curve showed that the initial rete wss proportion-
2l to the souere of ine hydrogen atom pressure #nd s0 the rezction wes
not simply

Colig + Hg —> Colig
In & later paper (72) they reported the Hroducts as follows: witha high
initiel concentration of ethylene, Lydrogen 39 cms. and ethylene 25 cms.,
the relstive amounts of products were methene .018, ethasne 1, prepene .04
=nd butane .42; with & lower concentrstion of ethylemne, hydrogen 40 cums.
snd ethylene 2 cms., the products were methene .22, ethane 1, propzne
.04 end butene ,0008., The wechenisn for the primery processes is

ng + H o > 2H + Hg

He™ + Cglig —> CoHo + Ho + He
and

He* + CoHg —> 9CoHp + He

The lest of these is impossible since the € = C bond strength is
above 112 K.cals., The main secondsry reactions they postulste ere

Colly + 2H —= Colg
CHo + 2H —> CHg

and st higher ethylene concentrstions
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CHp + CoHy + 2H —> Cgig
CgHy + CZH; + ¥y —7 Cgfjp
Later thougn, Stewsrt =nnd Olzen (73) point out that the sbove
snalysis cennot be taken too seriously since secondary chemical resctions
may occur in the ion stream of the mass spectograph used for anslysis.
Bates and Taylor (74) in 2 mercury photosensitized system of ethylene
=nd hydrogen found thet polymerizstion sccompanied the eth=ne formetion.
“he mechanism edvenced was
Coly + Hg*-—$-02Hg + Ho + Hg
H + CoHy —> CoHg
and
H + (CoHplpy —> (CoHg) nH
The work of ¥%. H. Johns (75) showed thst free ethyl groups liber-
#ted in ethylene form high bolliwg hydrocsrbons.
Colls + Colly —> Cylg
This latter reesction is suggested as the mechanism for the polymeriz-
stion.
Teylor snd Hill (37, 60) in = more thorough investigation found
thet when hydrogen was in large excess the product wes mzinly ethane;
but with rel=tively more ethylene higher hydrocerbons were forwed. Thsy
concluded thet the mein step wes
H + Colly —> Collg
Jungers and Taylor (78) in a similar investigation with Colly
end CoD4 found that whén the hydrogen was in & large excess, the products
were mainly butsne whien disagreed wita Teylor snd Hill. They suggest
this difference was due to the deposit of polymer in Teylor 2nd Hill's

appsratus. Jungers =nd Taylor found that when the hydrogen-ethylens rzuis
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wes grester thsn three, the r=te of reaction was independent of the
&thylene concentration, indicesting the priuwsry ovrocess ves
Ho + H&{(SPJ_) ->Hgh 4 K
or —>» Hg (lSO) + 2H (1)
The next step is
H + Colly —> Colig (2)
Since little ethane is formed, the resctions

H+Cl — CzH

278 6

and Ho + Colig —> Cglg + H (4)
do not eppear to occur. The sbsence of (4) is explained on the high =ct-
ivetion energy resuired for it, snd of {3) is appsarently due to resction
(2) removing ail the H etoms. Bubene formntion is explained by
2 Cgils —> C4lig
Moore and Taylor (77) obtained results similer to Jungers and Teylor.
The other products found ere expleined by reaction (4) incressing
et higher temperatures -nd also
Cqlig —= Clz + CgHg
and Cylig —> CgHy + Colly
For the reaction
CZH5 —> 02H4 ¥y H
Bawn (78) calculetes the cctivation energy to be epproximately 49

XK. cals.

Propylene
lMoore asnd Teylor (77) made = single run on the mercury photosensit-
ized hydrogenation of propylene. They obtained es producis 2% methane,

19 ethane, 28% propane, 5% butene, 2% pentane end 64% hexenme. This
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SXPIRTENTAL

The experiments were cerried ont in o Jocd-Bonhosffer tyne
spparstus =g shovin in figure 1. Iydrogen =stoms,produced in %ue dischnrue
tube, were mixed with vpropylene in the rewcetion vessel ind the
pumned off through = trepping system.

-~

The hydrozern fro. cylincer 2 wes admitted to the apparatus tnrough

. It was passed over plutinized asbestos in & quartz

nested to 500° C vhich: removed ahy CXygen Dresenti,
&0y Irvurities present were taken out by the silica gel trup C, irmersed
ir liguid alr. The nydrogen weg then pagsed over walisr in the trap S
This weter vepour wes added to noison the wealls of the discharge tube 2nd
reasction vessel thus minimizine the reccrmbinstion of =tomie hydrogzen.

Any tendency to build uwp pressure grester than atmosnheric was
counterzcted by mesns of & mercury blow-off valve 2t the base of the
renometer tube M;. Swall fluctuztions in the pressure were smoothed
out by the bullast bulb Vi. The purified hydrcpgen at atmospheric press-
ure diffused through thevcalibrated flowmeter into the discharge tube.

The propylene used was nrepared by the dehydrstion of isopropyl
elcohol with phospuoric scid sccording to the method of Ashdown, Harris
and Armstrong (R0)., the di-isopropyl ether formed =t the szme time was
removed by repeated distillstion of the propylene between two traps,
Impurities could not be detected in ths final materizl by the anslytical
methods employed in this stuagy.

ibe nropylene wcs distilled into the storasge volume Vo wiich had
been thoroughly evacusted beaforehand, In msking & run, some propylene
wzs expanded into V:5 throuzn the scratched stoncock N. From thereid

diffused through the capillary flowreter and nasszed inlo ‘ma reacti
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vessel from beslow., PEy sultczble adjustment of the valve I, any desired

, »ad thus the oropylene Tlow conid

Pas
fole
N
o

pressure hezsd could be maintained
sltered at will. Knowing the volunme oI ths storage bulbs Vo znd Vg,
and the pressure before =nd alter =ach run, o total flow of »ropylene

during the run could be caleulated.
ihe hydrogen stoms were formed in the high voltsge dischurze tube

D. This consisted of = pyrsz tube, 2.5 2m, in dismeter,to which were

senled side tubes containing aluminium electrodes B. The ie=zds to

o

the electrodes were heavy platinur wirse
mense tarougn tightly sealed tnickwzlled cepillary fubing, 4 5000 ohm
al e

resistznce wes connected in series with the discharze and £500 wvolts

current was supplied by & transiormer oper-

z2plied =crosg the Two.

ating on 220 volls wnd vwas maintained at 200 millismreres by & rheostst
in the meinz,
To reduce ztormic reco~bination orior fo raachion with propylene to 4

minimum, the sutlet of the digshuree tube was sesled directly to the reaciion

hember . The pyrex resction chomber R hzd s dismeter f 7 cm, e&nd &

ol
lenzth of 24 cm., It was surrounded py s close-fitting elsctric furnace .,

Tvo tubes entered the rezction vessel from bLelow, one of tnese,l, was z

,3
D
e
=
O
e
&
et
W
=]
[¢]
-

thermocoupnle well, the other ssrved azs the inlet for
The products of the reaction were numped out throueh trep Oz ‘hich
vns immersed in liguid sir. This removed =11 the pronylene, «s wei! &g
butane, nropzne, 2thylene, znd most of the ethsne thst mizht be vresent.
The remzinder nassed throurh the diffusion pump P and through the silica
el trep Oy wnich wes kepb st liguid «ir tempersture und which would
remove sny etihune, wll the methane «nd some hydrogen. Unsbsorbed hydrogen

nagssed out throush the hyvac nunp to the atnosphere,



The diffusion pumn P a=d & ootential speed of 20 litres per second.

It was bzcked by the hyvec mimp ¢nd meinteined < vscuum of 0,35 rm, under

opersting conditions. ‘Ihe diumeter of =211 ftubing in the pwrning snd

trurning sveter ag gbout 2 ¢. nnd 21l stopecocks were of corresnontuing
lzrge bore,

The hydrogen stow concentraticn in the reaction vessel for exch
working temperatire was nessured with the Jrede diffusion gsuge 7. 1his
wrg of the ugnsl tipe (21) und consisted of a capillary tube with = very
smell orifics situsted in the resction vessel, :and &n arrsngeunent of stop-
coclkks by means of whieh the inside or outside of the oritfice could be
connected to a Plirani gsuge at will,

The instrurent is based on the different rates of diffusion of ~toms

!

=nd molecules throusgh the smell orifice wiose dizmeter is smull relative
to the mesn free patn of hydrogen. Atoms diffusing througn the orifice
recombine on the walls of the caoillary tube to form molecules. ‘hus the
pressure inside the orifice is acue to mwlecular nydrogen alone, Hence a
pressure gradient is set up between the inside and outside of the orifice,
This pressure gradient could be measured on the Pirsni gesuge., ‘Lhus, know-
ing Pl the pressure inside,snd Fg the pressure ocutside, the percentage H
atoms is given by

100 (p - Pg)
P (1 - 0.5 2)

The atom concentration determinetions could not be made during a
run since the presence of propviene molecules would interfere with the
ebove relstion. Consequently measurements were mede under the same
conditions as the run, but with no propylene present., The differsnce
in pressure due to the sbsence of nropylene wss very smeall since the

ratio of Hg: CBHB was high throuzhout =211 the runs.
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The Pirani gsuge was first czlibrsted ageinst the lMMcLeod gauge befo;e
it was used., The gsuge was kept immersed in ice weter., Wwith the dis-
cheorge orerating, the inside of the orifice wss connected to the gnuge and
the resistsnce due to the ovressure was measured by means of = yheatstone
Bridge arrangement. Switciing over to the outside, 2 similar series of
recdings was taken., This wzs repested severzl times, slternziing between
the inside and bhe outside, From the meansured resistsnce, in each case,
the corresponding oressure in mm., could be obtained from the calibration
curve, The percent atom concentrstion was debtermined by substituting these

values for Pland I in the sbove ecustion.

It wss necessary to correct for sn sccompanying thermel effect by
meking = series of blenk measurements with the discharge off, st each
operating temperature,.

The procedure of = typiezl run was as follows. The apparatus was
Tirst evacuated and the reaction vessel wss brought to the desired temper-~
ature by adjusting the current through the furnsce F. The platinized
esbestos in B wes uested to 5C0° C and liquid air was put sround trap Cl.
The hydrogen tank w=s opened slightly =nd hydrogen admitted to the
discharge tube.

The dischar-e was turned on snd the discharge current allowed to
settle down for sbout five minutes while the hydrogen was pumped through
the epparatus. Traps C5 and C4 were then immersed in liquid air, znd the
pressures and tempereture of the propylene in the storsge volumes were
observed. The propylene flow was then turned on a2nd the time noted. The
flow was kept constant by msintaining 2 certain definite pressure heed in

Ve This wss accomplished by exp~ﬁding gas from VB through the scrstched



stopcock N so that the right srm of the absolute manometer My was kept
reesonably constant. ‘The flow ratio of hydrogen to propylene wes about
4531, except in the last run when the flow was in tne ratio of 18:1.
About 350 @.c. of propylene wem-~llowed to flow througi the appsratus
during & run, which lasted ebout 75 minutes., The propylene {low was shut
off and the pressures and temverzture in the storsge volumes =zgain notea.
The flow cf hydrogen was allowed to continue for ebout five minutes to
flush out all oroducts, It was then cut off, and the stopcock on the
traps Cx and Cy were closed,

The products were removed from the apperatus to a gms holder through
0 by means of a Toepler pump. - The products from both traps were combined.
The silica gel trap was hestea to 70° ¢ while the products were being
removed,

The products were anslysed in = low temperature fracotional distill-
ation epparatus of tne Podhielnisk type. The propane-~propylene fraction
was analysed on & Burrell gss anelysis appsratus. Other frections were
also tested for unseturation but none was found. The presence of acetylene
in the ethane frsction was quslitatively tested for using a silver nitrate

solutione.



Teble 1 shows the exneriment2l conditions =nd the results of the
snmlysis of the oroductd. The percent decompositioq/n;opylene is given
snd the mol percent of the products. In =211 the runs there w=s less thzn
0.57 "C4" hydrocarbon formed. In run 11, only 2 trace of "Cs" hydro-
cerbon was found.

The percent resction in the l=st six runs was much grester than
it was in the first four runs, This wss probably due to 2n increzsed
ntom concentrstion in the last runs. Since the atom concentration was
determined only for these l=st runs, =11 the cslculstions of collision
yields #rd activation energies were *de using the percent decohmnositions
found from runs 5 to 10 inclusive.

In table 2 the products rre expressed =2s mols ner rol of propylene
decompnosed wnich mrkes the results indenendent of the percent decomvosition,
Here it is possible to comnsre r1l the runs since it is probable thet the
relstive pronortions of the products would not he greatly =ffected by the
smell chinge in atom conecentrztion necessary to account for the chonge in
the percent decomnosition,

Table 3 ores=ntz *he cverszge values of the products expressed as

mol per mol of oropylene decomncsed for esch temperature.



Ixperimsntsl Conditions and Teection Products

Table 1

Press. of zll runs - 0,35 mm. of Hg.

T T T
1 ‘ ]
Hun Temp-— Propylene ! Hydrogen Atonm 7 resction Products |
el erature | Flow y Flow Concen- of iol percent i
o | lols / sec. ' lols / ssc, tration Calg ;l
x 1075 . x10°° Percent Ciig | Colis | Caiig | Cxilp |
| | | ! L
| | ! R
1 30 | 4,50 | 1.9¢ L 34,0 112,10 | 12,9 4 1.3 57.7
i I ] | I
110 30 i 4.50 1 1.96 14,0 441 17.4 27,5 ‘ 12.1 47.0
' B | ! o
{2 | 100 ; 4.50 1.9¢ zl.1 13.3 | 198.1 7.9 59.7
L ' - ‘] T
3 160 { 4.50 1.96 32,9 14.5 | 18,7 9.0 | ©57.7
r - - - e R Ea
9 100 1 4,50 1.96 12,2 415 15.0 1 24,5 | 10,3 48,7
| T
4 170 4,50 1,95 29,1 11,0 4 18,5 1 7.9 62,5
! T
|5 1 170 4.50 | 1,97 10,1 39,0 13,1 23,5 1 11.2 E2.5
T T jl |
} 8 170 4,50 o 1.90 10.1 79,1 14,0 | 22,8 | 11.4 | 52.0
) | i
6 250 4,50 1.9¢ 2.3 : 59,5 15.3 1 28,6 | 11.1 51.0
7 250 4,50 1.9% 8.3 38,1 lo.1 | £1.2 | 10,5 | 52.2
| ha 54 1,10 1.95 14,0 100 5543 | 34,7 |Irzce | irsce

5¢



Table 2
nn Temp- Reaction Products
No. ercture
0
C 1ol / mol Gzfl; decomposed.
1 30 0.41 0.64 0.38 0.01
2 100 0,49 0.71 0.29 0.01
3 100 0.52 0.66 0.32 0.01
9 100 0.45 0.71 0.31 0.01
4 170 0.43 0.73 0.31 0.01
5 170 0.39 c.70 0.34 0.01
8 170 0.42 0.68 0.%24 0.01
3 25 0.45 0.68 0.33 0.01
7 2506 0.47 0.25 0.32 0.01
11 % 1e43 0.75 trace trece
Teble 3
Temp- Percent reaction Products
erzture Decomp- Lol / mol Calig decomposed
%¢ osition o .
CLI4 Czi{b 03:[8 " C4"
30 14.0 0.44 0.64 0.35 0.01
10U 1.2 Ved?d Je09 0.31 0.01
170 10.1 0.41 0.70 0.33 0.01
250 8,3 0.46 0.67 0.33 0.01
545 100 1.43 0.76 trece trace

X Slow propylene flow rete.



Calculation of Collisicn Yields and Activation Energies.

The totsl flow rate of gu=s during a run could be ceslculated from

the flow rstes of hydrogen snd propylene, znd knowing the atom concentration
the totel flow r=te could be corrected for the hyurogen atom formutiocne.

lhe resction time (in seconds), for sny run was calculzted by
dividing the cepacity of the reaction vessel (920 ¢. c.) in mols at each
operating temperature, by the corrected flow rate (in mols / sec.)

Then knowing tine fraction(of hydrogen atoms presenbt, znd the total
pressure, the parti=l pressure (Ph) of hydrogen atoms during the run
was celculsted (in mm.,) Xnowine Avogadro's number, znd the capscity of
the reasction vessel, the number of stoms of hydrogen ser c. c. (NH), could
be calculated in terms of a constant times Pg/T, T being the =bsolute temp-
erature of the run,

The number of collisicns per second with hydrogen =toms undergone
by @ propylene molecule is given by the relation (82,83):

+a “/M. 4+ M 1/2
Ay Oy, H T VegH /

24 277 X RT XNH
2

ZC BHGH £ -
M Mo,

B

where dg = dismeter in cm of the hydrogen =2tom (2.14 x 1077). (83)

dC g. = dismeter in cm. of the proovylene molecule (4.10 x 10—8) (84)
zg

-t

Mﬁ = atomic weight of hydrogen, M05H6 = molecular weight oi Fropy
R = gas law constant in ergs/moly°C., (8.313 x 107).

T = absolute temperature of the run.

g~ number of hydrogen atoms per c. c.

Teking into account =11 the constant values in the sbove expressicn,

and substituting the proper values, it reduces to the following

enc.
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Zositg H 3.10 x 10% . B, / T L/2

Multiplying this value by the resction time gzve the number of
collisions with hydrogen abtoms underzone by a »ropylene molecule in the
reaction time., Dividing the percent decomposition by this, geve the collis-
ion yield for the run (the number of molecules of propylene decomposed ver
collision of = opropylene molecule with = hydrogen atom).

From the relstiion

collision yield = Ae_E/RT

the activeation energy E was calculsted, =assuming for.the stéric fzctor, 2,
s vzlue of @1 in this case

E= 2,303 x 1.987 x T x log 0.1
collision yield

The results of these celculstions zre shown in table 4.



Teble 4

Temp, Total Flcw Correct- Reaction Iydrogen ZC o X o Collision
¢ ed for Presence of time Atoms 576, N Yield
stons (mol/sec x 10°°) (sec.) Parvial Reection Resction ¥ 10™7
Pregsure rime
(mm ) X 10°

Cver-=11 reaction

30 2.56 . 568 « 0404 4e81 o441 9.18
100 2454 « 547 .0352 3.09 416 1€.2
176 Z.02 « 46D «0290 2401 391 19.5
250 2.50 « 393 .0238 1.33 . 388 29.2

(4%
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DISCUSSION

Over the temperature range, 35° to 25000, the products of the re-
action do not seem to vary greatly. They depend upon the flowrate of
the propylene to a great extent. At ordinary flowrates, 4.5 x 10"'6 mols
per second, the products consist of methane, ethane, propane, traces of
04 hydrocarbons, and unchanged propylene; at slow flowrates, they consist
of methane and ethane only with traces of CS hydrocarbon and G4 hydro-
carbon. The extent of reaction between 35° and 250° does not vary greatly,
but does tend to decrease with increase in temperature, probably due to
the decreased hydrogen atoms at higher temperatures.

These facts indicate that the activation for this reaction must be
very low, probably less than 5 K.cal. The activation energy reported for
the reaction of the methyl radical with propylene is 3.1 K.cal. However
this latter is assumed to be the activation energy for the reaction

CHg + CgHg —2CHy + CgHy
For the reaction

H + Cphg —> Coliy
the activation energy has been variously taken as between 5 and 14 K.cals.
(69,78,86), but the more probable value is 5 K.cals.

Thus the activation energy found in this investigation, 8.5 s 1.5
K.cal., appears much too high. This energy is probably the activation
energy of a secondary reaction which is the rate controlling reaction.
The primary reaction appears unlikely to be the controlling factor.

It is also possible that the steric factor assumed, 0.1, is too
high, and that a lower factor might be more appropriate. A steric factor
of 0.0) would give an activation energy of about 5 K.csls.

Another factor might be that there was not sufficient hydrogen atoms
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rresent to react with all the propylene, that is, that the hydrogen
atoms were "cleaned up" as is postulated by Jungers and Taylor for
ethylene (76), and therefore the percentage reaction should be 100% in-
stead of 40% as was indicated. This would lower the calculated activat-
ion energy by about 2 K.cals.

The increase in activation energy with temperature is probably only
apparent. Similar increases have been observed with other hydrogen atom
reactions. The explanation for this increase here is likely due to the
fact that even though the temperature was varied, the rate of the prim-
ary étep was constant which would make the variation in the temperature
be reflected in the activation energy.

wechanism of the Reaction

From the information at hand it is difficult to postulate a mechan-
ism that covers all the products. The investigation of the reaction of
hydrogen atoms with ethylene at varying flowrates would considerably
aid in determining the mechanism for this reaction.

The primary step of the reaction of hydrogen atoms with propylene

could be
H 4 Cgllg—>Cglip 1{a)
H + Caglig—>Cgllg + Hp 1(b)

or
H 4 CzHg—>CHy + CgoHz 1(e)

Reactions 1(a) and 1(b) both have an activation energy of about
5 K.cals., hbwever, the results of loore and Taylor (77) and a comparison
with the ethylene reaction indicates 1l(a) to be more likely. AJso)since
no e&chylene was found in the products. it is unlikely that dehydrogenation

was the first step. Reaction 1(c) is unlikely to occur despite the



35

presence fo the weakened C - C bond because the enercy rejuired for this
would be smch greater than that required for the first two eguations.
Thus it seems likely that reaction 1(a) is the primary reaction.
Secondary reactions such as the following might oceur
H + Caglp~—>CpoHg 4 CHsg
203y —3 Calig + Callg
H + CpHg —>2CHgz
20Hg —>CoHg
20oHg —2CoHg + Colly
H 4 CHg—CH,
H + CoHy—2CoHg
At high temperatures,
Ho 4 CHz—>CHy + H
Ho + CoHg—7 CoHg 4 H
H 4 Collyg — CoHg
can occur,

The obvious objection to such a mechanism as sketched above is the
lack of hydrogen atoms at room temperature to take part in all the react-
ions. To explain this, one must assume radical reactions with propylene
and with other radicals which immediately complicates the issue bes;ond
explanation. The above mechanism with further enlargement might be
sufficient to explain the reaction at high temperatures.

This mechanism could explain the results at the low flow when there
are sufficient hydrogen atoms present.

H + Cglig— Caily
H 4+ CgHyp —> Coly + CHgz
H 4 CoHg—2 2CHg
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H 4 CHSH CH4
These account for all the products.

A mechanism based on the formation of complexes such as CHS - H~-H
as postulated by Gorin, Kauzmann, Walter and Eyring (57), and presented
in the reactions of methyl radicals by H.A. Taylor et. al. (87,88), ex-
plains quite well the reaction products.

H + CaHlg—> Callp
H 4 CgHy —2 Collg + CHg
CxHp + Hp — > CzHg
CzHg + CazHp—> 2CzHg
Colly + Ho—> Coly
CoHyp 4 Collg —22Colig
2CHz — CpHg
CHz + Hp — CHg
CHg 4 CHz— 2CHy
Other reactions are possible that would probably occur to a smaller extent,
such as
Clz + Cglls —> Cglig
202H5 -— C4HlO
and
Cllz 4 CgHp —>CyH;q
The absence of propane in the slow flow rate could be explained as due
to the higher concentration of hydrogen atoms per propylene molecule,
which would favor the reaction
H ¥ Czlip —»Cgls ¢ CHg
The reaction

Hp + Cyfly — Cailg
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would only occur when there was a shortage of hydrogen atoms.

A third possibility exists for a mechanism. For this it is necess-
ary to postulate that, when hydrogen atoms react with provylene, a very
reactive propyl radical is formed. Kistiachowsky et al (89) states that
the hydrogenation of propylene

Ho + Cglg—2Cnlg
frees 30 K.cal. of energy, 15 K.eal. per hydrogen atom. If a similar
amount of energy is available in the reaction with propylene, then a
propyl radical containing this extra 15 K.cal. of energy, night be formed.
If such an "active™ radical were formed, a simple mechanism would result.
These "active™" radicals could undergo, at room temperature, reactions
that are only possible at hish temperatures for normal radicals. The
following processes could occur, explaining all the products.

H + CgHg—> Czily"

CaHly: 4+ H-—>CoHg® 4 CHz®

02H5* + o —>CoHg + H

CHz® 4 Ho —CHy + H

2CH3* + m w——)Csz

Cafln™ ¢ Hp—2Callg 4 H
The explanation for the lack of the formation of propane in the case of
the slow flow, could be similar to the reason outlined in the preceding
theory; that

CaHy™ + Ho—Cgllg + H
only occurs when there are insufficient hydrogen atoms present. In the
reaction of

CaHo® + H—7CoHg™ + CHz™

it seems unlikely that both radicals produced would be "active™, but the

one that was not active could undergo the normal reactions that have



been pregented in the first mechanism since nnw there would be suffic-
iert hydrogen atoms with which they could react.

Before such a mechanism as thisz can be postulated, further in-
vestigation is necessary, but the possibility of such an "active" radical

cannot be overlooked.

Conclusions

The general ccnclusions thal nay be reached are that the activast-
ion energy »f the hydrogen ator reaction with propylene is low, and that
the rate of the reaction is independent of temperature. The products
of the reaction indicate that a complicated mechanism is necessary, cr
that complexes or "active" radicels are formed. Before anv finel con-
clusions can be drawn, the further investigation of propyvlene at varyine
flowrates, =and the investigation of the reaction of hydrogen atoms with

ethylene is necessary. -
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SUMMARY £LND CONTRIBUTION TO KNOWLEDGE

A
The Pro-knock Activity of Various Compounds

Quentitative data of vue pro-knock effectiveness of various com-
pounds were obi=ined in :n effort to deteruine whether such compounds
mizht be used in militery tecties to render sutomotive eruipment in-
sctive. Teciuniques were developed for the -usntitative addition of
geseous, liruid, ' nd solid compounds to the ~ir intzke of an engine,
and the stsndard knock testing procedure wss adzpted for testing pro-
knocks, The reletive pro-knock sctivities of several elements and
redicels were clessitied and the former related to their position in

siendeléeef 's perioaic teble. Irom these date, compounds of the type

Br 5

| I
NOg= € — As:

ér Br

were predicted tc heve great pro-knock :=ctivity. The best pro-knock

found in this work wss dichloro-rmethyl arsine which re-uired 3.8 p. p.

b0 give &n octene decresse of 10 in z lerded fuel,

B

Dynamic Sorption of Ammonia =nd PButzne on Chercoal,

m,

The dynamic sorption of smmonia 'nd of butane wes studied using an

apparatus whicn followed tlie sorption by weight s r function of ‘btime,

#nd permitted the tempersture rise ' nd sanalysis of effluent gzses over a

wide range of sorb=ste concentrations znd flowrztes.

The data obtzined were =pplied to the theories of Danby et al snd

of l.ecklenberg :nd were found to be essentially in good zgreement.



C

The Reaction of Hydrogen Atoms with Propylene.

fhe reaction of propylene with hydrogen s toms wes studied for the
tempernture ronge 30 to 250°C. ‘The products obtsined were methtne, etntne,
propene, «nd traces of C4 hydrocurbons. About forty percent conversion
was obteined. <Tempersture ii+d 1little effect on either tne relative pro-
portion of products or on the extent of conversion. «hen the tlowrate
wss reduced to one ~uarter cf 1ts originsl value, propylene wes completely
converted to methsne, ethene and truces of Cg and C4 hydrocarbons. flhe
activetion energy of the overcll resctiocn wes 8,5 - 1.5 K. cal. cslculated
for = steric factor of 0.1,

There wppesrs to be 8 difference in the mechanism of the reaction
of unsatursted paraffins :nd setursted pernifins., Seversl possible nech-
anisms ¢re suggested but no definite conclusion can be postulated witk

the evidence £t hand,





